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PREFACE. 

In this volume I have attempted to  bring together the results that  liave heell 
obtained from a Study of Ocealiographv, using the term in its widest sense to  illclurle 
]lot only the hydrographic a i d  meteorological conditions present but also the topo- 
graphy of the sea-floor and the character of its deposits, as well as thc forn~ation and 
structure of the coral reefs and islands, in the area that  has l~een  surveyed by the 
Marine Survev of India, and which, therefore, tiiay be ternlet1 Iiidiall Waters. 

The Marine Survey of Iiidia was inaugurated in 187 j and fro111 its inception up 
to the year 1926 an Officer of tlie Illdial1 Medical Service was attachecl to  i t  ill tlle dual 
capacity of Medical Officer to the Survey Ship ' Tllvcstigator ' and Marine Biologist, 
and in this latter capacity this officer was, a t  f rst uuofficially a11d later oflicially, 
one of the staff of the Zoological Section of tlle Irldiail AIuse~uii, Calct~tta, atlcl of its 
successor, the Zoological Survey of India. At first and for lrialiy years the attelltion 

of a successioii of Surgeon-Naturalists was colicentratecl oil tlie iiivestigatiou of the 
deep-sea Fauna ; but with our gradually increasing kilowledge of the Zoology of tlie 
ocean deeps, and the developiiieilt of the sciei~ce of Oceanography, i t  became iilcreasiugly 
important to investigate the coilditioiis under which the :uliiiials were living, not o i~ ly  
as regards the topography of the sea-iloor and the character of its deposits but also 
the physical and chemical cliaracter of the sea water a t  all deptlis and the co~lsequent 
movement of the deep-water currents. 

A study of the bottonl deposits was collliileiicecl 1,y the late Lieut.-C'olonel A. 
Alcock, F.R.S., but it was not until 1910 tllat a systeiiiatic inr~estigation of the hydro- 
graphy of this area was colntzle~icecl ailcl eve11 then it was only possible for tlie Surgeou- 
Naturalist to undertake investigatiolls regarding the teiiiperature aiid salinity of the 
water, while the study of such inlportailt features as the hydrogen-ion roiicentration 
and the ainount of oxygeli, llitrate or phosphate, etc., in solution has liad to  be left 
to future investigators. 

I had originally i~ltellded in a final chapter to  attempt t.o correlate the hydrographic 
"~ul ts  that had beell obtailled with the distribution of the fauna and especiallj. with 
the occurrence, or otherwise, of sollle of the plailktonic orga~iis~iis in the various regions ; 
bat the severalice of my contlectiol~ wit11 tile AIariilr Survey of Inclia in 1 o r 5 ,  when 
I appointed Director of the Zoological Survey of India, arid my departure fro111 

Illdia in I933 bas rendered this impossible. 
In concl~sioll I should like to  take this opportunity of placillg 011 recorcl 1115' VerY 

Great indebtedness to lllv colleagues, hot11 officers and men. of the Marine Survey 
India, who not ollly by their cheery coml,aiiioliship made life oil hoarcl extrelllely 

pleasant but who o i ~ g r a d g i ~ ~ g l ~  devoted inally hours to  what was to  theill the lnollo- 
''liotls business of tran,lillg or of taking llydrograpllic 01,servations. and of acknow- 
ledQng the great killdlless of the i<oyal Asiatic S o c i e t ~ ~  of Dengal ill undertaking tile 
publicatiou of this series of papers. 

, . I<. U. SEYMOUR SEWELL. 
he ZooLoglr(11 Labo~atory ,  Ca~?zbrrrlgc. 

lioyal Asiiltic Society o/ Bengal, Calorlta. 
Jlotuary,  1938. 
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GEO(;RAPHIC .4ND OCEANOGRAPHIC RESEARCH IN 
INDIAN WATERS. 

tly Ii 13 SEYMOUII SEWELL, M.A., F.A.S.B., F.L.S., F.Z.S., Major I.M.S., 
Surgro~c-Nntz~vrrlzst to tlze .Marine S u r v e y  o/ I n d i a  and  Sztperintendent,  

Zoologzcal S u r v e y  of I ~ z d z a  . 

111 tile t'ollowing papers I have endeavoured t o  bring together, so as t o  form a 
,,lore or less connected whole, all the knowledge tha t  we a t  present possess regarding 
the ?hysical conditions present in Indian Seas. 

Fro111 the creation of the appointment of Surgeon-Naturalist in 1875, a t  the 

ti~lle wh:n the " Challengel-" was carrying out her famous world-tour, up t o  the 
year Igr,;, although a cousiderahle Inass of inforination had been accumulated 
and valuable Zoological collections had been made, no systematic investigation 

had been carried out 1-egardillg the p11ysic:al and chemical conditions present in 
Indi;u~ waters and allied probleq~s, wit11 the exceptiott of -4lcock's study of the com- 
position of the deposits of the oceanbed, which has hitherto not been published. 
During the earlier year3 of the work of the Marine Survey of India the  attentiotl of 
Surgeon-Naturalists \vas largely focussed on the biological side of marine investiga- 
tiolls and tlie results of their labours formed the basis of the ilumerous valuable 
lnonographs, dealing with the Marine p'auua of Indian waters, that  have froill time t o  
t h e  bee11'published by the Trustees of the Indian Museuin, and more recently by the 
Zoological Sunley of India. Of later years, however, conditions have changed some- 
what and opportul1it.ies of out deep-sea trawling, etc., have become less 
frequellt ; in consequence, I ]lave, sillce 1013, devoted rather illore time than was previ- 
ous]! given to tile study tile pllysical conclitioiis under which the marine fauna 
exists. 011e result of work has bee11 to  co~iviiice nie that ,  so far as this branch of 
Oceallography is collcerned, value of such expeditions as those of the ' Challenger, ' 
'Valdivia, ' ' Siboga, ' etc., ]las steadily diizinished. Each succeeding expedition has 
;ldde(1 les\ ant1 less to the sulll-total oi "~1s knowledge, and what seenls to  be urgsntly 

~io\\~-;~-da ys is all illtellsive study of couiparatively small areas over a consid- 
"able period of tillle. 

\ I ~ ( ~ ~ T I I  i~lve~t igat io l~s  regar,Jillg tile collditio~is  resent i11 the waters of the sea 
'lave sllo\vll col~clusivel~ that  these are ill a co~ltinuous state of change. 111 ally one 
Ycnr ( rol l1  lllolitl~ to 11101ltll c1langc.s ;,re taking place in the sea. \v:iter ill accordance 
\\''L1' ~-l~!tllr~~ of t l ~ c  sc.;tsol~s, \\lIlile fso111 d:~y to  day  a11:l hour to hour varintiotls 

"' occ'lll'l'ing in ;~ccosdailce app;lrelltly wit11 influellces that have their inceptioli 
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I. THE GE0C;RSPHY OF THE ANDAMAN SEA BASIN. 

TIle .gnd;l~~ian Sea is the name given to that  comparatively small and partially 
isolated Fortioll of the Indian Oceaii that lies enclosed between the coast of Burnla 
:ind the Malay 13eninsula on the one hand, and the chain of the Andaman and Nico- 
bar Islallds Slllnatra on the other. This area has long been recognised as one 

tllat is specially rich it1 its fauna. I have in the following paper atteltlpted to  gather 

together into a Illore or less connected narrative the available data  regarding the 
origin and evolution of this basin. 

A study of the contours of the sea bottom shows clearly that the western bound- 
ary of the sea is a lofty sub~narine ~nountain chain, of which only the topmost 
peaks appear above the surface, while on eitlier side the sea-floor slopes steeply 
downwards. A!- certain places the ridge is interrupted, and we thus get channels of 
various depths that per~llit of a free circiilation of the more superficial waters between 
the Andama~l Sea and the Bay of Bengal, while to the south there is a co~nparatively 
narrow, sllallo\\r channel through tlie straits of Malacca comitiutiicati~~g with the 
el~closed seas of the Malay .Irchipelago. 'l'he cha~lnels that now co~nn~u~i ica te  across 
the ridge with the Ray of Hengal are llunlerous and vary considerably in depth. 
There are three niaiil cllanllels, whose respective depths increase as we proceed from 
north to soutll. These chantiels are as follows :--- 

( I )  The I'reparis cliaiinel, divided into nortli arid south portions by tlie island 
of the same name, in whic!l the depth of water is a little over roo 
f atlioms. 

( 2 )  Ten Degree channel, situated between the Al~dalnan and Nico'oar Islands 
and having a depth of approxi~llately doe fathoms, and 

(3)  (heat channel, lying Ixtween (ireat Nicobar Island and Sumatra, in which 
the depth is probably 750 odd fathoms, hut is certainly not greater than 
800 fathonls, as is clearly indicated by the te~nperatui-e of tlle deeper 
waters of the basin. 

lllolllltilill cliabl t11:~t. forllls tlle  wester^^ houndary of tlie basin and extends fro111 
'reparis islala1 for a (listalice of apl~roxill~ately seven lluudred iniles to join the 
lllOu''taill cllain of Su~~iat , ra ,  J;lva i~ntl t l ~ e  A1al:ly ;\rcliipelago, is part of tlle great 



.Al~ine-Himala~an systelll. Professor Gregory (1912, p. 202) tracing this great 
from the west remarks " the main line continues eastward through the Himalaya 
until the resistance of the Chinese plateau has forced it southward, and part of it now 
lies beneath the Bay of Bengal ; it re-appears in Sumatra and continues through Java 

and across the Malay Archipelago." Recently Gregory (1923, pp. 161, 162) has some- 
what modified his views, and he now collsiders that ' the direct prolongation the 
Himalayan axis crosses Southern China, and that the Hur~nese Mala!, arcs fornl 
loop to  the south coinparable to  the Persian loop iu Western Asia and the Apennine 
loop in Europe," while the Aridanlan Sea and the gulf of Martahall together form one 
of several " subsidences between the direct prolongation of the Himalayan lille and 
its southern loop." 

The work of Rink (1847), Hochstetter (1866), Ball (1870)~ Oldliam (1885)) and 
Tipper (1911) has shown that the geological structure of the Audainan and Nicobar 
Islands has manj7 points of resemblance with that of tlle .irakan range in Upper 
Burnla to the north and the islands of Su~natra   lid Java to the so[rth, and that 
geologically these islalids are part of a continuous chain stretching from north to 
south along the western boundary of the .Indanlan Sea. 

Rink (1847, Trans. 1870) first put forward the view that this ~nouutai~l  chain was 
elevated to  its present height f rom the botto~i: of the ocean. He describes the chain 
of islands as consisting " partly oi those stratified deposits wliich occupied the level 
bottom of the sea before their appearance, partly of plutonic rocks which pierced 
through the former and came to the surface through that. upheaval. . . . . . . To the 
two above-mentioned formations lias to  be added il third, whicli is the result of tlie 
chemical and mechanical destruction of the plutonic Inasses ; it is local and consists 
of clays and pebbles derived fro111 the underlying 5trata. 011  some of the islailds 
this formation lias reduced the high and precipitous co~ifiguration of the plutonic 
mountain and producecl an undulating hilly land ; it is, however, evidently a sub- 
marine deposit and has been upheaved by a nioveme~~t  later tliail, and independent 
of, that  which caused the  principal upheaval of tlie islands " Hochstetter (1866, 

Translated 1870) has stated that the s a n ~ r  geological formation call he traced further 
through Sumatra and Java, and that its appearance i l l  all these localities 

is due to  the same upheaval, tlle line of which runs throng11 tlle nrhole nrcllipel%!o. 
Throughout the \vhole length of the Andaman-Nicol~ar ridge, two series of 

deposits, apart from the plutonic rocks, have been recognisecl, nauiely, 
( I )  The conglor~~erates of the Nortll and Middle Islauds, a11tl the 5;~lldstolles 

of South Andaman Islantl and o f  the Nicobar Islands and 
(2) Tlle clays and clay-marl  of the Nicohars a ~ ~ d  Iiitchie's Arc.hi~iel;lgo 

Hochstetter regarded these as rliffere~lt facie5 of the swnc deposit, i)ut ~ldllalll and 
Tipper that  they are distinct, and, nloreover, werr laid d()w~l a t  different 
times, the clay deposits being tlie younger. 

In the early part of 1024 I Wac: tllallks to tlle kindness of COI, r ' e r ~ ; ~ r ~  0,1''''1 

Chief Colnlnissioller of the Allrlnlllalls ;uld Nicol);lrs, to 111;lke 21 toor r()ullcl "a'' 

~ i t t l ~  jl1daman Islands alld 1<itcllie1s Archipelago in coll1p;lll)' \%'it11 h1.11. "le 





M.A.S.B., IX. 

PLATE IA. Sandstone cliffs, west side of Little Andaman Island. 

.-. 

PLATE XB. The western entrance to Xankauri Harbour. 
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(;eological Survey of India. We were fortunate enough to  discover on olir of the 

islal1ds of tile firchipelago, (.)utram island, ;t hed of fossiliferous snndstone, i l l  ~v l l i c l~  
were tile relllaills of nlaiiy (:;1stro1~od : i ~ i ~ l  1,ntnellibl-anch sliells niid tlie carapace of ;I 

crab belollging apl)are~~tly to the genus Pkil?lra. The only previous record, that  I 

have bee11 able to lay my hand 011, of the occurrelice of a species of this gellus in 
fossil forin is that given by Reuss, (1859, pp. 66-69 and p. 8 2 )  of the fossilised remains 
of Leucosia and P1zilyr.n in a deposit iu the East Indies, the age of which he gives as 
"uncertain tertiary or quaternary." Whatever the age of the deposit on Outram 
islalid nlay be, it appears indubitably to have been laid down in sl~allo~v water, prob- 
ably of not illore than 50 fathoms depth. A very siniilar sandstone was found on 
the west side of little Andaman Island. In both cases the deposit was markedly 
stratified (vide plate I A) .  

Many of the islands along the Andaman-Nicobar chain, both in Ritchie's Archi- 
pelago to the east of the Andamans, and Car Nicobar, Camorta, Trinkat and the 
greater portion of Nankauri island in the northern and central groups of the Nico- 
bars consist largely of a clay formation that  is characterised by being non-calcareous 
and by containing Radiolarian skeletons and silicious sponge-spicules. Certain 
small differences are found in the deposits in different islands ; for instance, 

( I )  in the Xicobars these clay beds contain intercalated bands of conglomer- 
ate and sandstone, which are not found in the Andaman group, 

( 2 )  again, in the Nicobars the deposits occur in association with serperitine 
rocks, which is not the case in Ritchie's Archipelago and 

(3) In the island of Car Nicobar these clays do contain a certain small percent- 
age of calcium carbonate. 

These clay-marls, to which the name " Archipelago series " has been given, have 
been pronounced b" Ehrenburg (1850, p. 476) to be identical with similar deposits 
found in Barbadoes, even the species of Polvcistirza present iu the two deposits being 
for the most part identical. So far  as I know the only deposit, that  is being formed 
at the present day and about wllose process of forination we have definite knowledge, 
that presents the salne cllaracteristics as these clay deposits is Radiolarian ooze, and 
it has been accepted I,y several writer5 that we have in this area and in Barbadoes 
true deep-sea deposits that have becolne elevated above sea-level [vide Elirenb~trg 
(1876, P 1 17j, Nicholson and 1,ydekker (1889, p. j) and Nicholsoll (1893, P. 56)l. In 
the case of the Barhadoes deposit the view has been put 'forward that during the 
Process of elevation the beds were protected from being washed away by wave action 

to the f o r ~ n a t i ~ n  of a coral crust over thetn, but no such coral crust has been 
in the Andainans and Nicobars. 

If we accept Ehrenburg's view regarding this deposit, one must conclude that 
"nCe its forination it 1las become elevated froin a considerable depth (at least 2,000 
fatllolns) below the sea-level. Both Tipper and Oldham agree in regarding the clay 
deposits ill  the A~ldalilan~ and those in the Nicobars as geologically identical and, 

have arrived at  the conclusion that the deposit has been formed by the 
breaking down of tlie older serpentine rocks. If this latter view is, as I believe, cor- 
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rect, it follows that  the rese~nblallce to Radiolarian ooze is a spurious one alld is due 

to the absence of calcimil carbollate. Biiggild (1916) has shown that a deficiellc)- 
of calciu~n carbonate is a characteristic feature of the hottoln deposits in enclosed sea- 
basins, and in a subsequent paper I shall indicate that a similar deficie~lcy is found in  

the sub-marine deposits near the mouths of many of the larger rivers of India. ~t 
seems probable that the non-calcareous clays were formed, as Oldhain and Tipps 
suggest, by the breaking down of older rocks, and that deposition took place in corn. 
paratively shallow water in an estuarine or brackish-water area. 

In many places these clay beds are still in  situ and present the same relation- 
sllips to the older plutonic rocks that existed when they were first formed, and it seems 
clear that  they have been elevated from some depth below the sea-surface to their 
present height after the subsidence of the basin had been completed. 

Judging from the fossils embedded in the two series of deposits there must then 
have been more than one phase of upheaval along this line. The first upheaval ap- 
parently occurred in the Tertiary Period or even earlier. Oldham (1885, p. 143.)) 
summing up the situation, remarks that " the Port Blair series " (consisting princi- 
pally of sandstones and interbedded slaty shales) " is probably of early tertiary or 
possibly late-cretaceous age . . . and, by tracing them southwards, we find that the 
rocks of the Archipelago series are probably of miocene age or even newer." -As 
regards this latter point Richthofen (1862, p. 327.)) Jenkins (1864, p. 71) and 
Hochstetter (1866, p. 220.) are all agreed in placing the formation of the clay deposits 
in the Miocene epoch.' 

According to Suess (1904, pp. 451-456) Upper Burma is divided into three zones, 
which can be traced southwards as follows :- 

I. The W e s t e r ~ ~  Zone.-This is characterised by the line of hills forming the Ara- 
kan Range. This hill range as we follow it southwards passes down to Cape Negrais, 
and a t  the present day its continuation can still be followed, passing through Thalia 
Reef, Preparis island, and the Cocos islands, and then on through the Anda~nans and 
Nicobars to join the western hill-range of Sumatra. 

2.  The Ccrztral Zone.--This consists of a wide belt, comprising the valleys of the 
Irrawaddi and Sitang Rivers, as far as the eastern bank of the latter. This wide plain 

includes certain volcanoes and other evide~~ces of volcanic action ; and according to 
Suess, it is the southern coutinuation of this plain that now forms the whole bed of the 
Andaman Sea. -. 

3. I he Eastcrlr %one.-This comprises a further range of hills, that is continued 
southwards and forms the limestone islands of the Mergui Archipelago. 

According to this view the Andaman Sea nlust be regarded as a recent iormatioll 
caused by the subsidence of a large portion of the western and central zones, and the 
increase in width of this area, in colnparis,n with the breadth of the Irrawaddi and 

. _  - - . ~ - - -~ 
~ -~ ~ 

.-. 

I (;er (1925, p.  3 7 )  in a prelltninary report o , ~  his i n v e r t l # a t i o ~ ~ s  re~~rnrks ,  " The Inall1 Arcl~lpelago (:rOllP. tl lcre'ore'  

appears t o  be ol Mid-Tertiary age .  I t  is probable that the t w o  southeru ~slallds-Sir 1111g.h Rose IslaIICl allr1 
island 

-are cc,mposed of more recent strata since the echinoiql, M n r p l i n ,  obtained from them \-avics ollly hllg1lt1!' 'rnllr ' I r e  
living species, ill. plan~r la la  now ex~stinr: in the A n d o n ~ : u ~  sees." 



GEOGRAl'HIC AND OCEANOGRAPHIC RESEARCH 7 

sitallg river basins to the north, suggests that tlie Andaman-Nicob;lr ridge has drifted 
towards tile \vest away from tlie inainland, aiid lias thus formed a pronounced curve 
with its apex in the region of Little Aodainan Island. ' 

Cotter (1918, p. 412 et scq) lias, however, put For\vr~rd the view that  the .qrakan 
range already existed a t  the commencement of the 'L'ertiary period as a narrow 
ppninSula, that a t  this stage the Irrawaddi basia was already occupied by a shallow 
sea. Throughout the 'Sertiary epoch the Arakan ridge was steadily rising, while the 
sea basin to the east of it was slowly subsiding, though simultaneously it.; northern 
extremity was silting up. In Pleistocene times, however, this subsidelice of the sea 
bed ceased and was replaced by a process of elevation. 

The question a t  once arises, a t  what period of the world's history did this exten- 
sive inovenlent of subsidence take place ? I11 order to  deterrnille this point, i t  is 
necessary to examine in detail the conditions that are found to exist to-day in the. 
mountain chains that form the enclosing walls of the basin. 

In tracing the continuation of a line of folding of the earth's crust one would 
naturally expect to find certain variations in height in different areas, causing culmi- 
nations and depressions along the length of the ridge. These inay be due t o  a variety 
of causes, among which one may mention an alteration of pitch of the axis, and a 
variation in the rate of weathering and denudation in different regions. A study of 
the heights, to whiclz the different peaks rise in the Andaman-Nicobar ridge and its 
continuatioil north and south, shows an extremely i~terest ing colltinuous variation. 
I give below a list of the more important heights in series froin north to  south. 

Name of peak. 

Arakal~ Range, Burma . . 
\ Mengootsan 

North A l i d a m a ~ ~  
Middle .Indaman 

Li t t le  Andanian 
Car Nicohal 

1\1l,la111a11-Nicol,ar Rirlgc Rat t i  Mnlv 

I Chaura 

I Katchal 
Litt le Nicobal 
Great Nicobar 

( Rntu \ l u k u ~  a11 Srln~ntrn . , . . 
.C;inol,o~~q 

Height  above sea-level. 

. . . . . . 8,386 feet.  
. . . . . . 6,012 ,, 

As we follow the rallge we have a gradual fall and a subsequent rise 
in the level of the ridge, t]le difference l~et\vee~l the highest peaks a t  each end, which 
rlSe to well over 8,000 feet, alld the lowest of the peaks in the middle, namely, the 
island of Hatti Malv, n.llicll i5 only 150 feet above sea-level, is a t  the least some 8,000 
feet or approximately 1 ~ 4 0  fatlloms, and it  would appear probable that  there has 
been, since thc first for1llatioll of this mountain chain, a secondary depression that 
has lokllered tllr level of iange in this niea 1 approximately this amount. 

2 
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O 1 e l  0 . I .  I I ) ,  1 .  j , < j )  called attelltioll 10 tile filCt tllat a 
~i lni lar  depression, tllu~lgll on it smaller scale, exists further to tile soutll ill tile mn- 
tinuation of the chain through the Malily Arc11il)elago to  the east of ~i~~~~ ~ ~ l ~ ~ ~ ,  
though 011 Tiinor Island itself tilere is il~co~ltestible proof of a post-tertiary elevatioll 
in the sllape of a sllccessioll of coral-reef terraces, that  have been raised high above 
the  present sea-level. 

The view tha t  the Andaman and Nicobar Islands have ever beell directly con- 

llected wit11 the mainland is open to  very considerable objectiolls, K~~~ (18h~J  
p. 18.) certainly held this view arid even went still further in postulating a direct 
connection with India itself, for in describing the flora of the Andamans ile remarks, 
"we lnay presume tha t  a great number oi species, which oriqinally grew on the coun- 
tries now submerged between these Islands, Burinah and Hindoostan, have heen 
repelled by the advancing sea and the vegetation became thus comparatively richer 

in generic types as the area grew smaller." A study of the fauna, however, indicates 
that ,  if any direct connection ever existed between these islands and the 1nainland, it 
had become completely broken before the evolution of the Mammalia took place, for 
no indigenous land mammals occur on any of these Islands, with the possible excep- 
tions of a species of Pnvadoxltvzis (P. gvayi var. tyllevi) and an insectivore (Crocidlrrtr 
perotetti) which have been captured in the Andamans, hut  which so far as tve know 
do not occur in any of the Nicobar Islands. As regards the Batrachia only three 
species have been discovered, namely, Rufo melanostictus, that  seems to  be of almost 
universal distributioil and occurs on many of the remote islands of the northern 
portion of the Indian Ocean, and Rann Zim~~ochavis, botlz of which occur in the 
Andainans and Nicol,ars, and, thirdly, Ralza ~zicobavierzsis which, as the name implies, 
has been founcl only in the Nicobars. A fauna such as this certainly indicates the 
improbability of any connection with the main continent ; and Boden Kloss (1903, 
p. 3 2 3 )  from a study of the ~namnlalian and avian fauna reached the conclusion that 
these islands have never been in any way connected with the mainland. Since the 
Mamnlalia rnade their appearance towards the close of the Triassic period and the 
Andaman-Nicobar ridge did not apparently arise from the sea-bottom before the late 
Cretaceous epoch, i t  is certainly difficult t o  see how any connection with the mainland 
can reasonably be postulated, though I understand that  geologists believe that origl- 
nally the whole chain of islands was continuous, presumably above sea-level, but that, 
as Gregory (1923. p. 160) expresses i t  ; " The continuity of the original mountains has 
been broken by wide gaps which, in the western part  of the ~urmese-Malay Arcsl for 
example, are larger than the remnants." 

It is not i~nprobable that  originally the area occupied by the Andallla11 basin was 

considerably shallower than i t  is a t  the present day and partook Itlore of the nature 
of a large brackish-water lake, into which flowed the ~rrawaddi ,  ~a lween  alld the 
other rivers of Southern Hurlna, and out of which there were three channels, viz. :- 
one between the Burrlla coast and the A~idamans in the north, a central exit between 
the Andamans and Nicobars, and a southern one between the Nicobars Sumatra' 

the middle of the Tertiary period this submerged area extended considerably fu" 



ther to the llorth than it does to-day and in Eocene and Miocene times extended 

well illto upper Rurlna. Theobold (1870) pointed out that  practically the whole of 

the deltaic area has bee11 formed by a process of elevation and tha t  throughout i t  
marine deposits, or as he ternls them ' the older alluvium,' form the great bulk of the 

deltaic land5. CVith an elevation of this area the  uorthernmost opening, the Preparis 

cllanllel, lllust have tended to  become considerably less deep, whereas on the other 
hand, the subside~lce of the central part  of the basin, which is indicated by the  altera- 
tioll of pitch of the l i x i ~  of the ridge and to which I have referred above, has caused a 
deepelling of the lnore southerly channels, though here the deepening lnay have been 
partially coullteracterl or eve11 altogether abolished by a subsequent further elevation 
of the ridge. With a reduced depth of water the conditions inside the basin would 

be nlucl1 more nearly those oL a brackish-water lake, and i t  is interesting to  note tha t  
at the present day, so Dr. ;\iinandale infor~ned me, the fresh-water f a u l ~ a  of the 
.\ndamans and Nicobars is essentially one of a brackish-water type (vide also, 
.innandale and Hora, 1925, p. 35). 

Up to the present time our knowledge of the door of the Andanlan Sea has been 
incomplete, and eve11 now there are large areas where few or no soundings have 
bee11 taken. Thanks to the kindness of the Hydrographer, The Admiralty, Whitehall 
and the Officer ill charge, Marine Survey of India, I have been able t o  collate all 
the recent soundings take11 in this regiou and on thein I have based the  accompany- 
ing sketch-map (Chart I ) .  So far  as is a t  present possible, I have indicated the 
contour lines of the floor of the sea a t  intervals of 100 fa t l~oms,  but  i t  must be 
clearly understood that  the positio~ls of these contours are in certain areas largely 
theoretical owing to irisufficient data ; but enough soundings have now been taken 
in this region to render the main features of the ]nap reliable. 

The first feature to which I would call attention is the clear indication tha t  the 
.~udainan Sea is not a single basin, as seeins t o  linve bee11 accepted hitherto. The 
greater part of the sea is occupied bv a large basin, the greatest depth of water in 
which is at least 2000 fathoms, but  in the north-west region are t\vo much smaller but  
quite indepei~deut basins, in each of which the depth is over ~ o o o  fathoms. 

Another noticeable feature of the map is the extraordinarily complicated arrange- 
ment of the contours of the Andaruan-Nicobar ridge. These contours show clearly 
that this ltlountain chain is composite in character. The portion of the chain tha t  is 
'ePreser.ted above sea-level by the A ~ ~ d a ~ ~ l a n  Islands, can, as I have already indicated, 
be followed ~lorthwards to join the rlrakan hill range ; but coinnieilcing on the east 

of Little Andaman Isla~ld is a second well-marked range, that  runs in a nnrth- 
direction and separates the inaiil basin of the Andali1a11 Sea on i ts  south and 

east side fro111 the other two sinall basins lying to the nol.th ancl west of i t .  

, This r;ange of hills appears on the surface as " Flat rock," \,vliicli is just awash, 
11' the l11iddle of Invisible Rank on the east cicle of the south end of South A n d a ~ n a l ~  
lsland~ ;~g;rili nl)oot half-w;~y along its leilgth as l3arren Island. Lying st111 
illrtller to tll(! llortli-cast nilrl coiltiiloing t l ~ c  line of tlir ridge nre two more peaks 

Il~bvevcr. rntirely sul)~ll;rriiie, ;~ilrl co~~iiectc(l ~vitll,  but- lying soiiien.11at 



t o  the west, of the direct line is Narcondam Island. Barren Island is a typical 
volcano arid has been active LIP to a coniparatively recent date, though it appears 
probable that i t  is in process of becol~iing extinct, and Narcondarn Island is also 

a typical extinct volcano. As  regards the geological struclure of Invisible Bank, I 
have no record ; Anderson (1902, p. I )  states that "this Bank in 1899 was found by the 
Marine Survey of India to  be covered down to nearly forty fathonls below the 

sea-surface with living corals." I t  seems fairly certain, however, that the whole ridge 

is of volcanic origin, and the question arises, what is it connected with ? Lye11 
(1872, vol. I, pp. 590-1 ), tracing the course of the volcailic regions of Eastern Asia, 
states that  " the Kurile chain of islands constitutes the prolongation of the Karnts- 
chatka range, where a train of volcanic mountains, nine of which are known to 
have beell in eruption, treiids in a southerly direction. The line is then continued 
to  the south-west in the great islaud of Jesso, and again in Nipou, the principal 
of the Japanese group. I t  then extends by Loo Clioo and Formosa to the 
Phillipine Islands, and the11 by Saligir and the north-eastern extremity of Celebes 
to  the Moluccas. Afterwards it passes westward through Suinbawa to Java. 
The same linear arraiigeinent which is observed in Java liolds good in the vol- - 
canoes of Sumatra. The volcanic line the11 inclines slightly to the north-west 
and points to  Barren Island (lat. 12" 15' N.) in the Bay of Bengal. The volcanic 
train then extends, according to  Dr. MacClelland, to the island of Narcondam, 
lat. 18" 22' N . .  . Afterwards the train stretches in tlie same direction to the vol- 
canic Island of Ramree, about lat. 19" N., and the adjoining island of Clieduba, 
which is represented in old charts as a burning mountain." 

Medlicott and Blandford (1879, p. 725) and Suess (1904, Pt. 11, p. 45.5), however, 
both consider that the continuation of the volcanic chain beyond Barren Island 
and Narcondam is t o  be found in Chouk-talon 011 tlie lower Bassein and Puppa- 
doung (Mount Poppa), so that the ridge, as one would expect fro111 its subnlarilie 
trend, continues first towards the north-east and tlieu, bending to the ~lorth, 
runs up between tlie lrrawaddi and Sitang valleys. That this is tlie correct 
line of the volcanic ralige has been confinned by Pascoe ( I ~ I L ,  p. 45) who traces 
the connection even further north into the 1,owel. Cliindwin district, and 13urton 
(1918, p. 226) continiles the line on into tlie Shall States ant1 Yuiinan. 

To the south of the ritidaman Islands, the two hill-ranges, the Narcodam- 
Barren Islalid ridge and (,he continuatioil of the -4rakan range, beconie inex- 
tricably blended together and forrn a single cl~ain, the contours of wl~icli, as olle 
would expect io a n  area that is largely volcanic i l l  cliar;lcter, are extraordinarily 
conlplicated. 011 both sides of tile main ch;lili, we filill evidelice of a nualber 
nf submarine peaks. Oile series of l)eaks lies ti) the east of tlie inain ridge, 

these probably represent tile colltio~latiun s ~ i ~ t J i w i ~ r d  of tlie volcaili~ p ~ r t i ~ l l  
of tlie chain aiid I~ecome couti~~uorls with tile volcailic range rut~ning ;llollg the east 
side of Sur~iats;~.  S i i ~ c ~  tl~ese peak; ;Ire s~~l)ru:lril~e, theil- c11aract.er ~ n ~ l s ~  
rem;du ill rloubt, 1,111 it is I V O I - ~ ~ I  ilotillg t11;tt in tlie ~ i i l ~ l o t r  5~vcr;~l 

tlic deep-sea deposits irolll deptllr ;IS gl-cat a> r ,uou fntlalllls llsve 1)ccll rcfl)rdnl 



as sand, alld if  this be correct i t  lends colour to  the view tha t  the area is a volcanic 
,,,.I TIle Nicobar Islands theniselves represent the line of connection between the 
irakan range and the non-volcanic hill-range of Suniatra, and to the west of this 
we filld a secolld series of submerged peaks, tha t  appears to  rile to  be the homologue 
in this region of the chain of the Mentawei Islailds off the west coast of Sumatra.  

It is iliterestilzg t o  note that ,  with the exception of a group of three t h a t  
crown a promontory jutting eastward fronz the main ridge in approxilnately 

lat. 9" N., long. 94" 30' E., the  greater number of these submarine peaks are grouped 
in two regions, corresponding respectively with the two deep channels tha t  connect 
the Aildamail Sea and the Bay of Bengal. Gregory (1922, p. 196) writing on 
tlie volcanic areas of the Alpine system remarks--" The only place where volcanoes 
occur in the mountains of the Alpine system itself is where, as in the Caucasus, 
the nlouiltain line has been broken across by subsequent fractures." It seems more 

than probable that tlzese deep clzaiinels-Teu-degree Channel between the  Anda- 
malls and Nicohars, and Great Channel between the Nicobars and Sumatra-are 
lines of fracture across t.he ridge. Indeed, the whole ridge shows evidence of a 
seriesof fractures of varying depth running aross i t  transversely. Preparis Channel, 
Duncall Passage and So~nbrero Challnel are fractures of moderate depth, while - 
smaller superficial fractures: runliing from east t o  west across the  summit of the  
ridge were probably the cause of such clzannels as  .4ustin Strait,  Homfray 
Strait, Andaman or h4iddle Strait and Xacpherson'Strait in the Andamans, Nankauri 
Harbour in the central group of tile Nicobars, and S t .  George's Channel between 
Little Nicobar and Great Nicobar. I n  Plate I B, I give a photograph of the 
western entrance of ?Jankauri Harbour, showinq the way in which the two 
sides of the openiug reselnb1e each other. 'I'lze west side of Nailkauri 
1sla11cl on the riglit of the elltrance ;tud oE Canzorta on the left 110th consist of 
a ridge of serpentine rock.; (?,,;dc Tipper, 1911, PI. 6) tha t  is clinracterised by 
a deilse gro\vtll of prilneval jullgle; and a t  the eastel-11 entrance we have siiziilar 
evider~ce of fr:~d:ure in tile presellce 011 the two side.; of a band of coiiglomerate, 
llo\V raised cousider:tbly a l~ove sea-level (Sewell, 1022, pp.c)77-S), and i t  is possible 
that this fracture occurred tluring the process of up1leav;tl. 

-4s we trace the slopes of tile Xudii~uan-Nicobar ridge towards the west, 
find that there is a secolld sul>~n;trine line oE elevation, knowp as Carpenter's 

that runs frolll 110rtll to ~011tll for a distnizce of some three hundred and 
~lliles ;und lies aI,out ;" to t:~lc weitw,trd. Iktween these two ridgcs is a 
golly, to whicil tlle luuilr Investig;ltor 1 ) x p  is so~net imrs  given, tllough 

I I t  is i11lere3ti11~ to )  rp1.or(1 tll;l, slllcr tllc al,(,vc wa5 w r i l t e l l  I have Ibee~~ allle to obtaill clear evidence of the  
" ) l lLher l lc~ ) l l~ i~~unt io~~  or L I I I ~  v i , l c a l l i c  ( . l l . l i l l .  oII .\larCll 2.,t~1. 142; .  R.l.r\l.S. a '  I , z , ~ e s / i : . s t ~ r "  carried ou t  a hottotn 

Isa t .  S.' :i ' N :  : . , I ~ ~ .  c , ~ . , '  K ,  :11,1,11~ ll l i l e s  enst  , , f  the nor111 end o f  l ' i l l a r~c l to~~g  Isla1111 in the central 
4rr'11p 'lie Nlrobars,  :II ;, ill.l)tll , , i  , i ; l t~lr , l l ls ,  .rhr n e t  was b a ~ l l y  Lor l~:  but i~ b rought  ul)  two large a n d  
""mproli' \Illall ~ I . . I K ! I I ~ I I L . ~ O ~  rock , ~ l ; , l ,  e \ - : l l l l l l l ; , t i r , l l ,  I I ; I I . ~  bee11 l , l -o~~o l~nre t l  I,y M r .  i;. H. 'T~[)per. o f  t he  Geological 
y'lrvcy ''I l l l ( l i , l .  ~~~ of V O I V ; I I I I , .  , , v I . ! , ~ ~ ~  : , l 1 , \  c,,llqi.t <,r O ~ ~ V I I I C  1,05:1It. ve ry  h i ~ n i l a r  to t l ~ a t  ~ O I I I I ~  011 I h r r e ~ ~  1sl:111d, 
The IIW;II[ ,,, 

11 v %  1111t l i ~ t l e  ~ l ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ , , ~ ~  nllll \v,,ll\,l a,)prnr p r o l ~ a l ) l ~ ~  l11:1t L I I C  ~ O I C : I I I ~ C ~  t - r ~ ~ p l i o ~ ~ ,  \vl1ic11 2:Ive ris~a '" rc~q'ks. n c r u r ~ e ~ l  , I , l l ~ , .  r e c e n l l y ,  



it is ]lot a 'deep' in the strict ocea~iograpliic sense, since its deptll is only 2,100 

fathorns. Carpenter's Ridge attains i ts  greateit height near its southern end in 
approxilnately lat. 6" N. and gradually subside3 again towards the south. 

Molengraaf (1912, p. 273 z t  scy.) has shown that  the region to the south 
and east of the Nicobars, tha t  now collstitutes the East Indian Archipelago, has 
within co~nparatively recent times been inundated by the sea, owing to a general, 
rise in the  sea-level. He has put forward the view, based on a considerable 

tliass of evidence, tha t  during the end of the Pliocene or a t  the colnmencement 
of the Pleistocene age the present Sunda Sea was probably occupied by a stretch 
of low-lying land or a group of islands, and tha t  subsequently a t  the beginning 

of the ice-age the sea-level sank, so tha t  a great area of land was exposed, 
connecting the present islands of Sumatra, Java and Borneo. ,At the close 
of the  glacial period the sea-level rose again to  its present height and all 
the  low-lying country became submerged to  form a great shelf-sea. Daly 
(1910, p. 399 ct seq.)  had already utilized this rise in sea-level to explain 
the formation of many of the existing coral-atols and barrier-reefs. -4s 
Pr'ofessor Sollas has recently pointed out (Nature, 192.3, 332-4), this alteration 
of the sea-level during the Quaternary epoch was not a simple one, but so far 
as the  evidence a t  our disposal goes, seems to  have partaken of the nature of a 

inore or less regular oscillation, and this change in level has ieft indisputable 
evidence in various parts of the world. We should therefore expect to find sotlie 
evidence of ~i change in sea-level in the Andaman-Nicobar region, but here 
the matter appears to  be complicated by earth movernents. Rink (1870, p. 122) in 
his account of a visit t o  the island of Bompoka in tlie central group of the Nicobars, 
remarks, " We reached a precipitous cliff, which to  niy great astonishliient did not 
show plutonic rock, but  only coral limestone. Tlle coral formation formed terraces 
t o  a height. of G o  to  80 feet. I had not as yet found upon the islands such clear 
proof of the more recent uplieavement of tlie ground." Sinli1p.r evidence is to he 

seen in the island of Katchal, where there is a cave in wea ther - IYO~~ coral 
linlestone a t  a height of 200 feet above sea-level l l v i~ le  A~lderson (190.3, pp. 163-4)). 
We have here, doubtless, evidence of the same process of elevation that has give11 
rise to  the terraced coral-reefs founcl iri 'L'imor and tlie neighbouring islands) 

though the degree of elevation is very much less. 
It seelns probable that  in the portion of the ridge for~t~incr the central group 

of the Nicobars this process of upheaval is stiil slowly continuing and the salne 

seeins t o  be the cast. furtller t o  tlie nortli in the Arnkall district 
P, 26.7) states that  "towarcls Cape Negrais no proslillent siglls of 

tioll presellt tllelllselves, hut  as we approach Own find gradually P ' ~ ~ ) ~  of a 

sonlewll~t  recent rise of tile coast, in the shal)e o f  coral banks l'aised above 
the ~"esellt limits of it.; gn)\vtll and in tlie 1)rtsence. ;L few feet below tile surface 
is the plains no'v rellloved froln tile shore, of shelly sand alld shells Of 

living on tile co;lst," ~ ) L l s i ~ l g  1 1 1 ~  visits to  N:~nkn~rri Harlmt~r i l l  I O ~ I - ~ . ~ I  l"'''c 'I1 

, two localities collie aclohs beds of reel ' -COI-~~ tliat ll()bv for111 I);''.~ t'le 
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sllore 
olle or otller of the islantls, a i~t l  are raised considerably above 11igll-ivnter 

level, sillce tllese beds i i~us t  11;ive origiuate(l a t  sollle d r p t l ~  Ijelow s~:I-level, it 
seenls clear that clevatioil has quite recently taken place ill this area. C)lle nlust, 

however, bear ill lllind tllat an apparent elevation may be due to all actual fall 
of sea-level. Tllrougl~out tlie Tropical belt, in widely scatterecl regions, evidence 

llas for many years past been accumula t i~~g  that  tends t o  show tha t  in colllpara- 
+ively recent tilnes there has been an apparent elevation of land. p ' r~er  (1910, 
p. 266) ill Aldabra alld tllc neighboilring islai~ds Of the s o ~ l t h - \ ~ e s t  p~r t io l l  of the 

Indian Oceall; Bourne (1888, p. 440) in Diego Garcia ; Stanley Gardiner (1903, vol. I ,  

p, 36 el s rq , )  ill the lualdives ; k'oote (1883, p, 70) ill liameswaram Island a t  the south 
end of Illdia ; Hadderl (1889, p. 587) in the Torres Stra i ts ;  and Saville Kent (1893, 
p, 130) in the great Barrier Reef of .Australia, have all called attention t o  evidence of 
alteratioll in the relative sea and land levels, giving rise to  an apparent rise i r ~  the 

level of the land. I have myself seen evidence of a siinilar change in the coral 
reefs of Mergui and in the Nicobar Islands, aitd in the sandstone cliffs on the  west 
side of little Andaman Island 9 s  regards this latter region, there is a t  the  foot 
of the southern point of these cliffs a well-marked terrace, a t  i ts  widest from 8 to 
10 feet across, just below tlie present liigh-water mark. Above this terrace, a t  a 
height of about 5 feet above high-water mark is a second terrace. If, as  I believe, 
both these terraces have been formed a t  one time or other by wave-erosion, they 
indicate an alteration of level of soine 6 feet. Furtlier evidence of a change in 
the respective sea- and land-levels is to be seen, ( I )  a t  the south-west corner of 
Rutland Island in the Andamail Group, where there is a raised pebble beach, situated 
some j-6 feet above the top-level of the present beach, and ( 2 )  a t  the S.-W. end of 
the westernmost of the Twill Islands, off the west side of Rutland Island, where 
again there is a raised beach of shingle conglomerate, about 6 feet above high-water 
mark. Running in a south-westerly direction fro111 this Island is a reef, the rocks 
of which are coinposed of the same coarse-grained coilglomerate. This condition 
indicates that there has been an elevation of about 5 t o  6 feet and tha t  erosion 
has since been taking place, and is probably continuing, if the condition of the jungle 
at this elld of the Island is any guide. 

Such wide-spread evidence of an  apparent rise of land-level is most easily 
for by a fall in sea-level of a corresponding amount. I a m  not, however, 

collcerned here with the possible cause of such a fall of sea-level, and cvould merely 
point out that it would result in producing an apparent rise of land-level. 

Kurz (1868), however, has put forward the view tha t  the Audamans are sinking. 
He bases his opinion oil certain local changes in the vegetation and the presence of 

of trees in a mangrove swamp bordering the Middle Strait .  Oldhaill (1885, 
P. '43) has accepted Kurz's view, a l t l ~ o u g l ~  he describes how in 1840 Helfer sailed 
throllgll Hornfray's Strait,  wllicl~ i l l  1858 was fo~ind by the Andainan Corninittee t o  be 
unnavigable except for sillall boats, and further more admits tha t  the Andaman 
?ldden that he carefully examined sllowed that  the land had ' '  not appreciably altered 
Its level relatively to the sea during a period tha t  nlust be measured by centuries, 



i f  llot by tells of ct.~iturirs." Soess declillc~ to accept I<nrzls \,ielr i?ll,j I ranlr,t ,,at 
tllillk tha t  (vllat he sa\v \ w s  doe entirely to  solllc local cll;lllge -,,ossil,lv honking 
"1' of the x a  ill the strait during ;\ strung llortll-msterly I lllve in the 
Nicohars seen stlllllps of lra11n trees st;incIi~lg ill tile mud betwpen title l l l a r ~ s  

2o yards out from the I)resellt lleach in a slnall bay ill Nallkauri Harbour,  but i n  
of all the other evidence t o  the  coiitrary I cannot .~ccel)t this ;Is l)r()or tllat thew 
islands are sinking. 

I t  is itlterestillg t o  llote that  surrounding the isl;lllds of t]le ;~lldalllan-Nicobar 

ridge there is a typical " coutinental shelf" e ~ t e ~ ~ c l i ~ ~ g  out\\lards fronl the sllore. par 
Years past tllere ]]as been a great divergence of opinid11 as to the origin this sllelf, 
By 11la11y oceat~ographers, anioilg whom are Spencer, Hull, Nansen, Richard and 4. 
~ i l n e - ~ c l w a r d e s ,  this shelf is regarded as an  integral part  of the land itself ; and the 
continental edge, where the shelf joins the continental slope, is regarcled by them as 

the old sea-beach, i ts  submerged position to-dav being attributed either to subsidence 
of the  lalld or to  elevation of the sea-level. Others, huwever, among whom are the 
late Sir John Murray and Dr. J .  Y. Buchanan, regard the shelf as being a new forma- 
tion tha t  has been built up of debris and detritus derived from the continental 
surface and deposited around i ts  margin. Probably both views are equallv correct 
and in some regions tlie -shelf is a 'drowned ' portion of the continent, while in other 
areas i t  is merely the refuse heap of the land. 

I n  view of the great changes in level tha t  have taken place in the various regions 
of the Andaman-Nicobar ridge the only possible explanation of the presence of a 
continerltal sl~elf here seems to  be that  i t  has arisen as a comparatively recent for- 
mation, partly from erosion along the sea-coast, partly from the cleposition of debris 
and  detritus and probably largely from the outward growth of coral banks around 
the shores of the islands. Owing t o  tlie presence of deep channels that  cut through 
the  ridge the  continental shelf is not a continuous one. All the Andaman ~slands, the 

Cocos Islands and the outlying North and South Sentinel Islands, are enclosed within 
a comlnon shelf. The central group of the Nicobars seems to  be enclosed by another 

which probably also extends northwards round Car ~ i c o b a r  though the soulldings 
take11 in this region are not sufficiently numerous to  ellable olle to be absolutely 
certain of this.' And a third shelf encloses Great and Little Nicobar Islands. 

-4s is only t o  he expected around islailds such as these, situated so near to the 
equator, coral flourishes and forms reefs tha t  extend outwards, often for very cOnsl- 

derable distances from the shore, t.hough the rate of gro\vtll and the extent of 
forlnation is usually considerably less on the east side of a great ocean, such as 

Indian and Pacific, than i t  is on the west. In  tile Case of the Pacific Ocean the 

western is a lnaze of coral islands and reefs, while the east side is ~~~~~~~~~~y 

bare of sucll, The same is true to a certain extent of the Illdian Ocean! here 

local rollditions have enabled considerable reefs to form wherever oceanic cOnditions 
~ ~~ -~ - ~ ~ - -  - - ~  -.--- . 

I A number of soundings  t a k e n  recently by t i l e  R.1.Rf.S. " I,ti,esligalur " sl1uw t l rnt  the  islalld o[ KaLchal 
separated off Irom the  other  i s lo~ i~ l s  of th is  group by a channel  that  has  t h r n u a h o u ~  its I e ~ ~ r t h  n deptll 

water of me'1 

over loo fahorns.  





CI-IART 11. 

Thc  coral hanks  on thc west o f  the  Al ldo~nnns .  I l a ~ ~ k s  with less tl1311 ro I : ~ l l ~ o ~ l l s  ( I (  \v:ll" 
t l ~ e l n  are il~dicatecl by clots. 
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lIe Inilintailled. 'rlie soutll-west $Ionsoot1 c:iu%es ;L flow of oceanic water that  

sets in tO\y;irds tile \vest side of the .Audalnan-Nicohat- ridge a ~ i d  the 9rakan coast of 
Burlna alld ill collsequeuce we find coral reefs extending well up the Burma coast till 
the lowered salinity of the sen-water, and the deposition of lnud alld silt due to the 
outflo,v of the Rra11111apatt-a River prohibit their existence. Throughout the greater 

>rear tlle reefs on one side or other of the ridge are being pounded by 

heavy seas. Froui November to Jauuary the north-east Mollsoon causes high seas to 

break over the reefs on the eastern side and during the south-west Monsoon from 
June to Septelnber the western shores are subjected to  the same process ; while in 
.4pril and October cyclones are particularly prevalent in these regions. As a result 

fragments of coral are cotlti~lually being broken off and a building up of the reef-flat 
takes place, while simultaneously a certain atnount of coral detritus is being swept 
out to sea and settles down to the bottom, where i t  helps to  form a basis on which 
further generations of corals and nullipores arise and so extend the reef further sea- 
wards. 

Around the group of the Andaman Islands the continental shelf is very much 
wider on the western than on the eastern side and along the western edge of the shelf 
is a series of coral bxnks and islands. Passing from north to south we have North, 

West, Middle and South Coral Banks, then come North and South Sentinel Islands, and 
finally there is Dalrvmple Bank at  the south end of the series (vide Chart 11). Both 

North and South Sentinel Islands, though they attain a considerably higher level, as 
their nan~e implies, than the banks, which are covered by about six fathoms of 
water, are of coral f o r ~ n a t i o ~ ~ .  Alcock (1902, p. 82), who visited south Sentinel Island 
in 1889, remarks that "the island seems to  be nothing more than a coral reef raised 
a f e w  feet above high-water mark, for loose coral-rock crops up everywhere, and even 
in its very centre we found masses of coral whose specific structure was still quite 
l~lainly recognisable." In 1922 I was able to  visit both these islands and I can cor- 
roborate .4lcock's statement. From what I saw of North Sentinel Island, that too 
seems to be undoubtedly of coral formation, and in places along the coast are cliffs 
colnposed of coral limestone that rise up sheer for 20-30 feet. Oldham (1885, p. 145, 
Note) remarks-" the two Sentinel Islands have been described to  me as being com- 
posed of coral ; this, as I found from experience in the Nicobar Islands, almost cer- 
tainly refers to the fantastical weathering of the liillestolles of the Archipelago series," 
but there is no fantastical weatliering about either of these islands and Oldham's 
Informant was perfectly correct in his statement. 

This renlarkqble chain of coral hanks and islands is separated fro111 the coast by 
a distance of approximately fourteen miles and a depth of' water averaging some forty 
filtholns. It is possihle that the increased growth of coral in this region, in comparison 
"lth  hat \Ire find on the eastern side of these islands, rnay be to solne extent due to 
'I1' 

of oceanic water during the south-west monsoon and the consequent 
abundance of food supply, and 1)aly (1910) would explain the formation of such a 

and the channel intervening between it and the mainland as due to a rise in 

sea-1eve1 durillg pleistocene times. I t  seems to nle that we have another and much 
3 
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~liore iniportxnt factor in it5 1)locluctiorl ;tiid one tlint 5i1riulta1ieousl~ exl,laill.s cellaill 
other physical featureq of the g rou l~ .  

Rrouwer (1019) has pointed out that  during the development of an  anticlina] 
fold the axis inay shift its 1)o~ition so '1s to  cause :In asylnnletrical developnlerlt of the 
two sides of the riclge and B difference iu tlie lateral sloj)es, and Molengraaf (1921, 
p. 115.) has sho\~rii tha t  sucli ;~lterations have taken place in several of the islands of 

the  Eas t  Indian Archipelago, such as Roti, Su111b;t and Janidena. I n  a text figure, 
which I have taken the libertv of rel)roducing, lie shows how such a chailge it, the 
axis will affect a cross-section of a ridge and sinlultaneously cause an alteration in the 

position and character of the coral reef growing round its shores. Tipper (1911, 
p .  16) has  remarked regarding tlie .\ndanian group, that  its geological structure is 

" t h a t  of an  anticline, thrust  or folded over to the west," and he has called attention 
t o  the  different slopes on the two sides of the islands, " a section across the Andamans 

TEXT-BIG. I.--Successive stage.; of develop~i~cut  of a n  islalld o n  an anticline axis. Frinqilly ~eefs 
formed a t  " n " and '. h " during Stage 1 would be found a t  " ci " and " b' " in a later Stage 11. 
The fringing reef a t  .' a " (Stage 1) would have been submerged and a barrier reef have developed 
a t  " n ' "  (Stage 11). whereas the frir~gi~ig reef '. b "  (Staxe I) wot~lcl have bee11 elevated and t'eeli 
found a t  " b' " (Stace 11). After llolengraaf. 

: / \ 
- - -.>, '\ Sen .IrvcL. Sea .leur.l --- ----: _ _  

-- 
35 f a t h o m s  ~ ° ( J / ~ ; ~ , < ,  

TEST-FIG. 2 -Sectioi~ across the North t\~ltlamnn Tsln~~tl through Sncldlc Hill, show in^ the 
steeper eastward slope co~itinued as a sul)t~larine feature after Tipper. 

shows a long gradual slope from west t o  east, cul~nirlating a t  some point near the east 
coast, a steep eastward slope continued under the sea until about midway betcveen 
the Andanlans and Barren Islalid." He admits that  this steep easterly dope is not 
what one would expect in an anticline thrust or folded t o  the west, arrd explains i t  by 
supposing tha t  a fault has occurred on the east, and that  it was along this fault that  
Barren Island aiid Narcondam arose. A coinparisoti of the section given by Tipper 
across the  Andarnan ridge,' which I reproduce, and Stage TI of Molcngraaf's figure 
reveals a degree of similarity that  is very striking, and i t  seerns to rne that we have 
in the shifting of the axis of the ridge from west to east at1 explanation of Inally of 
the physical and geological features of this area. Such a shift \vould of itself prodace 

the  altered slopes on the two sides of the ridge and would, as Molengraaf points out. 
give rise " t o  tlie development of a barrier-reef a t  one coast of an island, rvhereas ;lt 
the opposite coast simultaneously fringing reefs are elevated above sea-level." 
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PLATE 3. A raised coral beach at the south end of Henry Lawrence Island, 
Ritchie's Archipelago. 



The view that  this chain of coral banks oil the west of the Audamans nlight be 
a barrier reef was, I believe, first put  forward I)y Blcock (1.902, p .  49): who 

The Series oi coral banks which flank the western shore of the Andatnans 
lnay perhaps represent a discontinuous barrier reef." Anderson ( 1 ~ 0 2 ,  p. I )  

agrees with this view and remarks-" Extending along the west coast of the  
,jnda1llans, at an average distance of 14 miles, is a veritable b a ~ r i e r  reef, c o ~ n ~ o s e d  
of disconllected mostly submerged coral banks, separated from one another 

by wide deep ch;lnllels." I have no doubt tha t  t.his view is the correct one, and 

that we have l~ere  a definite barr~er  reef extendi!lg from Lat. 13' 4ofN., for 
a distallce of approxin~ately t\vo hundred miles, to Lat .  IO" 26'N. As in other 

barrier reefs we have a channel of some 40 fathoins depth between i t  and 
the coast line, and on the sea-ward side the ocean bed drops steeply down to  a 
depth of 250-300 fathoms. 

If tlle view I have expressed above, naniely, tha t  the  cause of the forination 
of this barrier reef is a shifting of the axis of the anticline, we ought t o  find 
on the east side of the ridge a series of raised coral beaches extending along 
much the same area. Oldham (1885, p. 144-5) has recorded a large series of 
raised coral beaches all along the east side of the Bndainans, extending froin 
Outram and Laurence Islands in liitchie's Archipelago, passing through Havelock 
Island, and alnng the shores of south ;Indaman Island, where i t  " can be seen 
forming a terrace fro:" a few yards to over half a mile in width in alrnost 
every bay " (vide P1. 3) .  I have been unable t o  find ally account of the 
geological formation in Little Andaman, and therefore can only contribute a few 
brief notes that I made a t  the time I visited the  island in 1922, and again 
ill 1924. "On the east side is a deep indentation known as H u t  Bay. Here the 
shore at the south end consists of rock interspersed with coral and with a 
well-marked fringing reef ; further to the nortli the beach is sandy. Above the 

beach the surface of the land is composed largely of coral and coral debris. The 
bed af a s~nall streanl, \vhich I followed for some distance, is coinposed entirely 
of boulders of coral liiilestone, and everywhere throughout the jungle one sees 
fra!?llellts of coral." I t  would seem, illerefore, that  here too tlie island is coinposed 
On its south-east side, of a raised coral reef. Still further to  the  south, on 
the other side of Ten-degree Channel, the island of Car Nicobar consists, t o  a 
large extent, of a raised coral forn~ation, and here again this elevated coral reef 
Is sit-uated 011 the east, where i t  forms a wide senlicircle enclosirig the clay-deposits 
that for111 the cei~trnl and western parts of the islalid. It would appear, 
therefore, that we have ;unple corroboration of the view that  tlie changes, tha t  
have place in this region of the Aadaala~i-Nicobar ridge, are due to  a shifting 
Of axis of the anticline froni west to  east, and i t  is interesting to  see how 
this cllatlge srenis to be li~iiited to  that  portion of the ridge where its westerly 

:lttains its ~llaxinlu~ii, ;~licl where the line ~vhich to  the north runs 
"'ltll "Y W C S ~ ,  now alters its course a i~t l  runs so~~t , l l  by east. 

l'eyolld tile edge o f  the contineiltal sllell 011 tllc east  side of the A~ldanians 
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the  bottom slopes steeply downwards t o  ZOO fathoms, which we may regard as 
the foot of the talus slope derived from the  surroundi~lg coral reefs; and beyond 
this the  descent becomes much more gradual, ancl we have indications of a 

series of ridges and valleys alternating with each other as we follow the lille 

of the ridge from north t o  south. These valleys call be traced downwards 
as  far  as the 1,100 fathom line. If this great range of hills were above sea-level, 
these valleys would be i~riportant catchnlent areas and would forlll the beds of 

large rivers, and i t  is interesting to  note that ,  if we follow the line of each 
across the  continental shelf on the east side of the i l ~ l d a ~ n a n  Islands, i t  is found to 
correspond with what is now a large inlet or harbour on the east coast, 
namely, Por t  Cornwallis, Stewart Sound and Port  Blair. Though i t  does not 

necessarily follow, i t  is not improbable tha t  these gullies are tlle sublnerged 
beds of old rivers that  originally drained the eastern side of the range, and 
tha t  the connecting link between the present sea-level and the zoo fathom 
contour has become obliterated by the origin ancl forxnatio~~ of the contine~lt~l 
shelf, which, a s  I have already pointed out, must have arisen since the subsidence of 
the ridge took place. 

On the  extreme southern end of the Anda~nan sea-basin, the contours indicate 
the presence of a wide gently-sloping valley tha t  runs roughly in a north-west 
direction and can be traced down t o  a depth of r,doo fathon~s.  Molengraaf ( 1921, 
p. 102. ~t seq. ) has called' attention t o  the presence of " drowued " rivers in the 
East  Indian ,4rchipelago, and i t  seems probable that  in the southern end of the 
Andaman Sea :ind what is now the Straits of Malacca, we have a further 
drowned river-bed. Certainly the general trend of the lower reaches of the 
rivers in the north end of Sumatra and the corresponding coast-line of the 
Malay -4rchipelago is towards the north-west, and they prohably origi~~ally 
were tributaries of one large river-system that  has since heroine submerged. 
Incidentally, the depth t o  which we can trace these valleys and gullies, agrees 
very fairly closely with the depth t o  which the whole region, a s  I have already 
pointed out, has probably subsided since its original upheaval, namely some 1,300 
t o  1,400 fathoms. It thus appears probable that  the subsidence of the b a s h  or 

a t  any rate of , the deeper portion lying to the east of tlle volcanic ridge, 
occurred a t  sometime subsequent to  the elevation of the ~nountain cl~:tins, 
in the Pleiocene or early Pleistocene period, and it is an interesting speculatioll 
a s  t o  how far subsidence may have been influe~lced by the upheaval of the volcalllc 
portion of the range having caused a blocking of thc. exits of the s11:illo~' water 
basin, and the consequent ;lccu~nulat,io~l of water over :ill area that  was already I n  a 
s tate of unstable equilibrium. 

On the north and east sides the . \nda~nan Se:l the sublllarille cO1ltOurs 

are more regular t]lan on the \\lest, Extending ar01111d tile llOrthflll I s  

a well-rflarked continental allelf, edge of whicli ~ 0 r r r ~ l ) o l l d ~  closely 'I1' 
~ o o . f ~ t h ~ ~ ~  line, and lvhich is c(lltinuous on its western side \\'it11 the s l~e l f  tl!e 

Alrakall c();lst 1)llt i5 sq~;~r : \ tcyl  f ro l l l  t11:tt ~ t '  t I 1 ~  . ~ I ~ ( ~ : L I I I ~ L ~ ~  x ~ ( ) I ~ I )  1')' "re~)""15 





CHART 111. 
The subinarine gully off the delta of the Irrawatldi Kivcr (from Atlmiralty 

Chart No. 70). 
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channel. Along the Arakan coast in the Bay of Bellgal, this shelf is c o l n ~ a r a t i v e l ~  

narrow its edge lies a t  a distance of approximately thirty to thirty-five 

lniles from tile coast-lille, but along the southern shores of the Irramraddi delta 
and in the (;ulf of Martaban, the shelf increases enormously 1 width and 
most parts is a t  least a hundred iniles wide : indeed, the whole area of the 

.indamall Sea lying north of a line drawn between P re~a r i s  Island the 

lnouth of Tavoy River has a depth of less than 100 fatholns. 
There are two features in this wide shelf to which I would draw attelltion. 

year its western edge the sea-floor shows two distinct elevations, l l ame l~  Thallia 

Reef Preparis Island : both lie in the line connecting Cape Wegrais, southern 

extremity of the Arakall range, with the Andarnan Islands, and they are undollbtedly 
pinnacles of the saine great mountain chain. The second feature is of exactly the 
opposite nature. -1 study of the contour lines shows that, commencing opposite the 
Krishna Shoal, where the sea-coast bends sharply towards the north-east to form the 
western shore of the ( h l f  of Martaban, and runniilg an S-shaped course across the 
shelf, is a well-markecl gully (Chart 111). In coinparison with the deep subtnarine 

gullies, each kllow~l as a " swatch," which are present off the Indus and Ganges 
rivers, this off the Irrawaddi is a sinall and shallow one, for in the middle of its 
course it lias a width of tell iniles and a depth of only 120 feet. Immediately 
opposite the end of the gully, a t  the roo fathot11 contour, is a small deep hole, where 
;I souilding of "59 fathoills has beell obtained, and it is interesting to note that 
beyond this again the coiltours down to the 1,300-fathom level show a well-marked 
bay running towards the nortll-east that lnight be taken to indicate a possible con- 
tinuatioii of the gully down to tliis depth. Molengraaf (1921, p. IOI ,  Fig. 2, and 1922, 
P. "7 71 S P Y . )  has show11 tllat ill the East Ilidia~l Archipelago, it is possil~le to trace 
011 the floor of the Sunda Sea the submarine bed of a large river, that had its tribu- 
taries in Borneo and Sulllatra, ;111d rail eastwards into what is now the China Sea. 
This river excavated its chaiiilel when tlie Sunda lands were above sea-level, but 
Owing to the rise of the sea in Pleistoceiie tiilles it has nomr becoine submerged. I t  is 
Possible that we have in this gully off the lrrawaddi delta a si~nilar for~nation, but i t  
is difficult to see how one can reco~~cile its 111-esellce, assu~iiing tliat it is the old river- 
bed, wit11 the coi~clitions that exist a t  tlie present day. I have poiiited out tliat the 
torlllatioll of a contine~~tal slielf OI I  tlie east side of the Xiidamrui ridge lias ohliter- 
ated all traces of the old v;llleys in tliat region down to a depth of 200 fathoms, and 
One would certainly expect that the depositioii of tlie enormous quantities of mud 

silt brougllt down by the Irrawnddi would have done the same ill this region 

if such a gully had previously existed. But as I have already mentioned, in 
tillles tile i \~~dalnau  Sea extended iuucll further to the ~lortll and the area 

"lat is now uccupied by tlie delta was inarine Since this is so, it n ~ u s t  surely. be 
tllat the contilleiital shelf in this regiou is a new for~rlatiorl atldj has ariserl 

Vrt1y "Y (lep.pu.;itil.l~i oi laud detritos aud partly by elevation of the sea-bottonl, and 

" 'Ouwquellce, it is i~upossible to regard tllc gully as druwlled part of tile old 
lrra'vaddi river-bed. Tlie part of tIlc cllaaiiel, whicli crosses tile continental sllelf lllust 



be a new forination due to  the deposition of silt and mud alollg certain defiuite 
lines, and due t o  equally definite causes, the most iiilportant of which are tlie effect 
of mixture bet~veeu the  silt-laden river-water and the more saline waters of the sea, 
causing a rapid precipitation of the suspended mod. and the itiflowillg current 
through Preparis chanllel tha t  gives to the outflowir~g river water its ezsterly trend. 
On the  other hand, if we admit tha t  the subsidence of the hiidalnan Sea basin, as 
indicated by the rise and fall of the inou~itain crest and by the presence of other 
gullies along the Andalnan chain, has been so great as this, tlie deep portion of 
the  gully from the edge of the slielf down to  a depth of soiiie 1,300 fathoms, may be 
aiiotlier ' drowned' gully ; but  if so, its position on the east side of the volcanic chain 
indicates tha t  i t  belongs t o  the Salween river system. 

From the Gulf of Martaban southwards to  Victoria Point the coast of Souther11 
Burma is a complicated one and is fringed by a succession of islands, commencing 
~vit l i  the Moscos Islarids in Lat .  14" N. and contii~uing zouthwards through the whole 

leilgth of the Mergui Archipelago t o  the islailds of the Malay coast. The submarine 

contours lie fairly close together in the northern region but as we trace them s0ut.h- 
wards they become Inore ancl more widely separated so that  the slope of the sea-floor, 
instead of being steep, is a t  the soutli end a gentle gradiei~t ,  and in consequence the 
deep-water basin is reduced t o  a comparatively narrow gully. As we trace the con- 

tinental shelf sea-wards in this region, we find that  it is dotted over along its whole 
length with numerous islands, bu t  slopes graclually downwartls to the 40-50 fathom 
line, and there we get a small tliougli fairly steep drop down to  a second shelf that at 
the  southern end of the sea extends westwards for a very considerable distance. This 

second and deeper shelf is due, a s  I shall show later when d e a l i ~ g  with the nature of 

the wa-bottoni, to a suh~nergcd rock ridge that  can l)e traced along almost the 
whole length of the coa.it. 

Molengraaf (1921, p. 108) lins ,,ot lorvar(1 tllr vica that  tllc Accl>-sc;~ l~nsias :111(1 

tlls arljoining elevated islali(ls i l l  the ILst  I~l(l i i t~i  i\r~llil)t.litgo (Yere ll)llll~'d *illi1"- 
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,;,lleousl!i alld are (Iue to  a foltlillg of tile earth's crust :11ong ccc~-t:~ir~ d e l i ~ ~ i t e  lilies. 

~ 1 , ~  elollgate sll;lpe of the varior~s islaiirls a ~ i d  the presence of deep ~ I . O L I ~ I ~ S ,  sel~arat-  
ing thelll froln olle allother, lie exl~lnius oil the grouiids tli lt they :Ire respectively the 

tops of ;ulticlinal foltls, I>etweei~ wliicli lie tlie sy1ic1in;il depressiot~s. We 

already see11 that  the various mountain cliains that  together nlake up the com- 
plicated facies of the .\uda~i~aii-Xico1,ar ridge can I>e traced southwards into Sumatr;t 
alld the regioll heyondl and we should, therefore, be able to  distinguish the same 
sequellce folds and depressions in this region tha t  A1olei:graaf has been able t o  
detect ill the mc~re southern area. 

In a rlul~ling fro1li W.S.W. to E.N.E. acl-oss the island of Su~nat , ra ,  Molen- 
gaaf recoRnises two major folds, the tops of \vhicli now fornl tlie Menta\vei Islands 
and Slllnatra 1.espectively; in his schematic representation ( v idc  Rlolengraaf, 1921, 
p. 109, fig. 4) he shows, however, a third thougll much smaller fold lying further west- 
ward in the floor of the Iildian ocean. -411 these folds can plainly be recogilised in the  
region of the Andaman-Nicobar ridge, though here the fold tha t  forms the Mentawei 
Islands does not make its appearance above sea-level. 

I have shown these folds in the  figure above, and a comparison with Molengraaf's 
figure at once reveals the similarity between the two areas. To make this more clear 
I have given the corresponditlg synclinal m d  anticlinal folds in the following table. 

Section across the Nicol-)ar I s la~~t l? .  S e c t i o ~ ~  across Su~nat ra .  
\T'.E. W.S.\V.-E.N.B. 

I. . . . . 13ay of Bengal . . . . 111diau Ocean. 
2. 1st geoanticline . . Carpenter's ridge . . . . Iiaised area in Roor of India11 

0ce:lll. 
5.  rqt geosy~~cli~~e . . I~ivestigator Deep " . . Sunda trongh. 

4. 211d ~c~anticlilie Series of subnlerged peaks t o  west Range of coastal islands girdling ( of the n d a ~ n m - N i c o b a r  ridge. the west coast of Sumatra, in- 
cludiug the J l e ~ ~ t a w e i  Is la~ids.  

Irregular depressed region lying to 

i. 211d pcosyl~clille t l ~ r  west of +lie i l~~da~na l l -Aico-  ) 1Ie11t:lwei trougli a l ~ d  correspoi~(l- 
b:lr ridge l)rtween it  ikll(1 f l l ~  {illg trougli ~ha l )e t l  (Iepths. 
sul1111ari11e peaks. 

Nun-\.olcanic and volcallic nioull- 
seonnticlinc. , . : l~~tla~n:~n-NicoI>ar ri t l ~ c  . 1 . .  twn raltges of Sutuatrn. 

, , lertiary terrain, folded in late 
7 3 O I I I ~ I I  . . Deep 1>;lsi11 01 the Aadama!~ Sea ! 'l'erti:lru r ~ ~ d  early I'leistocet~e 

( ti111cs. 
i I<ocky sul)~nilrine hill-clinin lying 

8. . . . . . 1)arallal to Rurmn const nncl lar~tl inclutling the 
. !.hell area to cast ol it. 

Just as in the Malay arc a further complication of this system of ridges is 
introduced by the separation of the outer nou-volca~~ic range, including the islallds 
ofSunaa. Tinlor a i d  Buru, and li~iowii as the Timor-Ceram arc, from the volcanic 
 re^ whicll illcludes the islands of Bali, Alor and Wetter, and the formation between 
them of an extra deep-water area, the Wetter trough, so we find all exactly compar- 
lble colldition in the northern end of the ridge where the line of t.he nda inan-Ara-  

range 011 the outer side of the chain becomes separated from the volcanic ridge of 
Barren Islan(1 and Narcondam, wit11 the formation between them of the two small 
decp-water 1j:lsins in the north-west area of tlie Andainan Sea. 
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fi$'lolell~ra;lf llas pointed out t h ; ~ t  i t t  the c~lnlnenr-lnellt tllis foldillg ., tile 
sea-hasins Ivere ~ ~ ~ u c I I  sItallower tllait tlley are to-day ;,lld tll;ll tllc islands were 

lower alld slllilller." SO tll:tt, the view that  I have exl)re.;sed ;Ibl,ve that  the :\lldalnnl 

basin was forlllerly lnilch shallower ;ut(l tlierefore partook Illore tile llatL1re of 
a hrackisll water basill titan of an open se;t, is a t  1en.t in agreement \"itll allat 
i1.e kno\1' regarding the kolding of tlte cr~istal  regions of tile eiirtll ill  thir localitv, 
and the continuatiol~ of this folding even a t  the present tilne is illdicated dy 
the evidence that ,  a t  any rate, tlte Nicobhrs aitd the de1t;~ic region of tile Arakan 

peititls~lla are still rising. 
The evidence a t  our  disposal tends then t o  sho\v tha t  the .4ndalna11 sea-basin 

lttade its first appearance about the colntneitcenlettt of tlte Tertiary Epoch when the 

great Alpine-Himalayan systetn began to  arise. Silnultaueous with the forlnation of 
the parallel ranges of the Burtno-Malayan arc, the westerltlnost of which appears 
to  have arisen in the  Andaman-Nicobar section from tlte sea-bottom, there was 
formed a shallow-water basin into which all the great rivers of Southern Burma and 
the  streams on the east side of the Andainan-Nicobar region poured their effluent 
and out of which the  water escaped through channels between the various islands into 
the Ray of Bengal. This elevation of the rnountaitt chain steadily progressed 
till the  height of the ridge attained i ts  maximum of about c),ooo feet above sea- 
level. ,At the close of the Tertiary Epoch extensive subsidence occurred throughout 
the whole area of the basin, but more especially on the east of the Nicobar portion 
of the ridge : the amount of the subsidence being a t  least 1,300 fathoms, and 
this state of affairs persisted for a t  least a sufficient length of time to enable thick 
deposits of clay t o  be laid down in the shallow waters around the small but still 
persisting islands of the chain. Finally, in still more recent times, elevation of 
the ridge and possibly a further sinking of the trough has occurred so that the 
clay deposits have been raised t o  the height of several hundred feet above sea-level. 
Finally, by continued subsidence or by subaerial denudation, or both, a shallow 
channel was opened up  during the Pleistocene period along the valley betweell 
the  .i\lldaman-Nicobar ridge and i ts  southern continuation on the west and the RiIala~an 
ridge on the east. This now forms the Straits of Malacca and indirectly connects 

the AndallIan Sea with the Pacific Ocean. These various channels have permitted the 

entry into the hasin of the rich shallow-water fauna of both in dial^ and pacific Oceans, 
whereas the deep fauna must have been derived either froin ancestors capable 
living in llloderaie deptlls of less than 800-900 fathoms, ~ ~ h o  had already succeeded in 
estal>lislling tllelnselves in the Ray of Bengal, or else by recent lni~ratioll of 

water forms down\vards into the deep waters of the basin. 
In conclusion I j~lust express my thanks to Dr. Coggin Rl.n\vn3 of the ('eologr- 

cal Survey India, who ilas very kindly read through the above Pages has 

given me , n ~ ~ c l l  valual)le advice and references to recent Papers with which was 

unacquaintetl. 
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A STUDY OF T H E  NATURE O F  THE SEA-BED AND O F  T H E  DEEP-SEA 
DEPOSITS O F  T H E  ANDAMAN SEA AND BAY O F  BENGAL. 

In attempting a general survey of the nature of the sea-bed in Indian waters, 
one is at the outset faced with the difficulty of accurately discriminating between 
various types of deposit. Since the publication of the report on the deep-sea depo- 
sits obtained by the "Challenger" (Murray and Renard, 1891.) i t  has been the 

custom to classify samples of the sea-bottom as of Terrigenous or Pelagic origin, and, 
in the case of the former group, deposits are iu the main denoted by their colour 
and consistency, as for example, Blue mud, Green sand, etc. I n  the greater number 
of bottom samples obtained by tlie R.I.M.S. ('Investigator " the characters of tlie 
deposits are such that  i t  is not infrequently inlpossible t o  assign them to  any parti- 
cular types and in many cases one is doubtful whether a sample should be classed as 
a Pelagic deposit or a Terrigenous one. I n  consequence i t  has been the custo~il  to  
classifv deposits by their colour and consistency, but  on a more elaborate system 
than that adopted for the " Challenger " samples ; thus according t o  the consistency 
of the deposit i t  mag be ternzed a mud, an ooze or a clay, and the colour variations 
include not only the Green, Blue and Red of the " Challenger " scheme, but  also Grey, 
Brown or Ochre. In  such a classification tlie colour sense and delicacy of touch of 
tlie observer will play a leading part and hence the method can hardly be called a 
scientific one, but under the circumstances i t  was probably the  best tha t  could be 
devised and, since the functions of the Surgeon-Naturalist are primarily biological, 
we have all, with one exception, left the ~ n a t t e r  a t  tha t  and have made no further 
attempts to discriminate between the samples by such means as chemical analysis or 
lnicroscopical examination. 

Alcock, however, during his tenure of office as Surgeon-Naturalist from 1888 t o  
1892, carried out both chemical and inicroscopical exatninatio~ls of many of the satn- 
pies of bottonl deposits that  were obtained during this period and although, owing 
to the conditions under which he was working, his analyses may not have attained 
Such a high degree of accuracy as is now-a-days aimed a t ,  the results tliat he ob- 
tained are so interesting tliat they deserve to  be rescued from oblivion, a t ~ d  I take 
this opportunity of publishing, with liis consent, those tha t  refer to the areas under 
discussion. 'I'he ~iiethod 11e enil~loyetl consists of treating weighed quantities of the 
dried deposit wit11 (aj  dilate hydrochloric acid and (b) dilute acetic acid noting the 
;lmo~ult (lissolved 11y each ; lle :ilso recorded the character of the ash after incineration, 

the 1)resetice of orgaiiisnls, such as Diatoms, I'ora~~iinifera, Radiolaria, etc., and in 
cases he even gives the percentage of Foranlinifera present in tlie whole deposit. 
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The amount of the deposit dissolved in acetic acid serves as  a rough guide to the 
quantity of calcium carbonate present in a sample, and throughout this paper, when 
referring to  the percentage of calcium carbonate in any sample, i t  is this figure that 
I have given. 

, I n  most, if not all, the published charts of the deposits of the ocean bed that of 

the Andaman Sea and Bay of Bengal is shown as consisting of terrigenous deposit 

throughout the whole area, and in the main this is correct. Murray and Renard 
(1891, p .  233.) state that  " The Blue muds surround nearly all coasts and fill nearly 

all enclosed areas, like the Mediterranean and even the Arctic Ocean." One would, 
therefore, expect in a basin such as the Andainan Sea, which is largely land-locked 
and into which a number of large rivers, notably the Irrawaddi, Sitang, Salween, 
Tavoy and Tenasserim, pour their silt-laden waters, tha t  the  greater part of the sea 
floor below the roo fathom line would be composed of mud ; but  in these waters 
records of Blue mud are rare, and its place is taken by mud of a distinctly brown 
tinge, though as regards other characters there seems to  be little difference between 
the two types. Even as  regards this typically terrigenous deposit the distribution 
is, however, somewhat peculiar and in certain regions the bottom deposits show 
marked differences tha t  seem worthy of special mention. 

4 reference t o  the acco~npanying chart (Chart IV.) shows that  in the Andaman 
Sea the area occupied by brown mud is in the Itlain confined to the south-east part 
of the basin. At the north end, beyond Lat .  13" N. ,  this type of deposit appears to be 
limited t o  the continental shelf, and in the region of the Irrawaddi delta its area of depo- 
sition is even more restricted, for here i t  appears to  be found only in inshore waters in 
depths of less than 50 fathoms. South of the line Lat .  go N. however this deposit 
appears to  be widespread and covers the whole sea-floor even down to depths as great 
as 2,000 fathoms. This expanse of mud is not, however, a continuous one. Com- 
mencing opposite the mouth of the Gulf of Martaban in Lat. 13'50' N.: Long 
96'20'E. a t  the IOO fathom line and running southward through the whole length of 
the basin is a very remarkable line of rock, which I have indicated in the chart in 
red. This rock-ridge closely follocvs the curve of the present coast-line and lies 
roughly a t  a distance from it  of yo to  ~ o o  miles. I t  is apparently not continuous, 

though further soundings may reveal its presellce in areas where we have as yet no 
record of its occurrence, for in certain regions i t  seems to  disappear, ollly, however, 
to reappear again and in more or less the same liar. The depth a t  which the ridge 
lies varies in different parts of its length. Co~nme~lcing a t  its north end and tracing 

i t  southward we find tha t  to  the west or' 'l'avoy River i t  sinks from 77 fathoms at the 
north end to 165 fathoms a t  the south, ivl~ilr opposite Mergui i t  lies a t  a depth Of 

=go fathorns. The ridge in this part of its course appears to  be sinking and a little to 
the south of Mergui i t  disappears. I t  reappears again, however, to the west Of 

Domal Island, this time a t  a deptli of 100 fatllo~lls alld as we still trace it sol1thward 
i t  sinks to  159 fathoms and again rliaappears, tliougli the line of its continuation '" 
almost certainly illdirated by (IVO haiiks, Herkfo~-rl Rank oll(1 Coral Ballk, rise 

frolll a depth of over 100 f a t l l o ~ ~ l s  to ivithi~i 7 atid 11 t;ithums of tile surface 
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ively. possibly Roe Bank, that  lies some thirty nliles to  the west and rises from 

about 250 fathoins up t o  8 fatlioms, represents at1 outlying spur OF the same chain. 
The ridge now trends t o  the westward and the last actual trace t h a t  we get of this 
portion of it is in Lat .  8'52' N.: Long. 96'29 ' E., where rock has been recorded 
at a depth of 228 fathoms; the trend of the contour lines of the sea floor in this 
region seem to  ind.icate, however, a considerable further extension towards the  south- 
west. At a distance of jo t o  60 miles west of Kopah Inlet a t  a depth of 136 fathoms 
we again find a rock bottom riiaking its appearance. This second rock ridge a t  first 

trends slightly towards the east, to  a point 25 miies west of Pulo Rajai, where i t  lies 
at a depth of ~ o o  fathoms. I t  then bends westward and after a big interruption 
reappears in an unnamed shoal, tha t  carries only 37 fathorns of water, while all 
around there are depths of over zoo fatlioms. Filially a rock bottom again reap- 

pears, at a depth of 196 fathorns, forty miles north of Diamond Point in Sumatra. 
I t  seeins to me a reaso~lable assumption t o  make tha t  we have here a double 

range of hills ; or possibly a single range that  has been fractured across the middle oE 
its length, the southern ends of each portion having been bent t o  the  west. Probably 
these rock ridges, like the lleighbouring islands and the coast of Burma, consist of 
limestone, but, since their orgillal upheaval, they have become almost buried beneath 
the huge deposit of mud tha t  is being continually brought down by the rivers and pre- 
cipitated over the sea-floor. On the east or land-ward side of the  hill-range this 
deposit of inud appears t o  have cornpletely filled whatever depression originally 
existed between it and the hill range that  forr~is the islands of the Mergui Archipelago, 
so that we now have a more or less flat plain, that  slopes froin the  shore line down to  
approximately the roo fathom line and might he mistaken for a broad co~ltinental shelf, 
as I have already pointed out when dealing with the contours of the Andaman Sea 
basin. 

This hill range is probably one of tlie auticliual folds of the Eastern Zone of 
Burma and probably became subn~erged when the depression of the central part  of 
the Andaman Sea took place. A4ssuining this to  be the case, we have here a hill-range 
extending for some five hundred miles, which has become coinpletely submerged and 
whose Presence is now only indicated on the surface by four coral banks, which, 
had the ridge been situated in the western part  of an ocean instead of on the 
east side of an enclosed basin, would almost certaitlly have given rise t o  true coral 
atOlls--a speculation that  is not devoid of interest in view of the statements put 
forward by Murray, Agassiz and others, wlleti criticising Darwin's theory of the 
Origill of atolls, that  it is i~llpossible to  conceive of a inoilntaiil chain being submerged 

sollle a t  least of its peaks still sllowiug above sea-level a s  true islands. 
, , 
lurlling now to the north-west and westerly region of tlie Andanla11 Sea basill 

we find, as I have mentionecl already, that  Brown iiiucl is limited, opposite the Irra- 
delta, to tlie illshore area of the col~tinciital shelf and its place as a deep-sea 
is ill tlle lnni~l taken by (;reen i1111d or (>reen ooze, also a terrigenol~s deposit 

but tll;lt is cllaractc-riser1 by the presnice of glaucui~ite, t o  which the colour is due. 
and Kc~lard (18~1, p, rjb.) state that  Oreen iilud is "allnost always developed 
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along bold and exposed coasts where no very large rivers pour their detrital matters 
into the  sea," and further (Loc. cit : p. 2-37)  tha t  " along coasts where Green are 
laid down pelagic conditions appear t o  approach much nearer to the shores than where 

Blue muds prevail." I n  view of this latter statement i t  is interesting to note that  in 
several places where this Green mud deposit begins to  approach the Brown mud, in the 
region of lat. 14" N. long. 96 E. and along Barragua Flat  off the 1rramraddi delta, we 
have records of " Grey ooze," which indicate a tendency in the deposit to approxi- 
mate  t o  Blue mud. 

It is obvious tha t  this deposit of Green mud is not derived from the deltaic 
region of the Irrawaddi, w h ~ r e  the whole of the coast is low lying ~v i th  wide mud- 

flats extending sea-wards. It is possible tha t  a certain proportion may be derived 
from erosion of the coastal region of the Andaman Islands, but the main source seems 

t o  be the coast of Arakau in the Bay of Rengal. ,410ng this coast, extending as far 
north as Lat .  19"qo', Green mud constitues nearly the only type of deposit eve11 dowll 
t o  depths of over 1,500 fathonis. Throughout the greater part of the year from 
January to  October a surface curreiit is sweeping in from the Bay of Bengal through 
Preparis Channel into the Andaman Sea, and there can be little doubt that this 
will carry in with i t  quantities of detritus and silt derived from the Burnla coast 
t o  the north of the channel, and will ultimately deposit i t  on the floor of the Anda- 
man Sea [For the direction of the currents ill this area I must refer the reader to the 
Admiralty Current Charts.].  

I have in the preceding paper called attelltion to the volcanic ridge that runs 
diagonally in a N.E. direction across the  floor of the Andaman Sea commencing 
opposite South Andarnan Island. A11 along this ridge we have records of the 
occurrence of Pteropod ooze. I t s  occurrence iu this area is probably due to several 
causes. The inflowing currents froin the Bay of Bengal will carry in with them a 

number of these small pelagic animals and i t  is probable that ,  when this water 
comes into contact and nlixes with the much less saline waters in the neighbourhood 
of the Irrawaddi and Salween river area, they are for the nlost part killed off and 
their shells settle down to  the bottom. Whet1 once on the bottom the solution of the 

shells,and their disappearance is probably less rapid along this ridge than it would be 
in deeper water. Murray and Renard (18q1, p. 266) in discussing the occurre~lce of 

this type of deposit show that  i t  is for~lled in areas of moderate depth in which there 
is a relatively sinall quantity of 1a11d debris ; ant1 since the bulk a t  ally rate of the 
land del,ris in this region is probably derived from the -4rakan Coast of Burma, the 
greater part  of i t  must have already been clepositerl before the line of this ridge is 
reached. 

Pteropod ooze has also been recorded by the ~ a l d i v i a "  to the soutll-west of 

Great Nicobar Island in ],at. 7" N. ; 0 . 3 ~  :<CI 1:. (al~prox.)  a t  ;I depth of 296 fatlloms 
and Alcock (1898, p 45,) has also stated that  of this deposit occur on tile west 
side of the Andainans. I have, however, bee11 unable to finrl ally record of its Occur- 

rence ill this latter region and, o w i ~ ~ g  t o  the large of coral around these islands 
and especially along the barrier reef, tlie main rlel>osit in this locality is cura1 
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rnudda type of deposit tha t  is usually in " Investigator " records known as Grey mud 

or ooze. 
~ l ~ ~ g  the floor oE Teu-degree Channel and again in the lleigl~bourhood of Great 

Channel sea-bed is in tnany cases recorcled as consisting of 'sand ', even in depths 

great as 166o fatholns. .A compariso~l of the chart of the bottom-deposits (Chart IV)  

and the contour-lnap of the Anda~nan Sea (Chart I) shows that  in several instances 
this type of sea-bottom is found in close proximity to  an  outlying spur of the great 

submarine mountain-chain and often near one of the submarine peaks, and i t  seems 
probable that in a t  least some of these instances the saud is of volcanic origin. 

Before leaving the area of the .indaman Sea there is one observatio~l of the sea- 
bottom that is worthy of special inentiou and that  is the occurrence in Lat. 1.7'17' N.; 
Long. 93307' E. of a number of phosphatic nodules. They were dredged in a depth 

of 90 fathoms, and have been examined and reported on by Tipper ( I ~ I T ,  p .  16.) 
who states that they resemble similar phosphatic nodules obtained from other parts  
of the world. I t  is i~lteresting to  note that  this deposit occurs in close association 

with deposits of Green n~ucl, and Murrav (1910, p. 372.) states tha t  " i t  is in areas 
where warm and cold currents meet a t  the surface that  glauconite ancl phosphatic 
deposits are founcl a t  the bottom." 

Unfortunately our knowledge of tlle bottom-deposits of the Ray of Rengal is by 
no means as complete as one could wish, but sufficient is known to  enable us to  di- 
vide this great basin into three distinct areas. 

Ccmmencing a t  the llorthern end of the Bay where tlle colnbined branches of the 
Ganges and Brahmaputra rivers have giver1 rise to  the Gangetic Delta and the Sun- 
derbunds, \ye find that  the bottom-deposit is, like that  of the southern end of the  
Andaman basin, Brow11 mud. As \ye trace this deposit eastwards around the head 
of the bay we find that  i t  extends as far  as the deltaic area a t  the mouths of the  
Kaladan and Lemro rivers and there becomes replaced by Green mud which, as we 
have already seen, fornls the deposit along the Arakan coast of Burma. On the  
western side of the bay a deposit of Brown mud, interspersed with occasio~lal patches 

Green mud, can be traced all along the east coast of the great Indian Peninsula as  
far as the north end of Ceylon, where again i t  is replaced by Green mud. 

Opposite the delta of the Ganges and Rrahmaputra rivers lies the deep Gangetic 
''Swatch of no ground," a deep gully tha t  has a length of approximately seventy 
miles, and a depth that  gradually alters from 60 fathoms a t  i ts  shore end to  454 

about the niiddle of its lengtll, beyond which i t  again sinks t o  595 
fathoms a t  its mouth. On either hand are extensive mud flats, and a reference to  Chart 

shows that each of these flats is, along its shore side, traversed by mud banks, 
between which run the nlouths of the lnaill brancl~es of the rivers and of the  
creeks hetween the various islands of the Sunderbunds. Around the head of the 
'watch these two mud-flats become continuous, so that  the Swatch may be said t o  

what would otherwise be a continuous expanse into eastern and western 
portions- The main junction of the Ganges and Brahmaputra occurs a t  Goalundo 

a line drawn south from this point follows roughly the course of the Haringhatn 



River, towards the mouth of which the line of the Swatch points, S hi^ line mag, 
I think, be claimed to  divide the  delta into a western Gangetic- portion and an 
eastern Rrahmaputra portioll ; and a study of the general trend of the mud banks 
across the surface of the flats (vide Chart V) shows that  those from tile Gangetic side 
have:.a distinct curve towards the east, while the banks on the eastern side curve to- 

wards the west (vide also Thorpe, 1905). .As Carpenter (1885, p. 125.) has pointed out 
" the  direction of every channel through these shoals is such as to  tend to  throw the 
ebbing waters towards the region called the Swatch," and in consequence in the 
area of the  Swatch itself the deposition of inud is largely prevented, and Fergusson 
as far back as 1863 pointer1 out tha t  the action of the tidal waves off the Gangetic 

delta would have the same effect. I t  seems to  me clear that  t.he mud flat forming 
the western boundary of the Swatch is caused by the deposition of mud from the 
Gangetic system, while the mud flat on the  east is due in great part  to the deposit 
of silt froin the Brahmaputra system. The respective areas of these two flats is 
quite in keeping with this view, for the eastern flat is a t  least twice the size of the 
western and i t  is known tha t  the Rrahmaputra brings down a t  least twice as much silt 
a s  the  Ganges. Between these two flats lies the Swatch, the  chief interest of which from 
the point of view of deep-sea deposits lies in the fact that  the only two records that 
I have in this area both agree t h a t  the bottom consists of Pteropod ooze. In other 
words we have here a belt of a true pelagic deposit enclosed between high banks of 
terrigenous mud. 

Buchanan (1887, p. 2 2 3 . )  has explained the formation and maintenance of a 
similar gully off the  mouth of the Congo River by " the sea water running up the 
gully a t  the  bottom and returning in the upper layers, mixed with the river water. 
,4 circulation in a vertical plane is thus produced, and in the axis of i t  settlement of 
sediment is more difficult than on either side of it.  . . . . I n  fact  the cafion has been 
built up, not hollowed out." It is extremely probable tha t  we have an exactly simi- 
lar condition of affairs in the  Gangetic Swatch. Carpenter (1885), two years before 
the publication of Buchanan's paper, co~lcluded from his observations on the deep- 
water temperatures tha t  there was a deep current running from the Bay of  eng gal to 
the head of the Swatch. The outflowing river currents must, of necessity, produce 
an inflowing deep current of oceanic water and the north-easterly trend of the 
Swatch is possibly to  a large extent brought about by the influence of the ~or th -Eas t  
Monsoon winds, tha t  drive the surface waters towards the south-west and thus 
produce a north-easterly drift in the bottom current. If any direct proof of an 

inflowing current of sea water were required, it is surely to he found in the deposit 
of Pteropod ooze a t  the bottom of the Swatch, these delicate organisms havillg been 
swept in by the current and killed by the admixture with river water : and further 
the soundings obtained by the ii Investigator,' ' when resounding the area from 
Point t o  the Mutla River entrance, show that  " close off the Rivers Hughly and 
Mutla the banks have extended southward over a mile in a period of forty years " (vide 
Carpenter loc. C Z ~ . ) .  

Turning now t o  the deeper central portion of the Bay of  eng gal we see that 
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this can be divided into two very distinct areas according t o  the nature of the 
bottolll dep,>"tr;. Atfurray (1910, p. 370, and 131. xxiii) has already called attention 
to the difference in the types of deposit ohtained in the northern alld souther11 

areas of the Bay of l?engal, and a line d raw~l  from the nortli point of Ceyloil to  the 
northerll extrelnity of the Ai ida~na~l  Islands divides the  Ray into a northern and 
western area and a southern and eastem, and the  characters of the sea-bottom in 
these two regions show very considerable differences. All the area lying to  the north 

and west of the line is covered with terrigenous deposits such as Brown mud, Blue 
etc., and many of the samples obtained, a s  indicated on the  chart, show a strati- 

fication, so characteristic of Blue mud, into a thin upper layer of deposit having a 
buff or brown colour and a lower layer of a distinct blue or grey tint. This strati- 

fication is, of course, due t o  chemical changes going on in the deposit (vide Murray 
and Hjort, 1912, pp. 187-8). 

In the and east portions of tlie Bay the sediment in the deeper waters 

below 1000 fathoms begins t o  lose its terrigeiious character and gradually approxi- 
mates to a pure pelagic type ; indeed most of the records of the  R.I.M.S. " Investi- 
tigator" of the bottom samples in this area show tha t  the  deposit has been classed 
as " Globigerina ooze." Two lines of soundings, one from Ten Degree Channel 
to Madras and the other due west from Acheen Head, Sumatra, t o  the south coast 
of Ceylon, show throughout a bottom deposit tha t  has been recorded as 'Mud.' 
The 6.rst of these li~les of soundings was taken by a cable-ship, and the second almost 
certainly was also, though in this latter case unfortunately no data  as to the source 
of origin of the records are given in t h e  list of soundings published by the Admiralty. 
It seems to be the custom for officers on these cable-ships to  ' log'  any bottom that  
is not 'Hard ground ' or ' Rock ' as ' Mild ', without attempting to  discriminate between 
the various kinds, even by their colour ; nor from their point of view is there any 
reason why they should. A line of such soundings is, therefore, no guide to  the true 
character of the sea bottom, and I liave in consequellce not shown them on the chart. 

This limitation of pure terrigenous deposit to  tlie northern and western area of 
the Bay is due in the inail1 to  the fact that  i t  is along these shores that  all the large 
rivers have their exits into the sea;  but a subsidiary cause is t o  be found in the 
influence of the inonsoon winds aiid currents. The North-East Monsoon, as a study 
of the Admiralty current charts aiid of the salinity of the surface waters clearly shows, 
causes a strong surface current to  set dowii the East  Coast of India during the 
months October to January, and thus ttie less-saline silt-laden water is in thc maill 
confined to the inshore region. On the other hand in the South-West Monsoon during 
the months June to September the surface-current runs in a north-east direction, 
and thus largely confines the deposition of silt to tlie northern half of the Bay. 

Across the tnoutli of the Ray of Hengal we find several records showing the 

Presence of coral sand or volcanic sand. I liave already ~ne~l t ioned that  records of 
"volcanic sand,'' or of " inlid " that  is probably of volcanic origin, having been 
obtained a t  depths greater than rooo fnthonls, are not infrequellt in the vicinity of 
Great Cban~lel I)etween S u ~ n a t r i ~  and Great Nicobar Island, and i t  is possible that  the 



volcal~ic inatter in this 1ir.e of soundings has been derived eithel from the same area 
or fro111 tlie volcaiiic region in the neighbourhood of the Sumatran coast, and has been 
swept ~veqt~vard and finally deposited on the floor of the mouth of the Bay of Bengal 
by the equatorial current that  runs froill east t o  west. 

On three occasions the trawl has bought up large pieces of pumice from the 
sea-bed in the middle of the Bay of Bengal. The positio~ls where these samples were 
obtained are as follows :- 

Lat .  N. Long. E. Depth in fathoms. 
9~034"00" ; 85'"43"15" . . . . . . . .  1997. 
11 58.00 : 88.52'17 . . . . . . . . 1748. 
12.20'00 : 85.08.00 . . . . . . . .  1803. 

The pumice was almost certainly derived from the great explosion of Krakatoa in 
1880 and had drifted up  into the Bay of Bengal, gradually becoming water-logged 
and sinking t o  the bottom. 

A study of the amount of calciiim carbonate contained in bottoin deposits from 
various parts  of the Ray of Bengal and Andaman sea, reveals several very interesting 
points. 

Among Alcock's analyses there are unfortunately only four from the Andalnan 
Sea ' ; viz :- 

l'osition. Deposit in fathoms 'Cype of Percentage of 
(or metres in brackets). 1)eposit. Calcium Carbonate. 

5.  E. 
I. ~ . ~ . ' o o "  : g~.022.1401' . . 1130 (2068) . . Dark mud . . trace. 
2 .  12. 54. oo ; 93. 32. 30 . . 1159 (2121) . . Dark mud . . trace. 
3. 12. SC). n o :  93. 23. 10 . . 683 (1250) . . Blue mud . . 24 o. 
4. 1.3..3(i.oo: 9 j . r S . 0 0  . .  538 (985) . . Olive ~ n u d  . . 4h.f~ 

Tlie positions, a t  which the samples were obtained, all lie close to the Andaman 
Islands and in the neighhourliood of Preparis Channel. They cannot therefore be taken 
as being typical of the deposits in the basin, but a comparison of Nos. 3 and 4 indicates 
a rapid increase in the percentage of calcium carbonate in deposits, from the same 
depth, as one approaches Preparis Channel and the Bay of Bengal. 

We are fortunate in having a number of analyses of samples from various 
positions in the Bay of Bengal itself. At first sight tlie results that. Alcock obtained in 
this area exhibit an extraordinary range of variation; but a reference to a chart and 
a study of the various positions from which the samples were obtained reveal that we 
have two very definite and distinct series corresponding exactly with what we have 
already noted regarding the type of deposit in the two regions of the Bay, 

I Since this paper was written a bot to~n. t rawl  has  been carried o u t  in the  Andalnan Sea,  in 8'32' N ; 94"10' E at a 

depth of 1.2% fa t l~omc.  The mud b ro~ lgh t  up  by  the  t rawl  has  t l ~ e  brown coloar that  is so constant a character of the 
bottom-deposils in this region. Dr. \\'. A.  K. Christie, o f  t h e  Geological Su r rey  of India ,  has very kindly estilusted 

the amoun t  of calcium carbonate that  is contained in a sample of t he  mud. The result o h t a i ~ ~ e d  is surprisingly small, 

being only one per cent.  The specimen contains a few (;:obigrrinn shells, probably sufficient t o  account for the whole of the 
carhouate present,  bu t  the  chief characteristic of t h e  sample, according to  Mr. G. H. Tipper,  of the  Geological SurVrY, 
lies ~n the  large nr~tnher  of Radiolarian skeletons and spoage spicules. The analysis agrees extremely well with the 
two  most s o ~ ~ t h e r l y  samples in Alcock's series, Nos. I and  2. 43 already noted in my  previous paper, the trawl broWht 

u p  evidence in t he  shape of volcanic rocks. t h a t  t he  area hacl recently been in eruplion. 
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namely (a)  those from the south and east portion, and (b) those from the north 
and west. Taking the Southern area first, we find that  the average percent- 
age of calciu~ll carbonate in the deposit is 45 4, so tha t  it would be classified accord- 
ing to Thoulet's scheme as " calcareous ' ' (vide Richard, 1907, p. 69). Sc, high is 

the percentage in the majority of the samples tha t  the application of the term 
iiGlobigeritla ooze" is fully justified. In  the table below I give the results of these 
analyses and the positions from which the deposits were obtained :- 

Position. Depths in fathoms Percentage of 
N.  E. (or  rnetres in brackets). Character of Deposit. Calcium Carl,. 

0 , "  O r ' ,  

Glob. ooze . . . . 
Glob. ooze . . . . 
Glob. ooze . . . . 
Glob. ooze . . . . 
Dark ~ n u d  . . . . 
Grey ooze . . . . 
Grey ooze . . . . 
(:lob. ooze . . . . 
Glob. ooze . . . . 
Glob. ooze . . . . 
Grey ooze . . . . 
Grey ooze . . . . 
Grey ooze . . . . 
Glob. ooze with pumice . . 
C:lob. ooze . . . . 
Glob. ooze . . . . 
Grey ooze over clay . . 
Glob. ooze . . . . 
Grey ooze over clay . . 
Huff oozc ovcr Blue clay..  
Oozc, Clay . . . . 
Brc.\vn nlud . . . . 
llulf oozc over Ilrown clay 
( h e y  o o ~ e  . . . . 

The " Valdivia " during her cruise carried out a few soundings in the region of 
the mouth of the Ray of Elengal and the percentages of calciun~ carbonate in these 
examples. as given by Murray and Philippi (1g08), are as follows :-- 

N. E. L)cl)th in Metres. CII:II acter ot deposit. I'ercentapc ot 
0 1 "  0 , .  

Calciu~ri Carl) 

I'teropod ooi..t. . . 
I'teropod oozc . . 

Blue tnud . . 
Globigerit~a ooze 

So that these results agree well with Alcock's determinations. 
Turning 11ow to the deposits in the north and west regions of the Bay, there 

are in Alcock's records twenty-seven aualyses, and I give the details below :-- 
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P o s i t i o ~ ~ .  Depth in fathoms 
N. E. (or metres in brackets). 'I'ppe of Deposit. Percentage of 

O I .  D , , ,  
Calcium Carb. 

Grey ooze . . . . 
Grey ooze . . . . 
Green ~ n u d  . . . . 
Brown mud. .  . . 
Brown mucl. . . . 
Brown nlud. . . . 
Chocolate mud over Green 

mud . . . . 
Brown mud over Grey 

ooze . . . . 
Blue mud . . . . 
 brow!^ ~ n u d .  . . . 
Brown mud. . . . 
Mud . . . . 
JIucl . . . . 

. . . . . . 
Green n ~ u d  . . . . 
Darlc Chocolate mud . . 
Green tnud . . . . 
Brown mud over Grey 

ooze . . . . 
Dark mud . . . . 
Ochreous slime over Blue 

ooze . . . . 
Red inurl over Gree~l ooze 
Brown ~ n u d  . . . . 
Mud . . . . 
Brown and Green ~ n u d  . . 
Dark n~ui l  . . . . 
Blue ~ n u d  . . . . 
Grey ooze . . . . 

31.3 
12.5 

5.0 
4.0 

10.0 
15.0 

9.0 
Trace. 
Trace. 
Trace. 

33.3 
Trace. 

12.5 
Trace. 
Trace. 

17.3 
, * I race. 
, >  I race. 
Trace. 
Trace. 

t ,  l h e  average percentage of calcium carbonate iu the whole area is only 9.1 and 
thus is in marked contrast to  the colapositioll of the samples from the southern 
area. I n  order tha t  they may be compared with the results obtained by other 
observers in different areas, I give below the average percentage obtained a t  different 
depths :- 

Depth a t  whicl~ s a ~ ~ ~ p l e  N U .  o i  Percentage of 
was ohtaiuerl. samples. Calcium Carbonate. 
0-500 fathoms ) . .  3 . . 13'8 0-000 metres 

500-1000 f a t h o ~ r ~ s  ) . .  5 . . 3.8 qoo-1800 metres j 
~ooo-15oo ia t l~ntns  ! . . 12 . .  7'5 
1800-2700 metres r 
1500-zooo fa thon~s  

} . . 0 . . 14'4 
2700-3hoo metres 
over zooo f a t l ~ o n ~ s  

or ~h,o ~nctres  
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Boggild (1916) has shown, by his analyses of tlle bottom sarnples obtained by the 
ilSiboga" from the mediterrauean seas of the East  Indian Archipelago and from similar 
results obtained by previous expeditions to  the same region, tha t  all the deposits from 
these land-locked seas contain considerably less calcium carbollate in their percentage 
composition than do deposits from similar depths in the open ocean, as shown by 
the figures given by Murray and Renard (1891, p .  21 j) of the percentage of carbo- 
nate of lime contained in the various bottom deposits obtained by the  "Challenger." 
Furthermore, as a result of his comparison of the two series, lie concludes tha t  
in these land-locked areas there is a tendency for calcium carbonate to  disappear 
from deposits from depths exceeding 3,500 metres iiiore rapidly than i t  does in the 
open ocean. In his examples from the archipelago, taken between 3,500 and 4,000 
metres, the average percentage is 8.4 and in depths greater than 4,000 metres i t  is 
only 2 .1 ,  whereas Murray and Renard found for depths between 3,600 and 4,500 
metres in the open ocean a percentage of 40'73 and from 4,500 t o  5,400 metres 
a percentage of 17'36. 

There are two points to  be considered regarding these results and coiiclusio~is, 
namely, ( a )  the cause of tlie lowered percentage of calcium carbonate ut  all depths when 
compared with the open ocean and (b)  the supposed more rapid disappearance of 
calcium carbonate in land-locked areas. 

Taking the question of the lower percentage of calciuin carbonate a t  all depths 
first, there are probably several factors tliat contribute t o  this. AS' Molengraaf 
points out (1921, p. 97) ill enclosed basins terrigenous deposits must largely pre- 
ponderate and this will tend to  mask any calcium carbonate that  may be present. 
The effect of this terrigenous deposit will be shown most clearly in areas tha t  are 
close to lalid o r  where fro111 some other cause, sucli as tlie influx of a large river, 
an excess of lilud and silt is present in the water. Uuchanan (1891, p. 135) has 
shown that in tlie Mediterranean Sea, north of Algiers, a series of specimens of bottom 
deposits, which he exalrli~led and carefully analysed, showed that  as the distance from 
land decreased, so the carbonate content rapidly diminished, although tlie depth from 
which the salnples were obtai~ied was practically identical. I reproduce below the 
details of tliree of his analyses that  show this well:- 

l ' o s i t i n~~ .  1)epth ill l'ercel~tagc ot 
X. L< . 1atho111s. Calciunl Carbon:ite. 

0 I I ,  " I "  

.;7 1 2  00 ;  3 j I  00 . . 1.454 . . . . . 24'5 

. ; j  5(1 00 : 4 00 t r o  . . 1,404 . . . . . . 32'4 

.is 11 0 0 :  4 00 oo . . 1.460 . . . . . . 38.2 

I t  is obvious tliat in all e~lclosed area sucll a s  the East Ilidian Archipelago the 
distallce froin land a t  rvhicll a saillple is taken most be sinall in comparison with 
distances in tlie open sen, and tile same is true of the samples taken in the north and 

areas of tlie Bay of I<engal. Moreover, in view of the number and size of 
rivers alol~g this latter c ~ ; , ~ t ,  tile quantity of silt must be yroportionately large 

"lid ill  collseqnenre we tilid tllat the calciulil cnrl>onate percentage iu the bottorn 
(l~l~()si ts  is eve11 s~nallel- tllall ill tllose frc)ni tlie -4rcllipelago. 



The influx of river water into the Bay of Bellgal and the Andamall Sea wit1 still 
furtlier tend to  reduce the percentage of calcium carbonate in bottom deposits by 
i ts  solvent action. Murrav and I rv i~ ie  (1890, p .  93) have pointed out that organic 
matter is brought down in large quantities by rivers and this, owing to its decompo- 
sition in the sea, sets up  a chemical change tliat results in the formation of calciuln 
snlphate. As they remark, " It is probable that  the quantity of sulphate of linie ill 

solutioil in the ocean is limited only by the amount of organic decomposition that 
takes place in ocean waters." Iu this respect there must be a marked resemblance 
between the conditions existing in the -4ndaman Sea and along the north and west 
shores of the Bay of Bengal, owing to  the size and number of the rivers that  flow into 
the sea in these two regions; and it is therefore not surprising that  the character of 
the bottom deposits in the two areas should closelv resemble each other a t  any rate 
in their shallower depths. 

Biiggild himself (1916, p.  12) realized tha t  by taking the average percentage of 
calcium carbonate in all samples from the East Indian Archipelago he was not giv- 
ing a true picture of the actual state of affairs; in consequence he furtlier subdivided 
his samples into two series, those taken ill tlie neighbourhood of large islands and 
those obtained away from such land areas. The composition of these two series of 
bottom samples shows a marked difference in the calciunl carbonate content, espe- 
cially in the shallower depths;  the bottoin deposits around large islands having a 
much st~laller percentage. This, as Boggild remarks, is undoubtedly due to the 
greatly increased amount of terrige~ious deposit in the samples taken in the neigh- 
bourhood of large land areas, and he might also have added that  in the vicinity of 
large land areas and particularly in the tropical belt where such islands are clad in 
dense vegetation, the amouiit of organic debris tha t  is washed into the sea and there 
undergoes decomposition is also greatly increased. 

There seems to  me, however, to  be another factor to  be considered. Max 

Weber (1902, p. 5 )  has drawn attention t o  the fact tliat the region of tlie Malay 
Llrcliipelago really consists of two very distinct areas, an eastern and a western, 
which show very different characteristics. If now we take the results obtalned fro111 

tlie 'Siboga' exarliples of bottoni deposits and t txami~~e those from each area sepa- 
rately, we find tliat there is a ~narked difference between tlie percentage of calcium 
carbonate present a t  all depths in the two series. 

( a )  I n  samples taken from tlie area comprising the Java Sea, Straits of Macassar 
and the Celebes Sea-that is, from the western part of tlie Arcliipelago-we get 
the following percentages of calcium carbonate a t  the depths indicated :- 
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( h )  011 the other hand in the areas comprising the eastern part of the Archi- 
pelago, including t.he Tirnor Sea, we find that  the percentage of calcium carbollate 
present in  the samples is much greater a t  the  snllle depths :-- 

No. of l 'ercentage of 
Dep t l~ .  snnlplcs. Cnlciunl Carhonntr.  

o-joo metr rs  . . . 9 . 24'8 
500-1,000 ,, . . . .  8 . 43'1 

1.000-1,500 ,, . . . 3 . . 50.8 
1,500-2,000 ., . . . .  8 . . 29.8 

2,000-2,500 ,, . . . .  6 . 34'2 
2,500-3,000 ,, . . . 9 . . 24.8 
3,000-3,500 . . . 3 . . 32'5 
3.500-4,000 ., . . . .  3 . . I I ' I  

> 4,000 ,, . . . . II . .  2.7 

011 the whole the calcium carbonate content of the bottom deposits from the 
western area of the Malay Archipelago agrees fairly closely with what Alcock found 
to be present in d.eposits from the Andaman sea and the north and west areas of the 
Bay of Bengal, while the deposits fro111 the eastern portion of the  Archipelago are 
intermediate between these and the deposits laid down in the open ocean. It ap- 
pears then that, provided other conditions are similar, it makes little or no difference 
whether the deposit is laid down within the confines of a land-locked basin or along 
the coasts of an open sea like the Bay of Rengal. 

In the acco~nparlying Text-figure 4 I have plotted the percentages of calcium 
carbonate present in the deposits from different depths in ( a )  the north and west 
sides of the Bay of Bengal, as shown by Alcock's analyses, (b) the East  Indian 
Archipelago as given by Hijggild, (c) the south and east areas of the Bay of Bengal 
a d  ( d )  the samples of Globigerina ooze, as given by Murray and Renard from the 
"Challenger " results. 

The first point to  \vhich I would draw attention is the si~nila.rity of all four curves. 
In each series, as we pass fro111 sliallower waters to  those of greater depths, we find 
that there is a t  first a decrease in the percentage of calciunl carbonate present; this 
1s succeeded by a rise in the percentage, and is again followed by a second fall. I n  

colnplete series of examples obtained by the " Valdivia " and examined by Murray 
and I'hilippi (1908, p. 145) i t  is iliteresting to  note that  this initial fall in the carbo- 
'late content of deposits fro111 depths of co~nparatively small amount appears to  be 
absellt, a.lld for the purpose of coinparison I give the figures fur the two series : 

Challenger " I ' '  LValdi\,in " 
series. 1 srl.ies. 

Depth in 
metres. 
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It seems probable that  more than one factor is concerned in the production of the 
initial fall. Murray and Renard (1891, p. 270.) have pointed out that  many of the 
" Clialleilger " samples from depths between 0-500 fathoms consisted of coral mud 
and therefore the percentage of calcium carbonate is higher than a t  greater depths; 
this may also apply t o  some extent to  the  series of samples, examined by Boggild, 
from the Malay Archipelago, but along the east coast of India coral growth is practi- 
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Depth 4 3  8 c o L= 
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TEXT-FIG. 4.-Percentage of Calcium Carbollate present in I,ottom deposits a t  different depths 
and in different regions. 

cally negligible and yet we still find a distillct fall as we pass froin shallow water 
down t o  depths of over 1000 fathoms (1829 metres). 

A possible explanation of this initial fall in the carbonate content of bottom 
samples from depths between 500 to  1500 metres (approximately 275 to  820 fathoms) 
in non-coralliferous regions is, I think, to  be found in tile increased numbers in the 
areas under discussion of plallktonic organislns that  secrete silica. Max Weber in his 
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general account of the 'Siboga' expeditioil does not directly refer t o  the relative 
or otherwise of diatoms in the plankton of the western part  of the Malay 

~ ~ ~ h i ~ ~ l ~ g o ,  though he does remark (1902, pp.  24-42) on the  occurrence of enormous 
quantities of ~ ~ i ~ h o d e s m i ~ m  and the a~noui l t  of silt in suspension in the waters of the 
Macassar Straits. It is not improbable tha t  throughout the whole of the western por- 
tion of the Archipelago the planktoil is of the phytoplanktonic type and this is most 
certainly the case throughout the whole of the waters of the eastern side of the Anda- 
man Sea. During my investigatioils of this area in 1910-11 and again in 1913-14 
enormous of diatoms of all sorts were present and formed the bulk of the 
Inaterial obtainedlin my tow-nets. Unfortunately I possess no records of any tow- 
nettings from the east coast of India or from the head of the Bay of Bengal, but  
Murray (1898, p. 137), has given i t  as his opinion that  "Pelagic organisms which secrete 
silica are most abundant in those parts of the ocean where there is clayey matter in 
suspension, as in the Arctic and Antarctic seas and in the west Pacific and off the 
mouths of large rivers," and Murray and Irvine (1891, p .  231) have pointed out that  
" Diatoms are abundant in all estuaries and wherever there is a low salinity from the 
admixture of river water." It seems probable, therefore, tha t  in the  north and west 
areas of the Bay of Bengal silica-secreting organisms will be present in large numbers. 
Assuming this to  be the case, i t  follows tha t  in all these areas any bottom deposit 
will contain a high percentage of silica, and this is borne out  by a study of the per- 
centages of silica present in the various deposits obtained by the "Challenger" and 
"Valdivia" in the Malay Archipelago (vide Molengraaf 1922, Table facing p. 344). 
If we take the various percentages in the samples from the east  and west portions 
respectively of the basin and neighhouring seas, taking Long. 124'E. as the dividing 
line, we get the following percentages a t  different depths :- 

West of Long. 124'E. East O F  Long. 124'E. 
Depth in Metres. No. of sa~nples. SO,% No. of samples. SiO, '4, 

0- 500 . . 3' 4'7 2' 2.5 
500-1,000 . , 7' 3'0 I' 2'0 

1,000-1,500 . . 4' 2'25 2' 1.0 
1,500-2,000 . . I' 5'0 . . . . 
2,000-2,500 . . . . . . . . . . 
2,500-3,000 . . . . . . I' 3"' 
3~000-3,500 . . I 1'0 I ' 1'0 

39500-4,00~ . . I 5'0 3' 1 '7 
> 4,000 . . 5 1.6 2' 4'0 

There is, therefore, in the western part  of the Malay Archipelago a series of 
that give an average percentage content of 9.7 calcium carbonate and 3.22 

whereas in the eastern area tlie percentages are 28.2 and 2.17 respectively. It 
has 10% bee11 recognised that  silica and calcium carbonate are mutually antago- 
nistic in a bottom deposit and Murray and Renard (1891, p. 217 footnote) remark 
that " I t  is manifest that  wherever alkaline sea-water is in contact with oozes made 
UP of dead silicious and calcareous organisms solution of silicic acid must take place, 

silicates being formed-Si02 + RCO, = RSiO, +CO,."-and, furthermore, the 
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carbon dioxide set free ill the above reaction will still further assist in dissolving the 
cnrhonate content of the deposit. 

The rise ill the percentage of calcium carbonate in the deposits frolll depths of 
I,.jOo t o  3,000 metres, ivliicll is found ill all three series of analyses (vide Text-fig, 4) 

is undoubtedly due to  inore than one factor. I n  the first place, as one proceeds 
irito deeper water away from land the quantity of non-calcareous terrigenous 
deposit will decrease and thus, other things being equal, the calcareous content will 
tend t o  rise. Simultaneously the pelagic plant life will show a ~narked dilninution 
in the quantity present. Gran (vidc Murray and Hjort .  1912, p. 378) lays down 
" t h a t  it is also a general rule tha t  plailkton (Phytoplankton) is far  more plentiful 
along the coasts than in the open sea," and in consequence the silicate content of a 
bottoiil deposit will tend t o  diminish in quantity and this will also tend towards 
an increase in the carbonate content. Another factor that  will have a profound 
bearing on the carbonate content of a deposit is the depth a t  which the maximum 
concentration of chalk-secreting planktonic organisms occurs. The work of the 
"Michael Sars" (vidc Murray and Hjort ,  1912, pp. 722, 723) has shown that in the 
North Atlantic the maximum concentration of t h e  planktonic fauna occurs a t  a depth 
of .joo to  1,000 metres. It was a t  this depth tha t  the greatest quantities and the 
greater number of species were obtained. If the same holds good for the carbonate- 
secreting forms of planktonic life, i t  seems obvious t h a t  we might expect to find 
an increase in the percentage of calcium carbonate in bottom deposits occurring at 
or near this level as we pass from shallower t o  deeper water. A study of the three 
curves given above in Fig. 4, shows tha t  in both the "Challenger " series of deposits 
and in Alcock's series from the Bay of Bengal a distinct increase in the carbonate per- 
centage sets in a t  a depth of about 1,500 metres, and continues to  a depth of ~ ,ooo 
metres, and, with the exception of the initial fall in shallower water, the same is 
qhown in the " Valdivia " results. This concentration of the animal population 
a t  these depths is directly correlated with an  increase in the specific gravity and 
viscosity of the water and is mainly dependent on the temperature of the water. In 
this respect the conditions existing in the Bay of Bengal and in open oceanic waters 
are very similar, but  a peculiarity of enclosed seas, such as the Andaman Sea and 
the waters of the  East  Indian Archipelago, is the uniformity of the temperature at all 
depths below tha t  of the deepest channel connecting the basin with the open ocean. 
In  the East  Indian Archipelago there are several different basins, the temperature 
in the bottom waters of which depends on the depth of the channels ieading into 
them. Molengraaf (1921, p. 97) has given a complete list of the various temperatures 
in the troughs and basins of the Archipelago, and the lowest of these is 3'1"C, whereas 
the observations of the "Investigator" and other ships have shewn that across the 
mouth of the Bay of Bengal the bottom temperature a t  a depth of 4,000 metres is as 
low as I.I"C. I n  consequence any increase in the density of the water of these basins 
below the level of the deepest entrance channel will be small and there will be 
rise in viscosity. As a result there will tend t o  be but little concentratio11 of animal 
life such as is met with in open oceanic waters. We should, therefore, not expect to 
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get any marked rise in the calcium carbonate content in the bottom samples, and a 
of the curve of carbonate percentage in deposits from the Malay Archipelago 

shows that none is met with till we reach a depth of about 2,200 metres and then only 
of small anlount in comparison with the other two series of samples. 

We, finally, come t o  the question of the disappearance of the calciunl carbonate 
from deposits obtained a t  great depths, and here a comparision of the curves givell 
above in Fig. 4 of the deposits from the Bay of Bengal and the Malay Arcllipelago 
shows that in all three series of samples this disappearance begins a t  approxilnately 
the same depth, namely a t  about 3,000 metres (=1,640 fathoms). Murray and Hjort  
(1912, p. 174.) state that  the increase in the rate of solution of the carbonate content 
of a bottom deposit sets in a t  a depth of 4,572 metres (= 2,500 fathoms) ; but, judging 
from the results given above, this estimate appears t o  be too deep, and the results 
obtained by the " Challenger " and " Valdivia " indicate tha t  i t  commences a t  about 
2,700 to 2,800 metres in theopen ocean. Boggild (1916, p. 11) from the results of 
his analyses of the " Siboga" bottom-deposits has come to  the conclusion tha t  in 
the deep waters of land-locked basins the solution of calcium carbonate pro- 
ceeds much more rapidly than in waters of similar depth in the open ocea!l. He 
points out that in the " Siboga " samples from depths of 4,000 metres and over the 
percentage of calcium carboilate is on the average only 2.1, whereas in the case of 
the '! Challenger" deposits froill the open ocean it is a t  this depth as  high as 46.7 
(Vide Molengraff, 1922, p. 347). I n  order to account for this supposed increase in 
the solution of calcium carbonate in land-locked basins, Boggild has suggested that  
either carbon dioxide gas is able to  diffuse through the water-layers from above, 
or that it is derived from submarine volcanoes. 14s regards this latter suggestion 
Molengraaf points out that  the occurrence of submarine volcanoes along a synclinal 
depression between anticlinal ridges is highly unlikely and he suggests instead tha t  
there is a circulation of the water in these basins, the water rising in tlie iniddle and 
flo\~illg laterally outwards, to  sink again along tlie ~narginal slopes. 

If, now, we coillpare the curves of carbonate percentage, given above in figure 
4, we see that in the two series of observations the curves follow an allnost exactly 
parallel course. In the deposits from the Malay Archipelago the percentage of cal- 
~iuln carbonate falls from 26 a t  3,000 metres to  5 a t  4,000 inetres-a fall of 21 ; 
whereas in the case of the " Challenger" series i t  falls betweell tlie same depths 

71 to 48 or a drop of 23. At first sight this looks as if the rate of solutio~l in 
the two areas-4.e. in an enclosed basin and in the open ocean--was approxinlately 
equalj but a little consideration shows that  fro111 every ~ o o  graintnes of a deposit 
' ~ ~ ~ a i n i l l g  ollly 26(%, of calcium carbonate it is necessary to dissolve 2 2 . 1  grammes 
Of to give a percentage oi 5.0 ; wllereas froin 100 granliiies of a deposit con- 
taining 71 (:I of calciu~n carbonat,e it is necessary t o  dissolve 44.2 grammes of carbo- 
'late in order to reduce the perce~~tagc to  48.0. It follows, therefore, that  tlze a c t ~ ~ c t l  

of solutioll. o f  calr-irir~z ctrt,ho~~atc: i s  ~r$$rccitrhly ,nrr7ntc~ i l l  thr  oficu. srn t h a n  i t  i s  iri 
Ihc cllclosrd 7u1nlcrs of n /a lrd- loc /~  L C ( .  1 ) ( I S ~ I Z .  

In tlle series of analyses of hottom-samples from the Bay of Xengal carried out 



by Alcock, the percentage of calcium carbonate throughout the whole area exhibits 
the same general features as those of the other areas which we have been considering. 
In  the table below I have given the average percentage a t  the different depths. 

Depth .  No. of Percentage of 
Samples Calcium Carbonate. 

o- 500 metres . . . . 2 . .  . . 12'0 

500-1,000 ,, . . .. I .. . . 17'3 
I .ooo-1,500 ,, . . . .  3 . .  . . 28.3 

1,500-2,000 ., . . . .  3 .. . . 3'" 
2,000-2,500 ,, . . . .  9 .. . . 6.5 
2,5UO-j,OOO ,, . . . .  7 .. 32.5 
.3,000-3,500 ,, . . . .  20 . .  . . 38.1 
3,500-4,000 ,, , . . .  0 .. , . 23 9 

In this series I have no records of any samples from depths greater than 4,000 
metres, but i t  is clear that the percentage of calcium carbonate has already begun 
to decrease and, assuming that, as in the case of the series from the Malay Archi- 
pelago and those obtained by the " Challenger," this decrease is continued at a 
uniform rate, we should find that the percentage falls from about 38.1 at 3,000 
metres depth to about 17 a t  4,000 metres depth, or a drop of 21, which again 
agrees fairly closely with what we have found in the other areas that we have 
been considering. In  this case, however, the actual amount of calcium carbonate 
that must be dissolved out of roo grammes of the deposit it1 order to cause this fall 
in the percentage is 25'4 granlmes. I have already referred to the different types of 
bottom-deposit found in the two areas of the Bay of Bengal and it is interesting to 
compare the rate of disappearance of ca lcium carbonate in those samples from the 
South and East area, where the deposit much more nearly approximates to that of 
the open ocean, with the result obtained above from a consideration of the area as a 
whole. In  the nature of things these samples are all from comparatively great 
depths and in the table below I give the averages obtained by Alcock, and by Murray 
and Phillippi from their analysis of the ' Valdivia ' samples. 

No. of 
Samples. 

I-'erce~~tage of 
Calciu~ll Carbonate. 

In this area therefore the percentage of carbonate falls from 49.1 at  on average 
depth of 2,750 metres to 33.25 at on average depth of 3,750 metres- a fall of 15.85 : 
that is to say, that during the tilm taliell for the sedi lnc~~t  to sink tl~roogll n distance 
of 1,000 metres, assuming that the rate of solutioll is approximately constant when 
ouce the mud or ooze has been deposited, 13.75 gra~ l~ l~ le s  of calcium car1)ollatc. ]lave 
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been dissolved out of every original IOO grammes. This agrees closely with the figure 

arrived at from the consideration of the deposits from the whole area of the Bay. 
The actual amounts of calcium carbonate dissolved from IOO gramtnes of deposit 

ill each of these series of observations during the time t h a t  the sediment is sillking 
througll a depth of 1,000 metres (approximately from 3,000 t o  4,000 metres depth) 

is as follows : 
ope,, oceall (" Challeliger " results) . . . , . . . . 44'2 
Average of all areas (" Valdivia " results) . . . . . . 27.8 

Bay OF Bellgal (Alcock's results) . . . . . . . . 25'4 
I\ialay Archipelago (" Siboga " results) . . . . . . . . 22'1 

The actual rate of solution a t  depths below 3,000 iiletres is therefore highest in  
the open ocean, that  in the  Bay of Bengal being intermediate between i t  and the 
rate found in an ellclosed basin, such as the East  Indian Archipelago. 

If the rate of solution of calcium carbonate in these depths in the great oceans, 
is, as has hitherto been believed, largely dependent on the supply of oxygeli and 
carboll dioxide by slow-moving bottom currents tha t  gradually transfer masses of 
water from the superficial layers of the Polar regions t o  the bottom layers in the 
neighbourliood of the equator, then the above results are in exact accordance with 
what one would expect. In the case of the two great oceans, Atlantic and Pacific, 
that stretch froin Pole to  Pole, the two cllrreilts coining respectively from the Arrtic 
and Antarctic regions will meet each other in or near the  equator. I n  the case of the 
Indian Ocean we have, however, o~i ly  the Antarctic flow (Chart VI).  Carpenter (1887, 
p. 231) when discussiiig tlle teiizperature of the deeper waters of the Bay of Bengal 
remarks that " the subniarille inflow which nlust collie fro111 tlie southward t o  make 
up for the great evaporation of the bay, is therefore, probably uiiiforin iu teniper- 
ature and widely spread," and a study of the bottom temperatures ill this area, 
recorded by the " Investigator" and other vessels, illdicates tliat this Antarctic 
current extends to  approximately Lat.  ro0N. The supply of oxygen and carboil 
dioxide in the deeper layers of tlie Bay will thus be t o  a certain degree inaintained, 
tllough, as the streiigtli of tlie current gradually diiili~~islies and tlie direction of the 
flow beconles directed towards the surface, tlie supply of these gases will not be as  
great as iu the depths of the open ocean, though i t  will be greater than iii waters 
from equal deptl~s in a land-locked basin, where 110 such bot to~i i  current call pene- 
trate aiid wliere t;he supply of carbon dioxide must depend either on diffusioii from 
above or on convectioil currents, as has been suggested by Moleiigraaff (1922, p. 349). 

the other hand the higher temperatures tha t  exist in the  deep waters of these land 
locked seas mill tend to  cause a higher rate of solutioli of calcium carbonate tlian in 

lnucll colder waters of the ol)en ocean, but  a t  tlie same time they will tend to  
the rate a t  whicli particles will sink owing to  the lesser increase in viscosity, 

t l l l l~ dimii~isl~ the ainount of solution taking place. 
It appears, tliel-cfore, from tlie a l~ove considerations that  the character of the 

bOttoln-~el)osits ill tlicse land-locked areas depends far less up011 any increase in 
rate of solutioil of calciunl carbonate froin the deposit itsell, t l iai~ 011 the chemi- 



c;11 alitl p1iysic:il collditiolls of the L1l)l)er water-levels alld the collsequellt altered 
ch:~ractei- of the l) lal~ktou throughout areas where the illflux of llulllerous rivers 
;111tl s t r e a l ~ ~ s  callses ;I contamination of the nornial oceal~ic water. 
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CHART IV. 
Showing the distribution of bottom deposits in the Bay of Bengal aud Andaman Sea. sach area is a 
to' square ; 2n moat areas only a single sample haa been t~ken, bat some include two or even three. 

# = G  reen mud or ooze. 
5. Blue mud. 

@ = Grey mud or ooze. 
P * Brown mud. 
p& Black sand. 
@ = Brown ooze. 

= Peteropod ooze. 
Q )=F Pumice. 
m '= Globigerina ooze. 
@ = Volcanic:sand.or clqy. 

=Rock. 
I =Coral. 
S P Sand probably of yokanic 
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111.-MARITIME METEOROLOGY I N  INDIAN SEAS. 

At a very early stage in my investigations regardiug the  density and salinity 
of the surface waters in Indian seas i t  became clear t o  me t h a t  I should have 

to extend the scope of my studies considerably beyond the ordinary limits of 
hydrography. In the introduction a t  the comlnencement of this series of papers 
(vide supra, p. I) I remarked that ,  "in any one year from nlonth t o  month changes 
are taking place in the sea-water in accordance with the rhythm of the seasons, 
while from day to  day and hour t o  hour variations are occurring in accordance, 
apparently, with influences that  have their inception quite outside the waters 
themselves." The surface water of the ocean is continually undergoing changes 
in its physical and chemical conditions owing to  the combined action of a number 
of agencies : for instance, rainfall, not o ~ l y  over the sea but  also over the land, 
directly or indirectly causes a dilution of the upper layers and a consequent decrease 
in salinity ; while evaporation will have the exactly opposite effect. Again the 

rate at which evaporation takes place is influenced by several factors, among 
which may be cited :- 

( I )  Barometric Pressure. 
(2) Humidity of the atmosphere. 
(3) Temperature. 
(4) Wind. 

and (5) The salinity of the sea-water itself. 
Consequently, every variation, whether seasonal or diurnal, in any of these 

factors will tend t o  produce corresponding changes in the  specific gravity and 
salinity of the surface water. 

The primary function of the  Surgeon-Naturalist is to  investigate the fauna 
of the region in which the  " Investigator" is working and, in consequence, 
my observations on the sea-water are not as complete as  one might wish, but 
at least they indicate some of the changes tha t  are from time t o  time taking place 
in different areas. It soon became evident that, in order to  understal~d and 
explain the various changes that  I observed, i t  was essential that  my investigations 
~llould be extended so as to  iriclude the atmosphere, and, before commencing an 
accoullt of illy observatiolis regarding the changes in temperature and salil~ity 
of the surface waters in Indian regions, i t  is necessary first t o  consider the meteoro- 
logical conditions present i l l  these areas. I was fortunately able to  enlist the willing 
co-oPeration of the Assistant-Surgeons, who have each season been appointed 
to tile " Investigntol " to take charge of the health of the crew, and they, in 
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succession, very kindly undertook to  carry on all or most of the ~ n e t e o r ~ l ~ ~ i ~ ~ l  
observations for me ; and I should like t o  place on record my very sincere thanks 
t o  all who assisted me in this branch of research. 

The R.I.M.S. "Investigator" is not specially fitted out for Meteorological 
work and I had, therefore, to  do the best I could and trust that, though isolated 
observations might show a moderate degree of error, the results obtained were of 
a sufficient degree of accuracy to  justify one in placing some reliance, a t  any rate, 
on the average results. 

The Thermometers-both maximum-minimum and wet and dry bulbFwere 
enclosed in a white-painted, latticed wooden box, of the usual pattern, which \vas 
attached to  the chart-room on the bridge: since double canvas awnings ivere 
kept spread throughout the whole survey-season, the box was thus completely 
sheltered from the direct sun's rays except for short periods during the very early 
lnorning and late evening. I t  has been shown (vide the Marine Observer, 1924, 
pp. 19 and 147) that  simultaneous records taken by means of fixed and portable 
theririometers on board steam-ships exhibit a considerable difference, and that the 
fixed thermometer usually registers higher than the portable one. I t  has been argued 
that  this is due t o  the influence on the fixed thermometer of heat from the engine 
room, the iunnel, etc., and this is to some extent borne out by the fact that 
when the wind is astern the portable thermornetei gives a lower reading than 
the fixed thermometer during the day, but it entirely fails to account for the 
fact that the fixed tliermometer may register a lower temperature than the portable 
one during the night, as is shown to occur. Again, with the wind ahead the 
portable thermometer nlay register higher than the fixed one. From the accounts 
given by Captain Campos (1924 (a )  and (b))  of the experiments on the cable ship 
'' Colonia," there seems to be no very definite rule regarding the variation observed. 
I11 the first voyage, when the wind was ahead from any direction between two points 
on either bow the portable screen actually read 0.2" more than the fixed screen, 
whereas in the second voyage with the wind in the same quarter it read 0.3' less. 
Again, in the first voyage with the wind from any directioii between 2 points forword 
or aft of the starboard-beam the portable thernlometer read 0.3" more and in the 
second voyage 0.2" less than the fixed thernion~eter. 

It inust be remembered that a portable screen placed where the wind is strollg- 
est and on the windward side of a ship is likely to be more affected by spin-drift. 
No matter how efficient a latticed case may be the very fine particles of moisture 
thrown up by the waves aud swept along by the wind will penetrate illto the 
case and settling on the tllernlometers will tend to  cause the dry bulb to act as 
a wet bulb, and therefore to register less than the true air-te~nperature Without 

further experiments one is not, I think, justified in regardi~lg records take11 
a fixed thermometer as entirely unreliable ; and, moreover, s~lch 0bservatio1ls 

have this advantage, that they call be compared with records take11 in Previous 
years by other ships, which would not be the case with observations taken 
of thermometers ellclosed in a portable screen. 
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Irlle amount of water-vapour present and the relative humidity of the atlllosphere 
have beell calculated from the readings of the wet and dry bulb. 

The BarometerJ of the usual ships pattern, is, on the " Investigator," suspended 
inside the chart-room on the bridge, and the  index-error of the  instrument was 
obtained by con~parisoll with the standard barometer in the observatory a t  Colombo, 
Ceylon. 

The force of the wind and its direction were recorded by one of the ships 
staff, and, as is customary, the strength is given in Beaufort's notation : durillg 
the first two years records were made a t  four-hourly intervals ; but  since 1922 
observations were taken every two hours throughout the day and night. 

On each successive voyage to  and from the Survey Ground in 1921-25 the  
records of the sea and air-temperature and the  height of the  barometer 
have been taken a t  four-hourly intervals; during the  day time the records were 
usually taken by me personally, and a t  midnight and 4 a.m. the  observations were 
co~ltinued by the officer of the watch. During one season, 1922-23, extra observations 
were taken a t  10 a.m. and 10 p.m. so as to coincide as nearly as possible with the 
lllaxima of the barometric pressure and thus provide a contrast t o  the readings 
taken at 4 a.in, and 4 p.m., when the barometric pressure is a t  or near i t s  lowest 
phase. On the Survey Ground i t  was found to  be impossible t o  arrange for both 
day and night observations except on special occasions. Records of the  sea and 
air temperature were, therefore, taken a t  short intervals, ilainely two-hourly, during 
the day from 6 p.m. to 8 p.m, and during seasons 1923-25 a record of the wet bulb 
thermometer was added to those previously taken, so as t o  give one an  idea of the  
changes taking place in the relative humidity of the atmosphere. 

I t  must be pointed out that ,  since the ship is continually changing her position 
except when on the survey ground, no two observations over the  open sea have 
been taken in the same place. The whole series of records lies within a belt 
extending froill the Equator to 15" N .  Latitude and between 70" and 95" E. Longi- 
tude. 111 the Bay of Bellgal the various positions a t  which observations were taken 
are all illcluded in a belt between Ceylon on the west and the Andainan Islands 
on the East; 111y own observations in this area were taken only in the months 

October, January, March, and April; foltullately tlie " Valdivia" crossed the 
Same belt during the month of February, thus furnislling data  in an additional 
lnollth, and Dallas (1886) lias given an account of the ineterorology of an area 
lying a little further to  the south in a 4" square, lying between z 0  and 6" North 

86" and go0 East, tliat is very useful ior the purpose of comparison. 
MY observations it1 the Andamau Sea onlv cover the north-west portion of 

the and especially that  part  of i t  lying along the route from the central 
group of the Nicobar Islands to  Port Blair. At periodic intervals during those 
Surve~-seasotls, iu which the "Investigator" was ellgaged in surveying in and 

the central group of islands, she had to return t o  Port  Blair for recoaling, 
e t c * ~  at illtervals of approxitnately three weeks, and on most occasions a series 
Of observations were crrrled out during tlie voyages to and from port. These 
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cover the lllollths from October to February. Although in the present series of 
papers I have confined my attention in the main to conditions existing in the 
Bay of Bengal and Anda~nan Sea, I have, in the present paper, for the purpose 
of con~parison included the results obtained in the Laccadive Sea to  the west of 
the Indian Peninsula. My observations in this latter region are somewhat scattered 
and include those taken on the run up or down the west coast between Colombo and 
Bombay as well as those on several voyages westward towards the Maldive Islands. 

CHART VII. 
Sketch-map showing the  areas in which ol~ser\rations hn\.e 11ee11 talml.  

The series, however, in this area covers the whole period of the survey-season from 
October to May. A few observations have bee11 take11 off the south coast of Ceylon, 
which, strictly speaking, belongs neither to the Laccadive Sea nor the Bay of Bengal ; 
as they are, however, too few to form a reliable group by the~nselves I have in- 
cluded those taken to the east of Longitude 80" in the Bay of Bengal series, and 
those to  the west in the Laccadive Sea results. Dallas (1894) has published a 

detailed account of the general meteorological coilditions throughout tile year in 
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the Arabian Sea and Persian Gulf. He  has divided this area into eight squares 
each of IO", and has treated each square separately. The area of the  Laccadive Sea 

covered by my observations does not coincide with either of his squares bu t  roughly 
overlaps squares 29 (Lat.  0"-10" N.  Long. 70"-80°E.) and 65 (Lat. 10"-zoON. Long. 
70"-80'13) in about equal proportions. 

I have indicated the areas covered by the  " Investigator" in the accom- 
panying sketch map (Chart VII) and have also shown the position of the area, 
investigated by Dallas, to  the south of the  Bay of Bengal. 

Since 1921 a careful record has been kept of the  air-temperature a t  regular 
intervals throughout the day during each successive survey-season. These seasons, 
unfortunately, cover only the period of the year from the  beginning of October to  
the elid of April or early May; in consequence, I have been unable to  trace with 
full  conlpleteness the annual changes tha t  take place in the air-temperature over 
Indian waters. Fortullately the data published by Dallas (1886) for the area, men- 
tioned above, to  the south of tlie Bay of Bengal, aiid by the s a n e  author (1894) for 
the whole of the Aiabiall Sea, as well as that  contaitied in the Annual Reports 
of the Marine Biologist to  the Governnleiit of Ceylon, dealing with his investi- 
gations in the Gulf of Manaar, enable one to fill in the hiatus that  would other- 
wise remain. 

In the following Table I, I have given the average temperature a t  four-hourly 
intervals throughout the day for each inonth of the survey-season aiid in each 
of the three divisiolls of the Iiidiaii waters tha t  I have investigated. Eliot (1902, 
P. 61, Tables XXV and XXVI) discussing the results obtained a t  a number of 
lneteorological statiolis in India, reinarks that  " the mean monthly temperatures 
in India have a t  lllost of these stations only one mininium and maximum in the 
course of the year. At a few of the stations there is a feeble secondary minimum 
during the rainy season, the lniiiiinuill usually in August and the corresponding maxi- 
muln in Septeiiiber or October." This secoild oscillation during the rainy season is 
clearly seen atTrivaiidrum, Bombay, and Rnngoon, and to  a slight extent a t  Aden, Cliit- 
tagong, and Cuttack. It seeins to  be absent a t  Madras, but this is probably due to  local 
causes. This double oscillation may, I think, be considered as characteristic of coastal 
areas, and one would liaturally expect t o  find tha t  a siiiiilar double rise aiid fall can 
be traced over the open water around tlie Iildian Coasts. Dallas (1886, p. 52) 
has give11 the average air-temperatures recorded in each nionth throughout the 
Year in the square area lyiiig to the south of tlie Bay of Bengal, between Lat .  
2 0 - 6 0 ~ .  and Long. 86'-qooE. He  has, as is usual amongst meteorologists, given 
the telnperatures in O F .  ; 1 have, therefore, converted these into "C, so tha t  
']ley call be conipared with tlie observations take11 by tlie " Investigator" and 

ve.$elz engaged in oceanographic work He reniarks (loc cit., p. 47) " in  
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tropical seas, the main meteorological changes of any one part are, as a rule, 
very fairly representative of a considerable area, so that it is hoped that the 
discussion of the small position, now selected, may afford a trustworthy basis 
for estimating the changes that affect that  part of the Indian Ocean which stretches 
from the Equator northward to  Ceylon and the Nicobars." The figures given 
by Dallas may, I think, be taken as correctly representing the conditions that 
prevail on the average in this area, but a comparison with his subsequent account 
of the meteorology of the Arabian Sea, and with the results ol~tained by me on the 
"Investigator" in different parts of Indian waters reveals certain differences 
that  are worthy of study. 

October . . . . 26.6 1 27.5 28.0 28-3 27.0 1 26 4 27'30 1'9 
November . . 26 I 1 27.0 26.4 26.6 1 26.5 25.6 26.37 1'4 1 
Decelnber . . 26.8 I 26.9 28.2 27 o 26 9 1 27.2 27.17 

. . / 26'1 1 27.0 27.5 28.3 , 26 6 26.5 77.00 
I 4  I 

January . . 2'2 
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2. Bay o/ R e i ~ g n l .  

Survey Season and in  differellt areas. 

The mean monthly temperatures throughout the whole area of the Arabia11 Sea 
exhibit a clear double oscillation during the year, but, as nallaspoints out (1894, P. 
II), the figures for June and August have had to be calculated owing to records 
for these months in certain parts of the Arabian Sea being unattainable They are, 

therefore, not entirely reliable, and he has in consequence divided the area into two 
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zones, a larger southern one extending from the Equator to Lat. 20°N, in whicli he 
has a complete series throughout the year, and a smaller northern one lying between 
tat .  zoo-30°N. The northern zone, in which the proximity of land must exercise a 
profound influence, does not now concern us. In the southern zone the average 
monthly readings, according to Dallas, " rise steadily t o  a, well-defined maximum in 
May and descend steadily during the remainder of the year, though there is a slight 
irregularity in October and November introdilced by the cessation of the rains." 
The use of the term ' irregularityJ is, I think, unfortunate. Dallas' figures, which I 
have converted into degrees Centigrade, are given below in Table 2, arid, to serve as 
a check to these observations, I have abstracted from the Ceylon Biological Reports 
for the years 1920-1922 the data given for all positions in the Gulf of Mailaar over 
deep water, so as to  exclude as far as possible land influence; while not giving a 
complete series these data enable one to  plot a curve that covers the whole year. 

Table 2 ; showing the monthly llleall air-temperature in  different areas of 111dinn waters lying t o  
the west of the Indian Peninsula. 

If we compare my results for the Laccadive Sea with these other two series of 
observations, it is abundalltly clear that, far from there being an 'irregularity ' in the 
average monthly temperature during the latter part of the year, there is a very defi- 
nite oscillation, the temperature rising from August or September to a second max- 
imum and then falling to a minimum in January or February. The actual month in 
which the second maximum is reached may vary in different localities or in different 
Years, but the rise appears to  be invariably present. There is then, clearly, a double 
oscillation in the air temperature throughout the open waters to  the west of India 
during the course of the year. 

When we turn to the regions lying to the east of the Indian Peninsula we find 
that conditiolls a t  the close of the year are very different. In  Table 3 ,  give11 below, I 
have given Dallas' observations for the area to the south of the Bay of Bengal, and 
my own observations for the Aiidat~lan Sea. Unfortunately my records for the Bay 
of Ben~al are incomplete in just those months that are necessary to complete the 
comparison. 
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' I  
Locality. rn 

2" - 6"N. 86" - goOE (Dallas) 
Andaman Sea (Investigator) 

- 
Table 3 ; showing the monthly mean air-te~nperature it1 two areas on the east side of the Indian 

Peninsula. 

I n  both these series of observations we find that the temperature follows the 
same course. During the early part of the year the air-temperature appears to rise 
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TEXT-FIG. 5.-Showing the annual oscillaticln of the monthly mean air-temperature on the W. side of 
111dia. 

Gull of Manaar. 
. . . . . . . . Arabian Sea between 0"-zoo N. 
.-.-.-. Laccadive Sea ( ' Investigator "). 

steadily from January to April, and then falls to July. So far then, conditions in 
this area agree with those to the west of India ; but from now on to the close of the 
year there is a marked difference. In this eastern area the temperature begins to 
rise again, as it does on the west, but we here find a second fall from August to Nov- 
ember, followed by a rise, of only o.2z°C in the southern area of the Bay but as much 
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as 0.8" in the Andaman Sea, in December and a further fall t o  the minimum in 
January. 

It appears then tha t  we can divide the Indian seas into two areas, lying respec- 
tively to the west and east of the Indian Peninsula, in which conditions during 
the winter iiionths are entirely different. I n  the  first area, to  tlie west, which 

includes the Arabian Sea, Laccadive Sea, and Gulf of Manaar the air teinperature 

S 

C 

2 9 

2 8 

2 7 

26 

'~I~xT-RG. 6.-Showing the  seasolla1 variation in the  inonthly mean air-temperature in the Alldarnall 
Sea a ~ r d  au area t o  the  S. and B. of the Bay of Bellgal. 

Area t o  S. and B. of Ray of Rengal (Dallas). 
.. . . . . . . A n d a m a ~ ~  Sea area. 

N.B.-The ocvlicrrl scale is double tha t  of the p r e c e d i ~ ~ g  figure. 

exhibits a double oscillation duriiig the year, as is shown by the curves in Text- 
fig. 5,  in which I have plotted the three series of observatioiis given above, and 
the manner in which the curves agree needs no comment. 

This double oscillation of the air-temperature must, I think, be directly corre- 
lated (I) with the sun's decliliatioli which reaclies its southerly inaxilnutil a t  the 
elid of December, alld ( 2 )  wit11 tlie occurrelice of the S.W. Moilsooil in June 
and July. 

On the east side, however, sollie additioiial factor superposes on this double 
oscillation of temperature an additiollal phase tha t  exhibits an  additional fall, 
having its ininimum in November. In  Text-fig. 6 I have plotted the series of 
observations, given above in Tal~le  3, and liere again the resemblance between 
the two curves is obvious. 
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The differences that are seen to exist between these two areas and those pre- 
viously considered are, I think, correlated with the N.E. Monsoon, the effects 
of which appear to be felt to a much greater extent on the east side of the Peninsula 
than on the west. If this be so, the monsoon influence should be widely felt over 
the region to the east of India and we ought to get further evidence of its effect 
in other localities ; and, moreover, the degree to which it is felt, should vary from 
year to  year in accordance with the strength or otherwise of the monsoon. 

SEASONAL VARIATION I N  T H E  AIR-TEMPERATURE OF T H E  COASTAL REGION 

OF THE ANDAMAN SEA. 
Throughout the period occupied by the survey of Nankauri Harbour, in the 

central group of the Nicobar Islands, during survey seasons 1921-1922 and 1922-1923, 
and again in March, 1925, a careful record of both sea- and air-temperatures was 
taken a t  intervals during the day, whenever the " Investigator I' was on the survey 
ground. Unfortunately, i t  was found to be impossible to arrange satisfactorily 
for observations to be taken a t  night, and in consequence my records only cover 
the period of the day from 6 a.m. to 8 p.m., or in March, 1925, to 10 p.m. During 
the first period from November, 1921, to March, 1922, observations were taken 
a t  6, 8, 10, and 12 in the forenoon and 3, 6, and 8 in the afternooil ; during the 
second period, froin October, 1922, to  January, 1923, observations were taken at 
two-hourly ii~tervals throughout the day from 6 a.m. to 8 p.m. ; and the results 
obtained are given it1 extefzso in Appendix I .  In order to enable me to  compare and 
contrast illy results with the conditions existing in other parts of the Andaman 
Sea, a register was kept of the air-temperatures recorded on  the same days at 
Victoria Point in South Burma on the east side of the Andaman Basin, and at 
Port Blair in the Andamans on the west side but some 240 miles further to the 
north of Nankauri Harbour. 

In  Table 4 I have given the mean temperature of the air it1 different months 
a t  each station. 
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At Nankauri Harbour in both series of observations the air-temperature shows 
a steady fall during the winter inonths followed by a rise in the spring. The lowest 

average temperature occurs in January in 1922 and in December and January in the 
following winter sea.son. A t  both the other stations, however, conditions are very 
different in the two seasons. At Victoria Point the temperature appears t o  oscillate 
from month to month in 1921-1922, whereas in 1922-1923 it  falls from October t o  
November and then rises steadily till January. Similarly, in 1921-1922 a t  Port 
Blair the temperature is found to rise from November to December, falls in January 
and rises again to March, whereas in 1922-1923 it falls steadily throughout the whole 
period of observation. 

- - - - 

October . . . . 
November . . 
December . . . 
January . . 
February . . . . 

I have already called attention to the fact that during the winter months from 
October to February over the open waters on the western side of the Andaman 
Sea and in the area to the south and east of the Bay of Beiigal, that  was investigated 
by Dallas, the average air-temperature is fouud to  vary in a solnewhat peculiar 
manner, which I attribute to  tile effect of the N.E. Monsoon. If, now, we compare 
the results obtained a t  Victoria Point and Port Blair in 1921-1922 with these 
two other areas we see a t  once that they show exactly the same phenomenon, 
and in Text-fig. 7 I have plotted all four series of observations. 

A comparison of these curves indicates that the cause of the lowering of air- 
telnperature in Noveillber is inost effective a t  Port Blair and on the west side of the 
Andalnan Sea between Port Blair and Nankauri Harbour, and least effective in the 
area to the south and east of the Bay of Bengal, while Natlkauri Harbour remains, 
"P~arently, entirely unaffected ; furthermore, as this effect was found only in the 
Season 1921-1922 and not in 1922-192.3, it is clear that the cause is a variable 
One. The Indian Weather Review for 1921 remarks " In  the inonths October 
to December tlie retreating rilonsoon gave rain fairly frequently iu Burma and 
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Table 4 ;  showing the ineali nlollthly air-temperature a t  different stations around the Andallla11 
Sea basin in 1921-22 and 1922-23. 

I- - 
E! 

D4 

. . 27.8 
March . . . . 

"C 
27-8 
26.9 
26.6 
26.1 . . . . 

- .- - - - - - - -- - -- - - 

27 O 26.6 I 27.7 

"C 
26.7 
26.6 
26.3 
26'3 
. . 

' I 
. . 26.4 26.5 . . 



64 R. B. S. SEWELL. 

the Peninsula" and the corresponding report for 1922 states that "the retreating 
monsoon of the previous year, prevailed in the South of the Bay till the middle 
of February. The main features of the weather of the period October to December 
(1922) were an early retreat of the monsoon from north-east India and its vigorous 
activity in the south and centre of the Bay," while in January, 1923, "a  revival 
of the monsoon occurred in the south of the Bay and gave rise to a shallow depres- 
sion to  the east of Ceylon on the 9th. With the disappearance of the depression 
on the 14th the monsoon weakened and withdrew from the Peninsula on the 15th." 

TEXT-PIG. 7.-Showing oscillations of air-temperature in the Auda~nan Sea and the South and 
East  area of the Bay of Bengal ill 1921-22. 

There was a second temporary incursion of nionsoon winds into the south of the 
Bay on the ~ 2 n d .  The monsoon was, therefore, over considerably earlier in 1922-23 
than in 1921-22 and a comparisoli of the rainfall in 1921 and 1922 shows that during 
the months of November and December this was far less in the former year. I 

have already (vide supra p. 62) put forward the view that the additional fall and 
subsequent rise in the mean air-temperature in the months of November and 
December in the regions lying to the east of the Indian Peninsula are attributable 
to  the influence of the N.E. monsoon, and it is probable that the weaker inonsuon in 
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1922 is sufficient t o  account for the difference in the air-temperatures around the 
Andaman Sea basin in the survey-season 1922-23, and the absence on this occasion 
of the usual subsidiary fluctuation. 

The annual range of air-temperature over Indian waters is extremely small. As 

Eliot (1902, p. 65) has pointed out there are several methods of calculation b y  
which the so-called annual range of temperature can be obtained, each of which 
will give different results. In  any one year the range of temperature will probably 
fall much nearer t o  the figure given by the difference between the  recorded highest 
and the lowest temperatures than to  the difference between the  lowest and highest 
mean monthly temperatures. Thus in 1923 the  survey seasons cover the months 
of January to April and October t o  December, tha t  is t o  say both the  coldest and 
hottest periods of the year and the extreme temperatures recorded in each month 
are as follows :- 

1923 
Month. 

h1aximum Temp. Mini~nuni Temp. Extreme monthly Range. 

"C "C "C 
January . . . . . . 28.89 25'67 
February . . . . . . 29.38 24'94 
March . . . . . . 29.40 26.28 
April . , . . . . 30'50 27.22 

October . . . . . . 29.72 27.22 
November . . . . . . 29'41 25.00 
December . . . . . . 30.28 23.61 

The increased range of air-temperature in December of this year is due t o  a 
cyclone, during which the minimum temperature of 23.61OC was recorded. If we 
include this figure we get an annual range of air-temperature from 23.6r°C to  30.50°C 
or 6.8g°C, and the next lowest temperature, tha t  of 24.94 recorded under normal 
conditions during the month of February, gives an extreme range of 5.56"C. If, 
on the other hand, we take the annual range of temperature t,o be the  difference 
between the lowest and highest values of the mean monthly temperature we get a 
very much lower figure. Dallas gives the following values for the annual range of 
temperature deduced in this latter manner for various areas in the Indian seas ; 

"C. 
Port Blair, Andamans . . . . . . . . 2.39 
Nankau~i  Harbour . . . . . . . . . . 1.89 
\\:hole area of Arabian Sea a ~ ~ d  Persian Gulf . . . . . . 1.68 
Laccadive Sea . . . . . . . . . . 1'50 
Arabian Sea brtween o O  and 1o0N. . . . . . . 1.46 
Central area of 1,accadive Spa away f r o ~ u  lalid . . . . 1'44 

Eliot (1902, p. 65) for the coastal towns around the Indian Peninsula gave the 
following data :- 

Aden . . . . . . . . . . .. 6.72 
Madras . . . . . . . . . . . . 6.44 
~ O I I I ~ I ~ ~  . . . . . . . . . . . . 6.33 
Ka~igoon . . . . . . . . . . . . 5.72 
~ r i v a n c l r u ~ ~ ~  . . . . . . . . . . 2.59 
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The results of my own observations on the air-temperature of Nankauri 
Harbour give a result considerably higher than the figure, given by Dallas, of r.8g°C, 
The variation of the  mean monthly temperature in 1922, which is the only year in which 
I have observations concerning both the hottest and coldest months, namely January 
and March, of the  survey-season, exhibits a range of 5.o3'CI namely from 24.8g°C 
the  mean miilimum temperature in January, to  2g,9z°C, the mean maximum tenl- 
perature in March. If, however, we take the highest and lowest recorded temperatures 
in this year we find tha t  the extreme annual range is one a t  least as great as 7'67OC, 
ranging from 30'56°C in November t o  22.8g°C in February ; in March the maximum 
temperature recorded was 30'39~C, bu t  i t  is probable tha t  both these high temper- 
atures would be exceeded ill the  month of April. 

It is clear, therefore, tha t  the annual range of air-temperature diminishes 
as  we get away from the  coastal areas into the open water of the ocean, and 
that  in oceanic islands such as the Andamans and Nicobars the general conditions may 
tend t o  approximate either t o  those of the  open sea or t o  those of a coastal region. 

DAILY VARIATION OF AIR-TEMPERATURE OVER THE OPEN 

WATERS OF INDIAN SEAS. 

A study of the four-hourly observations, given above in Table I, of the tempera- 
ture of the air over the open water in Indian seas in different months reveals several 
interesting and important facts. The first of these facts to  which I will call attention 
is t h a t  the rise and fall in twenty-four hours is, a s  a rule, extremely small. Buchan 
(1889, p.  7 ) )  from the observations taken on board H.M.S. "Challenger," gives the 
average daily variation of the temperature of the air over the North Atlantic Ocean 
in about Lat.  30°N ; Long. 42OW as 1.8"C, while in the neighbourhood of the Equator 
the  average range was 1'4°C in the Atlantic Ocean and only 1.2"C in the Pacific, 
or an  average of 1'3°C throughout both areas. Throughout the whole area that 
I have investigated the difference between the average temperature a t  4 a.m. and 
4 p.m. is only l.z°C. This figure, however, is probably somewhat lower than 
the  total daily range, since, as Buchan showed, the lovvest temperature of the air 
over the  open sea occurs from 4-6 a.m., but  the highest is found a t  or uear 2 p.m. 
From the " Challenger" observations i t  can be seen tha t  the average temperature 
a t  4 p.m. is o.I"C lower than tha t  a t  2 p.m. ; applying this correction we arrive 
a t  an  average daily range of temperature for the open waters of Indian seas of 
I . ~ ~ C ,  which agrees exactly with the average for both Atlantic and Pacific Oceans 
and falls exactly between those given for each ocean respectively. If, however, we 
take the mean of the monthly averages, as observed on the R.I.M.S. " ~nvestigator," 
in all three areas in Indian waters, we arrive a t  a slightly higher figure, namely 
1.4'C ; while Dallas, whose observations covered the whole period of the year, found 
t h a t  the average daily range of air-temperature ill the south and east part of the 
Bay of Bengal was 1'5"C, and over the Arabian Sea between oO and 20°N latitude 
i t  was 1'47°C. 

The next point t o  be considered is the  manner in which the daily range of 
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temperature varies from month to month. Dallas (1886) has shown clearly that 

the average range may vary from 2.03OC in April to l.o°C in May, and the question 
arisesJ are these variations due merely to an insufficient number of observations 
or do they exhibit any tendency to a periodic or seasonal oscillation ? Dallas 

himself called attention to the very low daily range in the month of May and 
he attributed this to  the occurrence during that inonth of increased rainfall and 
a consequent rapid lowering of the air temperature. A study of the average daily 
range of air-temperature in each month throughout Indian waters (vide Table 5) 
appears to me to indicate t,hat we have an undoubted seasonal oscillation, 
though this may not coincide in different areas. In  the Laccadive Sea area and 
in the Andaman Sea the daily range is high in October, decreases in November and 
December, is once again high in January and falls steadily to May: on the other 
hand in the Bay of Bengal area the daily range is lowest in February and rises 
steadily to April. Dallas (1894, p. 13) has compared the monthly average of the 
diurnal range of temperature with the mean temperature recorded during the 
same month in the six ten-degree squares in the Arabian Sea that lie south of 
Lat. zoON., and he remarks "these figures appear to indicate that the smallest 
daily range is recorded on the days on which the mean temperature approaches most 
closely to the normal temperature, and that departures from the normal in either 
direction are accompanied with an increase in the amount of the daily range." 

Table 5 ; showillg t h e  mean daily variation of a i r - tempera ture  in different mon ths  a n d  in different 
regions of Indian waters. 

.- 
- -- - 

I 

I 

. - - -p 

Arabian Sea . . 
0" - 20°N (Dallas). 

On the other hand a study of the illean diurnal range in all the series 
of observations a t  my disposal, including those given by Dallas as well as the 
"Investigator" observations, seeins to me to indicate clearly that the variations 
observed call not be explained in toto on the above supposed relationship between 
the 'normal' temperature and the range of temperature. The variation in the 

Laccadive Sea (Investigator) . . 
Areasouth of Bay of Bellgal 

(Dallas). 
Bay of Bengal (I~tvcstigato~).  . 

These values have been computed in the  us~lal way by the formula s++()C?d+e. 
16 

1.9 
1.54 

1.2 

1.7 
1.83 

0.9 
AI""IXIII Sea (Ifivatigaby) . . 
Average . . 2.12 
Computed values 1 1.90 

. . . 
1.61 1.53 
1.75 1'67 

1.3 
2.01 

1.4 

1.4 , ::dg 1.51 
1.69 1.73 

. . . . 
1'71 2.10 
1.76 1.88 

. . 1.9 
1.80 1.88 
1.87 1.77 

1.2 . . 0.9 . . 
2.03 

1.8 

1.17 

. . 
1.00 1.11 

I 
. . / . . 

. . 2.1 . . 
1.52 

. . 

1.63 

1.3 

1'23 

. . 

1.1 0.9 
1 2 3  

. . 
1.65 

. . 
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daily range of temperature shows an unmistakeable tendency towards a douhlc 
oscillation during the year that is very similar to but does not quite coincide 
with the double oscillation in the monthly mean air-temperature that, as we have 
seen, occurs during the course of the year on the west side of India. In Table 5 
I have given the mean daily variation of the air-temperature in each month 
in all series of observations, and have given both the average and the computed 
values from all the different series. The computed values clearly show a double 
oscillation during the year having its maxima in March and August. The process 
of computation, unless the rise and fall on each side of the maximum is at a 
uniform rate, will tend to throw the apex of the curve towards the side of the 
slower change. In  the case of a slow rise of temperature and a rapid fall during 
the course of a year the apex of the computed curve will be earlier than the actual 
maximum, and, in the present case, computation has altered the oscillatory curve 
slightly by putting the first maximum in March, whereas most of the series of 
observations and the average show the maximum to occur in April. I t  seems 
fairly clear that the maximum daily range of temperature tends to occur at that 
period of the year when the sun is vertically overhead and when the sky is com- 
pletely free from cloud ; and, further, that  the minimum ranges occur when the sun 
is a t  or near the extremes of its northerly or southerly declination, and when the 
sky is cloudy and there is a considerable rainfall. 

DAILY VARIATION OF AIR.-TEMPERATURE OVER THE COASTAL REGION OF 

THE ANDAMAN SEA. 

As I have mentioned above (p. 62) during the survey of Nankauri Harbour a 
record was kept of the variations in the air-temperature in that region and also of the 
temperatures recorded a t  Victoria Point, Burma, and Port Blair, Andamans, on the 
same days. In  the following Table 6 I have given the average daily range of air- 
temperature a t  all three stations a t  different months during the two seasons. 
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Month. 

October . . . . 
November . . . . 
December . . . . 
January . . . . 
February . . . . 
March . . . . . . 

- - 

Table 6 ;  the average diurnal range of air-temperature iu each month a t  different stations round 
the Andaman Sea. 

Survey Season. 
1921-22. 

r - -  A-.- 7 

I t  is clear that the range of temperature varies considerably in the three 

Survey Season. 
1922-23. 

r---A--'- 7 

stations; throughout the whole period the range is very much greater a t  Victoria 
Point than in Nankauri Harbour ; and Port Blair exhibits a range that  is intermediate 
between that of the other two stations with the exception of the months of March, 
1922, and November, 1922 ; in this latter month it was slightly the highest, exceeding 
the range at Victoria Point by a fraction of a degree. 

This difference in the daily range of air-temperature in these three areas is, 
undoubtedly, due to the varying proportions of land and sea. The proportion of the 
land is greatest a t  Victoria Point and least a t  Nankauri Harbour. In  this latter 
locality we have a group of small islands separated from each other by channels and 
from other land by wide stretches of open water, and we should therefore expect to 
find that, as far as the daily variation of air-temperature is concerned, conditions 
approximate fairly closely to those found t o  exist over the open sea. Murray (1894, 
P. 114) has pointed out that during the cruise of the " Challenger" the mean daily 
range of the air-temperature over the open waters of the North-Atlantic Ocean, as 
determined from the observations taken on board during 126 days from March to 
August, 1873, and in April and May, 1876, in a mean position of Lat. 30°N.; Long. 
4z0W., was I-78°C; but during 76 days when the " Challenger" was near land the 
mean daily range was 2.43OC. The period during which I was able to take observa- 
tions in Nankauri Harbour covers 169 days, and the average range of temperature a t  
the different stations during this time was as follows:- "C 

Victoria Point, S .  Hurma . . . . . . 7'0 
Port Blair, Aildan~an Is. . . . . . . . . 5.8 
Nankauri Harbour, Nicobars . . . . . . . . 3.0 
Open waters of Andaman Sea . . . . . . . . 1'7 

I have already remarked that the range of air-temperature over the open waters 
of Indian seas appears to possess a seasonal variation, and the same is indicated by 
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a study of the inontlily variations over the coastal areas. 
In Text-fig. 8 I have 

plotted the mean daily variation in Port Blair and Nankauri Harbour and it is clear 
that  in each year the fluctuation of the range follows the same general course in 
both areas. 

A very similar result is obtained if we consider, not the mean daily range 
of temperature, but the extreme range recorded in each month. 

The actual 
temperatures recorded on the " Investigator " during the survey of Nankauri Harbour 
and the neighbouring waters are as follows :- 

Tear. Month. 
Air-temperature. 

7 - - ~  7 Extreme range of 
Maximum. Minimum. Temperature. 

"C "C O C  

1921 November . . . . 32.56 23'33 9-23 
December . . . . 28.89 23'39 5'50 

1922 January . . . . 28.33 23'33 5.00 
February . . . . 29-17 22'89 6.28 
hIarch . . 30.39 25.11 5-28 

. ,  . . . . . . . . . . . . 
October . . . . 30.00 23'95 6-05 
November . . . . 30'56 23'17 7'39 
Decen~ber . . . . 28.11 23'95 4.16 

I923 January . . . . 27'39 24.61 2.78 

I t  is clear that  the extreme range of temperature in any one month decrease, 
from a maximum in November to  a minimum in January and then again increases 
a second maximum being reached in February or March. 

We have already seen (vide sztpra, p. 57) that over the open sea in Indian 
waters the daily range of air-temperature exhibits a double oscillation during the 
year havillg one maximum in March or April and a second in August or September. 
Over land areas the daily range of temperature exhibits only a single oscillation 
duriilg the year. In the following Table 7 I have given the average daily range in 
each month of tlle year for the provinces of Bombay and Bengal, for the Bay Islands 
and Nankauri Harbour and for the open sea. 'I'hroughout the whole series there is 
a steady rise in the range of variation a t  the commencement of the year, culininating 
usually in February over the land but in the Bay islands and over the open sea in 
March. Over the land areas the range then steadily falls to its minimum in August; 
but over the open sea this is reached ill June. The Bay Islands, as is shown by the 
data given in the Indian Weather Reports, show an intermediate condition, as the 
minimum there occurs in July. Froin ~ u g u s t  to the end of the year over land areas 
the range of air-temperature again steadily increases, but over the open sea, tile 
range increases from June to  August and September and this is followed by a fall in 
November, and we can trace the same change in the range of air-temperature in the 
Bay Islands, though in this locality the maxilnum and minimum occur as a rule a 
month later. Eliot ( ~ g o z ,  Table XXXIIII,  p. 77) has given the mean diurnal range 



MARITIME METEOROLOGY I N  INDIAN SEAS. 7 1 

of air-temperature in the different months of the year a t  a number of stations in and 
around India and his figures demonstrate clearly that even in the coastal regions the 
diurnal range exhibits only a single oscillation having a maximum in January or 

TEXT-FIG. 8.-Showing the meal1 range of air-temperature during the 
winter months in Port Blair and Nankauri Harbour. 

Range of air-temperature in Nankauri Harbour 
. . . . . . . . , , , , I ,  , ,, Port Blair. 

February, usually the latter month, and a minimum usually in July but ranging from 
June to August. The sole exreption that he gives to this rule is Madras, where the 
diurnal range is highest in February ( ~ o . j " C ) ,  falls somewhat to April (8.7'C), rises 
again to June (~o.o"C) and then falls steadily to a minimum in November (7.1"C). 
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Bombay . . . . 14.4 14.7 
Bengal . . . . 12.7 13.2 
Bay Islands . . . . 6.0 7'1 
Nankauri Harbour, 1880-1885 4.8 5.4 
Open Waters of Indian Seas1 1.82 1.90 

'I'able 7 ; giving the average daily range of air-temperature in each month in different areas. 

It seems clear, then, that the double oscillation in the range of air-temperature 
throughout the year is a characteristic of the open seas in Indian waters, as opposed 
to the single oscillation that is characteristic of the land areas, and in the case of 
oceanic islands, such as the Andamans and Nicobars, i t  is the marine element that 
preponderates and hence in these areas also a double oscillation is usually found 
to  occur. 

If, however, we study the mean daily range of the air-temperature during the 
winter months a t  Nankauri Harbour, as is shown by the figures in Table 7, which 
have been calculated from the data given in " The Report of the Meteorology of 
India " for the last five years, namely 1880-1885, during which regular observations 
were taken a t  this station, one finds that  there is a cessation of the usual fall of 
daily range and even a slight tendency towards an actual increase in the month of 
December. A co~nparison with the curve of mean monthly temperature in the regions 
round the Andaman Sea basin (vide Text-fig. 7, p. 64) shows that in both cases 
there is the same tendency towards a third oscillation a t  about the end of the year. 
In  both series there is a tendency towards a fall from October to November, a rise, 
though only very slight in the case of the mean range of temperature, in December, 
and a further fall in January, followed by a rise in February. I have already 
pointed out tha t  this oscillation of the mean monthly temperature is, in all probabi- 
lity, caused by the onset of the N.E. Monsoon in November, and it would appear 
that  the same factor may also influence the daily range of Temperature. 

VARIATION IN THE TIME OF OCCURRENCE OF MAXIMUM TEMPERATURE DURING 

T H E  D A Y  A N D  SUBSIDIARY OSCILLATIONS. 

We now come to the consideration of the time of day a t  which the air-tempera- 
ture attains its maximum. It is generally stated that this occurs a t  or near 2 P.m. 
and this is certainly the case when one is considering the average variation in 
temperature observed over a long period of time. The results given by Buchan 
(1889, p. 7) of the analysis of the temperatures in the North Atla~itic Ocean on 

- 

These results have been computed from the actual average of all observatious by the application of the formu1' 
a +  ~ b + h c + q d + e  -- 

I 6 
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126 days, and those given by Dallas (1894, 1). 13) of the observations with which he 
was dealing, in the Arabia Sea, agree closely as regards the time of occurrence of 
maximum temperature. The diurrlal march of temperature in the two series of 
observations is as follows :- 

In both series the time of occurrence of maximum temperature falls a t  2 p.m. ; 
but when one considers that  the observations were taken in different months one a t  
once sees that there is a very considerable degree of difference in the two series, 
which suggests that the march of temperature during the day is by no means such a 
fixed and regular occurrence as is indicated by the average two-hourly values. 

Although Dallas (1884) in his first paper, dealing with the meteorological condi- 
tions in a small area t o  the south of the Bay of Bengal, makes no mention of the 
phenomenon, the table that he gives of the probable diurnal march of the air-tempe- 
rature in each month, as deduced from the four-hourly observations, clearly indicates 
that the maximum air-temperature is reached a t  different times of the day in different 
months. Blanford (vide Dallas, 1886, p. 53, footnote) appears t o  doubt that  any such 
variation occurs, for he remarks, "the great variability of the diurnal oscillation in 
different months and more especially the shifting of the epoch of maximum tempera- 
ture, tend to throw doubt on the validity of the figures, as representing exactly the 
averages." My own observations, as well as those given by Dallas (1894) in his 
subsequent paper on the meteorological conditions over the Arabian Sea area, 
appear to confirm Dallas' original figures in as much as all the series indicate that  the 
air-temperature over maritime regions does attain its maximum a t  different times of 
the day in different inonths of the year. Eliot (1902, p. 76) has also noted that  
at most of the n~eteorological stations in India ( I )  the epoch of the maximum is, as a 
rule, earliest in the rains (i.e. June to  September) and (2) the epoch of the maximum 
over the whole of India is, as a rule, latest in the dry-season months and chiefly in 
January, February, and March. He attributes the difference a t  the different seasons 
of the year to an effect of the distribution of cloud. 

In  cases where temperatures are only recorded a t  four-hourly intervals it is, of 
course, impossible to  do inore than calculate, with more or less exactitude, the time of 
such an occurrence ; but it is probable that where the observations cover a sufficiently 
large number of days the calculated time approaches very nearly to the actual. 
Without, however, undertaking any elaborate calculations one can form a rough 

of the time of occurrence of maximum temperature by taking the average 

Time of day 

Variation from the 
Mean . . . . 
(I) Atlantic Ocean 

(Bucan) 
(2) Arabian Sea . . 

(Dallas) 

I 1 -  

- .- 

Mid- " I0 ""."." 4 " Po t. 

"c 

- 0.12 

- 0.08 

O c  

- 0.78 

O c  

- 0.63 

O c  

- 0.77 

- 0.61 

" O c  c O c  
O  

+ - 0.17 - 0.44 - 0.57 

- 0.71 - 0.51 1 
I 

+ 0'34 + 0.67 + 0.85 + 0.71 + 0.27 - 0.1 j 

1 

- o 33 - 0.43 
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temperature in hours p.m. in each month as computed from the average readings in 
Dallas two series of observations. 

At first sight these two series appear to  be very different. In the Arabian Sea 

time of the highest reading in the four-hourly series in each month, and where the 
same temperature is recorded a t  two successive readings; taking the mean time 
between them. In the following table I give the time of occurrence of maxiinum 

Ruerage air 

Temperature I 28 

Area. 

-- 

Arabian Sea (Dallas 1894) . . 
Bay of Bengal, S. (Dallas 

t886) . . .. 

Computed values 
c' 

2 0 
Of 1.9 

Average range 

of 
1.8 

1.7 
Temperature 

1.6 

TEXT-FIG 9.-Showing the oscillation of mean air-temperature, average range of Temperature and the 
time of occurrence of rnaxiniuln 'l'emperature it1 the Arabian Sea area (Dallas). 

c' 
U 
P 

series, the results of which I have plotted out in Text-fig. g, the time of occurrence 
of maximum temperature is early in December and January, occurring between 1.40 
and 1.45 p.m.; as the year grows older, the time of this occurrence gets steadily 
later, till in May it is a t  2-61 hours p.m., i.e. a t  twenty-three minutes to three. In 

1.75 

2-19 

2.13 

1-62 

2.19 

1.44 

2.56 

2'12 

-- 

2-62 

2.87 I I 1'87 

3'25 

1.79 

3'31 

2'34 

2.94 

2.48 

2.44 

2-50 2.19 1-69 

2.25 2'25 2-31 
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June and July it again occurs earlier in the day and finally in October i t  has once 
more been delayed and occurs a t  2.30 p.m. The variation in time, therefore, of the 
maximum temperature shows a clear double oscillation that  agrees fairly closely with 
the double oscillation that, as we have already seen, is exhibited by' both the average 
temperature and the daily range. 

In the area to the south of the Bay of Bengal, however, the oscillatioll appears to  
be delayed somewhat, and thus the earliest time of maximum temperature occurs in 
March ; the latest time is in July, when it  is as late as 3.20 p.m. From then onwards 
it again gets earlier in each month till October or November and then is again 
somewhat delayed in December. 

P. M 

Laccadive 

Sea. 

Anda man 

Sea,. 1% 
TEXT-BIG. 10.-The average ti,lle of occurrence of m a x i ~ u u ~ n  air-temperature in  different month as ob- 

served on thc "Investigator." 

My own observations on the "Investigator " also clearly indicate that the time 
of occurrence of maximum temperature exhibits very great fluctuations in different 
lnonths. At first sigllt one is inclined to  regard these fluctuations are being mere 
irregularities and yet ill each series of observatio~ls, taken in different areas, we find 
that these fluctuations follow exactly the same oscillatory course. 

In Text-fig. 10 I have plotted out the results obtained by me on board the 
"Investigator" in each area of the Indian seas and it  is clear that  the time of 
occurrence of rnaxinluln temperature varies from month to month and that the 
variation is exactly the sarne in the Laccadive Sea, the Andaman Sea and in 
Nankauri Harbour, whereas, as Dallas' results indicated, the change of time is 
delayed, by approxiinately a month to six weeks, in the Bay of Bengal area. 
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The agreement between the oscillation from season to season ill the time of 
occurrence of maximum temperature is sufficiently striking, and a comparison of the 
curves given in Text-fig. 10 with those of the oscillations in the average 
temperatures in these regions (vide Text-fig. 7) shows a marked degree of similarity, 
a rise in the average monthly temperature corresponding to a retardation of the tirne 
of maximum temperature. These minor oscillations are superposed on a single 
major oscillation that extends over the whole period from October to May and is 
clearly shown in the computed monthly averages derived from all my observations. In 
the major oscillation the time of maximum temperature tends to be late, namely, 

2.49 p.m. in October. It then becomes progressively earlier up to February, when it 
occurs a t  1.31 p.m., and in 1923 in the southern portion of the Laccadive Sea, 
between oO and Lat. 6"N., it occurred on the average even before 12 noon, the average 

maximum temperature being a t  10 a.m. From February onward the epoch again 
steadily tends to be later in the day, occurring in May a t  2.49 p.m. If, now, 
Eliot is correct and the early occurrence of the epoch of maximum temperature 
is due to  the presence of cloud, one would expect to find that periods of early 
occurrence will coincide with periods of increased rainfall, but, a t  any rate as regards 

the Andaman Sea area, the exact reverse appears to be the case. In Text-fig. 11 I 
have plotted the time of occurrence of maximum temperature, in each month of the 
survey season, in the Andaman Sea area and the actual rainfall recorded a t  Port Blair 
in the same period, and i t  is clear that an increase in rainfall coincides with late 
occurrence of the epoch of maximum temperature. The major oscillation is, I suggest, 
correlated with the movement of the sun to  and from its most southerly declination, 
and the epoch of maximum temperature is delayed when the sun is directly overhead, 
but occurs earlier in the day as the declination becomes further and further removed 
from the vertical. On this major oscillation we have superposed a secondary oscilla- 
tion that is probably caused by the rainfall of the N.E. Monsoon period, an increase 
in the rainfall causing a retardation of the epoch of maximum temperature in 
November and again to a lesser extent in January. 

In  addition to the primary rise and fall of the diurnal oscillation of air-tempera- 
ture over the ocean, there appear in certain areas and a t  certain seasons to be 
subsidiary fluctuations. Dallas (1894, p. 15) has called attention to a remarkable 
triple oscillation in the temperature of the air during the day in an area lying off the 
coast of India to the west of Bombay. He shows that in this region as soon as one 
gets away from the land, the air temperature tends to exhibit three maxima and 
three corresponding minima during the course of twenty-four hours, and, as a rule1 
this oscillation is best seen as one gets further away from the land. Tile times of 

occurrence of these maxima are approximately 12 midnight, 8 a.m. and 4 and Of 

the corresponding minima a t  3-30 a.m., 11-11.30 a.m. and 9-9.30 P.m. This trip1e 

oscillation in the region of coastal water Dallas (1894, p. 16) attributes to the 
influence of the land- and sea-breezes on the normal single daily rise alld "At  

&out this hour (9 a.m.) the land is sufficiently heated to occasioll a of air lrom 

the sea to the land. At about this hour the breeze begins to blow, and the rise of 
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temperature which had previously been in progress over the sea disappears, and is 
indeed changed into a temporary fall which lasts for three hours. After noon the 

sun's power counteracts the cooling due to  the air movement, and a t  4 p.m. the 
maximum temperature of the day is recorded. After that  hour the temperature 
falls as the sun goes down, and a t  6 p.m. the temperature over the land falls very 
slightly below the temperature over the neighbouring sea. This difference gradually 
increases as the evening progresses, and a t  about g p.m. the breezes from the sea 
probably altogether cease. Then follows a short period during which there is no 
perceptible movement. The amount of vapour in the air increases, radiation is 
interrupted and the temperature temporarily rises, so that  a slight secondary 
maximum is developed. After midnight the temperature falls and the absolute 
minimum is reached a t  4 a.m." Dallas's explanation inay possibly account for the 

October. Novcrnher December: January Fe6ruary. March. ApriL, 

oucrAndam Port Blo L r 

Sea 
1 ,  

P.M. 12 

TEXT-FIG. ~r.-Showi~ig the relationship between the time of occurreilce of r~inxirnun~ temperature and 
the railifall. 

. . . . . . . . Rainfall a t  Port Blair. 
Time of occurrence of ~naxiiiium temperature. 

changes in tenlperature of the air over inshore waters where the alternating land and 
sea breezes call exert their influence, though it is difficult to  see why the tempera- 
ture of the air should rise after g p.m. ullless i t  is caused by radiation from the sea, 
which during the absence of wind is able to  make itself felt. If this be so, i t  will 
only occur if the surface telllperature of the sea is higher than that of the super- 
natant atmosphere. Dallas (1894, p. 66 e t ,  seq.) has himself shown that  very similar 
secondary oscillatiolls of the air-temperature during the day may be detected in 
areas quite removed frolll land illfluellce ; thus in the belt across the whole width of 
the Arabian sea betweell the Equator and Lat. loON. there is in the month of 
January, in additioll to the primary rise and fall, a secondary maxinium in the air 
temperature a t  n~idnight. This secoildary oscillation appears to  be absent in 
February and March but reappears again in April, increases in amplitude in May 
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and decreases in June ; finally i t  again reappears in September but only to a slight 
extent. 

I n  order t o  detect such minor fluctuations in the  air-temperature over the open sea 
a t  different times of the day, i t  is necessary t o  take observations a t  short intervals, 

and unfortunately the  nulllber of such a t  my disposal is not great. I give them, for 
what they are worth, in Table 8. 
- - - - - - - - -- - - .  - . - - - 

I I I 

No. of A >I. I P.M. 
Month. r--.- h -.-- ,-----A -.- 

days. 

0 

October . . . . .. 6 26 .81  
November . . . . 5 27.92 
Deceinber . . 
January..  . . . .  g 27.22 27.32 27-42 27.22 27.28 27.39 27.36 27.15 
February . . . . . . 25'90 26 (31 27.51 27.57 27.36 26.62 26.66 26.62 
March . . . . . . 12 27 .75  28-20 28.19 28.83 , 28.74 28.36 28.03 27.92 
April . . . . . . 13 28 33 27'11 29'01 29.48 29 50 29-30 29-07 28.83 
May . . . . . . 4 27 .66  28 24 28.80 28.49 1 28.89 1 28.53 28 15 2884 

I 1 - - 
Table 8 ;  showing the oscillation during the day of the air-temperature over open sea in differe~lt 

months as observed or1 the " Investigator." 

I n  the  above series one sees that ,  a s  Dallas pointed out, the average air tempera- 
ture in certain months clearly exhibits a double diurnal variation, even in areas far 
removed from land and, therefore, presumably free froin the alternating influence of 
land- and sea-breezes. This double oscillation is not seen in October; it appears in 
November, and through occurring a t  different times of the day, persists through 
December and January ; it has  almost disappeared in 1;ebruary though a faint indica- 
tion of a second maximum call be detected a t  10. p.m. It is absent in March and 
April. Bu t  in the month of May we find a triple oscillation, the times of maximal 
temperature being midnight, 10 a.m. and 4 p.m., which agree closely with the times of 
maxima in the triple oscillation found by Dallas (vide s z ~ p r a )  off Bombay. Beyond 
this It have no records. 

From the above results one is, I think, justified in assuming that  this oscillation 
of temperature is probably of universal occurrence during certain seasons of the year 
throughout Indian waters. I n  the  coastal waters to  the west of Bonlbay the changes 
during the  day certainly appear to  depend on variatio:;~ in the wind force, and a 
study of the  strength of the wind force a t  different times of the day (vide infra pp. 84 
and 87) over the open waters of Indian seas, as well as in coastal areas, shows that 
there is a very clearly defined tendency for the force to rise and fall twice during the 
day.  Such a double oscillation will of itself tend to  produce correspondi~lg oscillations, 
as Dallas points out, in the otherwise single rise alld fall of the air-temperature; but in 
addition t o  this direct action of the wind, these variations in the strength of the 

----- 
. 

1 The data for the month of February i s  t a k e ~ ~  fro111 the renults ohtailled by the " Valdivin ' '  111  the Bay of Bellgal 
und is included so as  to c o l ~ ~ p l e t e  the series. 
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wind may, as I shall show in a subsequent paper, result in the  appearance a t  the 
surface of sea-water tha t  originally lay a t  some depth belo~v, and in consequence we 
may get an alteration of the sea-temperature tha t  will also tend to  produce by convec- 
tion and radiation a change in the temperature of the  supernatant atmosphere. 

One can summarize the ~onclusions, which can be deduced from the consideration 
of the data that I have given, a s  follows :- 

(I) The monthly average temperature of the air exhibits a double oscillation dur- 
ing the course of the year tha t  is obviously seasonal ; the earlier fall is the result of 
the S.W. Monsoon and the later one is the true winter fall. The N.E. Monsoon in 

the region to the east of India superposes on the winter fall a secondary minor oscilla- 
tion that occurs in November; 

( 2 )  The time of occurrence of maximum temperature during the diurnal tempera- 
ture changes varies a t  different periods of the year and, like the monthly average tem- 
perature, exhibits a double oscillation, tending to  be early in the day when the sun is 
overhead and late when the sun is a t  or near its northern or southern declination ; 
moreover, here also the N.E. Moi~soon superposes on the primary oscillation a 
secondary one that  occurs in November and December ; 

(3) The range of temperature during the day also varies from month to  month, 
and appears primarily to depend oil the sun's position, being greatest when the sun is 
overhead and least a t  tliose seasons of the year when the sun is a t  the extremes of i ts  
northern or southern declinatioil ; and 

(4) Variation in the force of the wind, whether over the open sea or in coastal 
areas, may produce a double or triple oscillation in the air-temperature during the 
course of twenty-four hours. 

DIURNAL OSCILLATIONS I N  THE WIND-FORCE. 

Throughout Illdial1 waters the alternation of the inonsooils produces a double 
oscillation in the wind-force dur i l~g the course of a year, but  a careful study of the 
winds shows further that  there is a quite distinct, though somewhat slight, double 
variatioll in the wind strength during the course of the day. Along the littoral 
region and in the coastal waters surrounding any laud area of large size the alternate 
heating of the laild d~lrillg tile day and cooling duririg the night will set up corres- 
ponding land- and sea-breezes that ,  in tlie absence of any other factor, will produce a 
daily double oscillatioll in the force of the wind. Such an oscillatioil is, however, not 
likely to be very well 1narkt-j a t  such a place as Port  Blair and still less a t  Nailkauri 
Harbour, where the area of lalld in coinparisoil with tha t  of the sea is very small ; and, 
furthermore, during the montlls of Deceinber and January, when the N.E. Monsoon 
rains cause a cooling down of the land surface, ally alternating land and sea-breezes 
will teud to be very considerably reduced or eve11 be entirely abolished. Neverthe- 
less, we filld that in these regioils there is in every month of the survey-season, and 
Probably throughout the wliole year, a quite clear double rise and fall in the wind 

ill the twenty-four hours; and, moreover, this double oscillation call be 
detected over the open sea in areas far  removed from land. 



Chambers (1874), in a paper dealing with the diurnal variations in the winds at 
Bombay, shows that the observed winds can be analysed into two different sets of 

components. There is, firstly, an alternating land and sea-breeze aud secondly, super. 
posed 011 the first set, there is a double diurnal variation of the wind which attains 
"its maximuin east position a t  about the same hour a t  which the barometer reaches 
its maximum and attains its maximum west position a t  about the same hours 
a t  which the barometer reaches its minimum and passes through zero a t  the times 

when the barometer passes through its mean positions." Chambers attributes this 
diurnal variation to  the heating up of the atmosphere by the sun's rays and to the 
consequent creation of air currents; and he even puts forward the view that these 

changes may be the cause of the rise and fall of barometric pressure. Blanford 
(1876, p. I), from observations of the winds a t  Calcutta, confirmed Chamber's interest- 
ing discovery. He, however, arrived a t  an entirely different conclusion as regards this 
double variation. He remarks (loc. cit., p. 13)) the present results show that the 
double diurnal oscillation is an element of even greater relative importance in the 
Calcutta than in the Bombay wind system, but its relations to the barometric tides 
differ from those described by Mr. Chambers in many important respects; and so 
far from regarding it as a possible cause of the tides, a view which I am unable to 
reconcile with mechanical laws, it seems t o  me to be more probably a common effect 
of the same cause that produces the barometric tides and to depend, not on the mere 
existence of those oscillations of pressure but rather on their differences over land 
and sea. Consequently the diurnal variation of the wind is probably not a phe- 
nomenon of universal occurrence, or a t  all events of uniform type, but one depending 
on local conditions and varying with them." Chambers (1876, p. 402) showed later 
that this double oscillation of the wind force could be clearly traced in the observa- 
tions taken in Bermuda, and again four years later (1880, p. 265) he demonstrated its 
presence in the winds a t  Karachi. In  this latter paper Chambers still maintains that 
the effect is produced by the heating of the atmosphere by the sun's rays. Regard- 
ing the effect of this on the strength and direction of the wind, he remarks " if the 
north and east components of these wind variations be viewed separately, we should 
find that the curve, showing the variation with time of the east compollent would be 
. . . . . .similar to the curve of diurnal variation of barometric pressure in having 
maximum values about 10 a.m. and p.m. and nlinimum values about 4 a.m. and p.m. 
On the other hand, the variation of the north component is opposite in character in 
the two hemispheres, having maximum values in the north hemisphere about 7 a.m. 
and p.m. and minimum values about I a.m. and p.m.; while in the southern hemis- 
phere the maximum values of the north component will occur a t  I a.m. and P.nl, and 
the minimum values a t  about 7 a.m. and p.m." The result of the opposing variations 

in the two hemispheres of the north component will be to cause a coinplete abOlitiol' 
of any change a t  the Equator, and hence in the equatorial belt lying between 0' and 
I S O N . ,  in which all my observations were taken, any diurnal variation in the strength 
of the north component of the wind is largely eliminated, while the east component 

unaffected. We should, therefore, expect to find a double daily variation I n  
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the strength of the wind having i ts  maxima a t  or about 10 a.m. and p.m. Cham- 

bers (1880, p. 286) shows tha t  both a t  Karachi and Calcutta this double oscillation, 
caused by the variation in strength of the east component, is clearly discernible in 
the wind-force and, moreover, is twice as great at. the former station as  a t  the latter, 
this difference beiug possibly due t o  their respective positions relatively to  the sea. 
Calculating from the observations taken a t  both stations, he gives a table for the 
hourly variation from the mean in the strength of the wind, a s  follows :- 

A.M. I p.11. 

At Trivandrum (vide Eliot, 1902, p. 204) this double oscillation is seen even more 
clearly than a t  Bombay, the wind velocity, irrespective of direction, showing the 
following maxima and minima ;-- 'l'iil~e. Wi l~d  velocity in ~niles 

per hour. 

At Madras, however, this double oscillation is apparently not a constant feature. 
Jones (1908, Table I, p. 78) has given the average velocity of the wind a t  this station, 
irrespective of direction, a t  all hours of the day in each month and he shows tha t  
from December to May inclusive there is only a single oscillation, having i ts  minimum 
at 4-5 a.m. and i ts  lnaximu~ll a t  1-2 p.m. I n  June and July we get evidence of a 
double oscillation with maxima a t  or near midday and midnight and in August 
there is a tendency t o  a triple oscillation. From September t c  November we again 
get a double oscillatioll with maxima a t  3 a.m. and about 12 noon. At Port  Blair, 
too, this double oscillation appears as a rule to  be absent. Eliot (1g15, Table 6, 
P. 189) gives a table of the mean ~llovement of the air, irrespective of direction, a t  
different tiines of the day in each lnollth of the year a t  this station, the results being 
based on observations extending from 1894 to  1904, and his figures show no sign of 
any double oscilIation, the single maximum, on the year's average, occuring a t  
noon to I p.m. arid the single nlini~iluin between 2 and 5 a.m. I n  a series of obser- 
vations, however, that  I liad taken for rne a t  four-hourly intervals from March 24 t o  
31, 1925, the average results obtained were as follows :- 

so that here, too, a double oscillation may occasionally be present. 
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It seems clear that ,  a t  any rate a t  certain seasons of the year, this double oscilla- 
tion of the  wind-force can be detected over the  greater part  of, if not universally 
throughout, the coastal regions of Indian waters, and the question arises whether such 
a variation is of universal occurrellce throughout the tropical zone, as i t  should be if 
i t  is in any way connected with the rise and fall of barometric pressure, or is it a 
purely local phenomenon, as  suggested by Blanford, due to  differences of conditions 
over sea and land ? 

During the  voyage of H.M.S. "Challenger " a two-hourly record of the wind 
force was kept on 1,202 days, of which Gjo were on the open sea and 552 near land. 
Buchall (1889, p.  25) sumnling u p  the  results of these observations, remarks, "with 
respect t o  the  open sea, i t  is evident from the mean curve for the five oceans that 
the  diurnal variation is very small, there being apparently two indistinctly marked 
maxima about midday and midnight respectively." He  gives the mean velocity in 
Beauforts scale for every two hours of the day, as follows, and I have appended the 
variation from the mean velocity :- 

Time of 
day. 
A.M. 

Wind velocity. Variation from 
mean. 

Tilne of 
day. 
P.M. 

Wind velocity. Variation from 
mean. 

Buchan concludes from the above results tha t  " i t  seems probable that the line 
representing the true diurnal variation in the velocity of the wind is practically a 
uniform straight line, with the  single exception of a small rise about midday, not 
quite aniounting t o  a mile per hour." The range of variation in the wind-force 
certainly appears t o  be small, amounting only t o  0.15, but i t  must be remembered 
tha t  the scale of measurement is tha t  known as Beaufort's, which is still in use on 
board ships a t  sea. The mean velocity of tlie wind in the whole series of observations 
is 2.89 and a variation of 0.15 is, therefore, a variation of 5 % which certaiiily seems 
t o  me to  be too great to  warrant one regarding i t  as negligible. 

A similar series of observations was out on board ship during the 

Norwegian North-Atlantic Expeditioll in 1876-78, and the results obtained are 
embodied in a paper by Mohn (1883). 111 this case tlie record of the velocity of the 
wind was taken by means of n " Robinson's anemoliletre " and the results are, there- 
fore, more accurate than in the " Cllallenger " series. Tlie prevailing conditions 
appear t o  have differed considerably in the three years. In  1876 there is evidence of 

a double daily variation in the wind, having a range of 0.85 llietres per second, with 
maxima a t  10 a.m. and 5.30 p.m. alld lrinima a t  1.30 a.m. and p.m. 111 1877 the 
results obtained give indisputable of tllr presence of a double daily varia- 
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tion in the wind-force; in this year two series of observations were taken, (a) in the 
warm current flowing along the coast of Norway and ( b )  in the  cold Polar current, 
but the results obtained in each area are remarkably similar. The range of variation 

in both series combined is 1.12 metres per second and the  maxima occur a t  or about 
2 p.m. and 12 midnight, wit11 the minima a t  7.30 a.m. and 8 p.m. Finally,.in 1878 a 

similar result was again obtained, but  in this vear the variation of wind force was 
extremely small, being only 0.26 metres per second. 

In more recent years the expedition of the " Valdivia " has provided a further 
series of observations, and during her cruise she twice passed through the  tropical 
zone, in which, as I have already mentioned, this diurnal variation of the  wind should 
be most marked. 

-~ ~- - - - - . -- -~ 
~ . . . 

I 
I A.M. P.M. 

/ h--- 7 ,---- 

8 10 I 12 2 ( 4 h 
I --- .. I 1- 

August . . 3.17 3.17 1 2 . ~ ~  2 67 2.67 ! 2.83 2-53 
September . . 3.16 3.32 3.08 2.87 2.89 13.00 3-00 
October . . 13.78 3.89 3.44 3.22 3.11 13.11 3.78 
January . . 14.00 4.2j 4-36  4.21 
Februarv . . , 3 1 3  2.91 2.88 2.54 
March . . 2.80 2.80 2.75 2 . j ~  

I 
Average . . , 3-34 1 3-39 , ( 3.22 3-01 

.. ~ - . - ~ - 

Table g ;  showing the  daily oscillatio~i of the  wind-force (in Beaufort's Scale), as observed on the  
" Valdivia," in tropical areas. 

In the above table I have given the average wind-force, as recorded by the 
" Valdivia " (vide Schott, 1902). Tile records for the first three months were taken 
in the tropical region of the Atlalltic Ocean and the last three months in the tropical 
zone of the Indian Ocean. Here again one finds evidence of a double diurnal varia- 
tion in the wind velocity; the two nlaxima occur a t ,o r  about 1 a.m. and 8 p.m. and 
the two minitna a t  10 a.m. and 10 p.m. So far as i t  is possible t o  judge frotn this 
series, there appears to  be a te~ldeilcy for ( I )  the time of the maximuin wind-force 
to occur a t  different times of the day in different n~onths ,  and particularly so as 
regards the afternoon nlaximum ; and (2) for the variation in velocity to  differ in 
different months. 

At the commencemellt of IIIY studies of the maritime meteorology of Indian 
waters, observatiolls on the wind-force were only taken a t  four-hourly intervals 
during the day when the " Illvestigator" was a t  sea. The results obtained are 
given below, and, as in the Valdivia ' I  series, the two maxima fall a t  4 a .m.  and 

P m . ;  the t i~nes  of occurrence of the minima are not clearly shown owing t o  
no observations having been taken a t  J O  a.m. or 10 p.m. 



October , . . . . 
Novenlber . . . . 
December . . . . 
January . . . . 
February . . . . 
,If arch . . . . 
April . . . . 
May . . . . 
Average . . . . 

NO. A.31. 
(,f --.-A 

days. 4 I 8 I 12 

-. 

P.M. Average 
---- - - - 7  velocity 

4 ( 8 1 12 of wind. 

Table 10; showing the daily oscillation of the wind-force (in Reaufort's Scale) as observed on the 
" Investigator" in 1921-22 and 1922-23. 

Range of 
I 

Varia- % 
tion. 

j&- 

Although the  time of day a t  which the maxima are reached varies somewhat in 
different months, i t  appears tha t  there is in certain months a distinct tendency 
for the wind-force to  exhibit a double daily oscillation. I n  other months, as in 
December and May, this double oscillation seems t o  disappear and be replaced by a 
single oscillation, tha t  in December has  i ts  maximum a t  4 a.m. but in May at  4 p.m. 
I n  this connection i t  is interesting to  note that  i t  is in these months that  the wind- 
force attained i t s  maximum, and that ,  whereas December is one of the coldest months, 
May is one of the hottest. The series of observation is, however, not very satisfactory 
for with only six observations in the twenty-four hours i t  is impossible to trace any of 
the  minor oscillations. During the  survey seasons 1923-24 and 1924-25 a two-hourl~ 
record has been kept on board the  " Investigator" of the force of the wind and the 

0'43 
0'43 
0.61 
0.53 
0'50 
0.69 

results of these observations are given in the  table below :- 
- - - - ~  - -- 

P.M. 
--.--- A - .  

I 
-. - -. 

April 

. .. 
. -. .- - - -. - - _ _ - - -  

Table 11 : showing the daily oscillation of  the wind force (in Renufort's scale) as observed on the 
'' Investigator " in 1923-24 and 1924-25. 

14'4 
28.3 
30'5 
31'2 
24'5 
20.3 

Here again one finds a double oscillation in the wind-force during the day. In 
the average O F  this series the actual maxima occur a t  4 p.m. and midnight, t1l0ugh 
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there is for all practical purposes no change between 1 2  noon and 4 p.m., and the 
minima occur a t  8 a.m. and 8 p.m. The difference in time of the rise and fall of the 
wind-force between this series and those already given tnay be due to differences 
between individual years or t o  different localities. It seems clear from the above 

independent observations tha t  there is throughout the open waters of the ocean, a t  
any rate in the tropical zone, a double diurnal variation it1 the  wind-force, the times 
of maxima and minima differing possibly in different areas and a t  different times of 
the year, and that  this oscillation is not, a s  Blanford suggested, dependent on purely 
local conditions but is a wide-spread and universal phenomenon. 

, , 
IEXT-FIG. ~z-Variation in strength of wind-force as compared with the  rise and fall of the  barometer. 

In Text-fig. 12 I have plotted the average variation of the wind-force in both the 
2-hourly and 4-hourly series of observation and for the  purpose of conlparison I have 
given the average rise and fall of the barometric pressure. 

The times of occurrellce of the maxima and minima of the wind-force during the 
day, certainly seem t o  illdicate that  the double oscillation is in some way connected 
with the rise and fall of barometric pressure. To what extent the variation is due t o  
these barometric changes or whether they are both the result of some other pheno- 
mellon I must leave to  lneteorologists to  decide, but i t  seems not unlikely that  in an 

~ c h  as the I~lcliall seas, in which thc wind blows steadily, for weeks or even 
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months a t  a time, from a quarter tha t  has an easterly or westerly element, namely 
from the north-east or south-west, depending on the season of the year, a rise of 
barometric pressure, tha t  passes as a wave from east t o  west across the ocean, must 
tend t o  cause a diminution in the strength of the easterlv or westerly component and 
a co~lsequent fall in the total wind-force. 

The bulk of my observations have been taken while the " Investigatorw was at 
work on the  survey-grounds, in areas where the amount of land is extremely small, 
coilsisting only of a few sniall islands situated in mid-ocean, and, therefore, in areas 
in which one might reasonably expect t o  find tha t  purely oceanic conditions prevailed, 
During certain intervals, such as when returning t o  port for coaling etc., I was able 
t o  take observations while away from all land influence, and as these two series 
exhibit certain differences I have thought i t  advisable to  consider them separately. 

The results obtained are given below in Table 12. During the months of October 
and November in both series there is a well-marked double oscillatioti of the wind- 
force during the day and, on the whole, the t i ~ n e s  of occurrence of the maxima 
and ininima agree fairly well. I n  December over the survey-ground we find a 
double oscillation, but  over the open sea this is clearly replaced by a triple one. 
The mid-day and mid-night maxima agree in the two areas, occurring a t  2 p.m. 
and a t  11 p.m. t o  12 mid-night respectively, but  over the open sea there occurs 
a third maximum a t  G a.m. I n  January we again get evidence over the open 
sea of a double oscillation with maxima a t  12 noon and 12 mid-night, but on the 
survey-ground there occurs only a single oscillation, of the type that  is characteristic 
of land areas, having a maxiinuin a t  2 p.m. and a minimum a t  6 a.m. In  February 
we find a double oscillation both on the survey-ground and over the ope11 sea; but 
in March we get a double oscillation over the survey-ground and only a single oscilla- 
tion, with a maximum a t  2 p.m. and a minimum at, 2 a.m., over the open oceail; and, 
finally, in April we get a triple oscillation in both series 

The tendency towards a triple oscillation in the month of December over the 
open sea and in the inonth of April over both open sea and survey-ground and in 110 

other months of the survey seasoil is difficult t o  explain. When considering the 

results of the  4-hourly series of observations (vide supra p. 84) I pointed out that 
in the months of December and May, i.e., in the coldest and hottest months of the 
year, the wind-force appears to  follow a single oscillation ; a comparison, however, of 
the figures for December in the  4-hourly series and those of the 2-horlrly series over 
the  open sea, indicate tha t  the single oscillatio~l as indicated by the former may be 
spurious ; for the average wind-force a t  4, 8, a ~ l d  12 a.m. and p.m. in the z-llourly 
series would also give us a curve leaving only a single maximum as follows :-- 

4 A.M. 8 12 4 r tr. 8 I2 

3-56 3'5.9 3'50 3'41 3'25 3-67 

This would appear t o  indicate a single oscillation having a maxirnuln at 12 

midnight, which does not differ markedly from the q-hourly series, ill which there is a 
single oscillation with the maximum a t  4 a.m. ~t is only by taking observations 
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every 2 hours that  we see that  there is in reality a triple oscillation and i t  i, more 
than probable tha t  this triple oscillation is the normal condition during these two 
months, viz. December and April. 

October . . 
November . . 
December . . 
Ja~~uarv  . . 
February . . 
March . . 
April . . 

AtSea .  1 
October . . 11 
November . . z 
December . . l 6 
January 8 " /  February . 
March . . 10 
April . . I 19 

Table 12 ; showing the variation in wind-force a t  different times of the  day, on the survey- 

groulld and when a t  sea, as observed on the " Investigator." 

Dallas (1894, p. 16), as I have already mentioned above, attributes the triple 
oscillation in the air telnperature over the coastal waters t o  the west of Bombay t o  
correspondit~g variations in the wind-force caused by the alternating land and sea 
breezes, and it is, therefore, of some interest to  enquire whether a corresponding 
oscillation in the air-temperature has been recorded on board the " Investigator " 
during those months in which a triple oscillation of the wind-force has been noted. 
AS I have already mentioned, over the open waters of the Laccadive Sea and Bay 
of Bengal, and on the survey-ground, where one would have expected to  find that  
oceailic coilditions largely prevailed, there is in several months a double oscillation, 
but in only two montlls, as a reference t o  Table 12 shows, have I experienced a triple 
oscillation in the wind-force. The first was over the open waters of the Laccadive 
Sea in the month of L)ece~nber, 19-73. During this period of seven days the wind 
shows an unmistakable triple oscillatiorl having i ts  maxima as follows :- 

1st minimutn a t  . . . . . . . . . . 2 a.m. 
Primary m a x i n ~ u n ~  a t  . . . . . . 6 a.m. 
2nd tnitlin~unl a t  . . . . . . . . . . 11 a.m. 
2nd ~naxiniurn a t  . . . . . . . . . . 2 p.m. 
Prin~ary n~inimum a t  . . . . . . . . 8 p.m. 
3rd ~naxirnu~n a t  . . . . . . . . .. 11 p.m. 
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The air-temperature exhibits an oscillation that clearly coincides with the 
wind-variation and in the accompanying Text-figure 13, I have plotted both series 
of observations. A rise of air-temperature coincides with a fall of wind-force and 
vice versa, and i t  seems clear that the oscillation in temperature in this instance is 
undoubtedly due to the rise and fall in the strength of the wind, a decrease in the 
strength of the wind being accompanied by a corresponding rise !in the air- 
temperature, except during the early hours of the afternoon when the effect is some- 
what masked by the heating and cooling due to  the sun. 

2A.M. 4 6 8 10 12 ZEM. + 6 8 1 0 1 2  

/ 29.4 
. 2  

2 9 . 0  

8 
? 6 
U - 4  

2 .8 
C . .6 

.4 

.2 

\ 27.0 

TEXT-FIG. 13.-Showitlg a triple variation in both wind-force ant1 air-temperature over the Laccadive 
Sea in December, 1923. 

The second period during which the wind again exhibits a triple oscillation is 
during the month of April, and again it was found over the open sea. The time of 

day a t  which the oscillations occur are as follows :- 

~ s t  minimum . . . . 
1st maximum . . . . 
Primary minimum . . 
2nd maximum . . 
3rd minimum . . . . 
Primary maximum . . 



MARITTME METEOROLOGY IN INDIAN SEAS. 89 

Here again a study of the air-temperatures recorded during the corresponding 
month in 1924, when out a t  sea and away from land influence, reveals a very distinct 
tendency for the temperature t o  rise as  the wind falls and this is clearly seen a t  
night, but during the day the  heating effect of the  sun's rays appears t o  counteract 
the cooling effect of an  increased wind-force. 

It is clear then tha t  the rise and fall of t h e  wind-strength exercises a marked 
influence on the temperature of the a i r ;  bu t  the mere fact of the appearance, disap- 
pearance and reappearance of the phenomenon of a double oscillation in the air- 
temperature a t  definite periods of the year indicates tha t  Dallas's explanation will 

-FIG. 1 4 . . - S h o ~ i ~ ~  a triple variation i n  wind-force : ~ u d  a double oscillation in the  air-temperature 
over t h e  ope11 Sea in April, 1922. 

. . . . . . = wi~ld-force, = air-te~llperature.  

not account for all the facts, and the periods of the year a t  which this double oscilla- 
tion in the air temperature makes its appearance, namely from November to January 
and again in to  May, further indicate that  the oscillation in wind-force is not 
the only factor concerned in these variations. If the wind was the main agent, one 
would expect to  find that  these oscillations made their appearance during those 
months, in which the variation in the wind-force was the greatest. I give below the 
average strength of wind, the mean range and the percentage variation during 
each month of the survey season, and i t  is clear that  the appearance of the double 
oscillation in the air-temperature tends to occur a t  those seasons of the year when 
the Percentage variatioli in the wind-force is lowest. 
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Oct. Nov. Dec. Jan. Feb. March. April. May. 
Average strength 

of wind (B.S.). 1'77 2'73 ~ ' 5 6  2'54 2.17 1.79 1.79 3-40 
Average Range of 

wind-force. 0.56 0'53 0.48 0.49 0.61 0.59 0.45 0.69 
Percentage 

variation. 31'7 29.5 19'3 23'8 28.7 34.3 25.3 20.3 

VARIATIONS I N  T H E  AMOUNT O F  WATER VAPODR PRESENT AND THE RELATIVE 

HUMIDITY O F  T H E  ATMOSPHERE. 

UP to  the  present time i t  has been the custom of meteorological officers on board 
ship t o  obtain a record of the amount of water-vapour present in the atmospllere by 
means of dry- and wet-bulb thermometers ; but,  as I have already pointed out, a series 
of observations recently carried out  on board steamships has tended to  cast some 
doubt on the  accuracy of these records, and in consequence i t  is possible that the 

calculated values of the  amount of water-vapour present are incorrect. Whether 
the  differences which have been noted between the readings given by fixed and portable 
thermometers, and which seem t o  occur in both wet- and dry-bulb thermometers to 
judge by the  results obtained by Capt. V. Campos, O.B.E. on board the Cable Ship 

" Colonia " (vide "Marine Observer," 1924, p. 146)) are due entirely to inaccuracy of 
the  fixed thermometer, is by no means certain; but  be that  as i t  may, records 
taken by means of fixed thermometers are a t  any rate comparable with similar 
records obtained in past years by other ships employed in scientific research in 
various parts  of the world, such as the " Challenger," " Valdivia," etc. 

A study of the data given in the Indian Meteorological Memoirs shows that at 
inland stations the aqueous vapour pressure and the  amount of water-vapour present 
in the  atmosphere exhibit a double oscillation during the day. Eliot (1902, pp. 
114-159) has very fully discussed the diurnal oscillation in the amount of water 
vapour in the atmosphere in various inland stations in India and in the coastal 
region, and he  has shown that  in most stations the oscillation is a double one; the 
amount of water-vapour increases in some stations to a considerable amount, in 
others only slightly, t o  a maximum a t  or about 8 a.m.,  i t  then falls till 2-4 p.m., rises 
again t o  a second maximum a t  about 8-10 p.m. and finally falls to  an absolute 
minimum a t  4 a.m. I n  the coastal areas, such as Bombay, Karachi and Trivandrllm 

on the west, Cuttack, Calcutta, Chittagong and Rangoon on the east of peninsular 
India and in Burma, this double oscillation appears to be due to the alternating effects 
of land- and sea-breezes Although the extent of the morning and evenillg rise of 

vapour pressure may vary in different coastal centres, i t  is clearly seen in all during 
the  cold-weather or hot-weather seasons, which cover the period of the Year from 
October t o  Y a y ;  but  during tlie rainy season, from June to  ~eptember ,  it is often 
obliterated and the oscillations become exceedingly irregular, owing presunlabl~ 
the interference of the Monsoon winds with tlie alterllotillg land alld sea-breezes and 
t o  modification of tlie normal difiusion and convection. 
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] t  is extremely iilteresting to  compare these results from inland ailcl coastal 
stations with observations taken a t  sea, away from land influence. During the voy- 

age o f  the "Challenger" regular observations on the humidity of the atmosphere 
were carried out by means of wet- and dry-bulb thermometers and the results are 
briefly suinmarised by Buchaii (1889, pp. 8-10) in his report on the atmospheric 
conditions. The figures given by Buchan (loc. cil., p .  10) of the  variation, a t  two 
hourly intervals, from the  mean of the twenty-four hours, appear t o  me to  indicate a 
triple rather than a double oscillation during the day : his actual figures are as 
follomrs :- 
Time of day. 

2 A.31. . .  

4 . . 
6 ,, . . 
8 ,, . . 

10 ,, . . 
NOON . . 

Elastic force o i  water 
vapour. 

. . . . -0.003 

. . . . - 0.009 

. . . . -0'010 

. . . . - 0.003 
. . . . +0.014 
. . . . + O ' O I O  

Ti~i ie  of day. Elastic force of water 
vapour. 

2 r.31. .. . . . . $0.007 
4 7 ,  . . . . . . +0.015 
6 ,, . . , . . . 0'000 
8 ,, . . . . . . - 0.004 

10 ,. . . . . . . -0.005 
Midnight . . . . . . - 0.007 

If now we plot these figures, we obtain a curve tha t  has  three maxima a t  2 a.m., 
10 a.m., and 4 p.m. respectively, the height of each progressively increasing. A com- 
parison of this curve with the curves of average air-temperature obtained during the  
months of December, 1923, and April, 1924, reveals a very close agreement, the 

. . 

periods of maximum air- temperature corresponding to  periods of maximum humidity. 
On board the " Investigator " during 1923-24 the weight of water-vapour in the  

atmosphere exhibited a very clear oscillation. I n  an  area extending over the 
whole breadth of the Laccadive Sea during the cold weather period from November 
to January inclusive, and in the hot season of March and April in both the Laccadive 
Sea and Bay of Bengal, the average weight of water-vapour in the atmosphere a t  
different times of the day is as follows: 

- - - - -- - -- - - - - - - . . - - - -- - - - - - - 

I I 

Novenzber- January. 

Time of day. 

\Veight of water-vapour i l l  atmosphere* 

-- 

I t  will be iloticed that  there is a considerable difference in the amount of water 
VaPour present in the two seasons. This is possibly due in part  to  a slight difference of 
local it^, for the Novelnber-January results were all obtained in the Laccadive Sea. 
while those for Marcl~-.dpril inclode one series of observations taken across the Bay of 

I t  c o n f o r ~ ~ ~ s ,  however, to  the results obtained by Dallas (1894)~ who shows 

illavch-.4 firil. 1 
i 
I .4.hI. 

Time of day.  ,--.----. 

\\'eigllt water-mpour ill a t~nnphcre*  
- - - 

P.M.  ----- A.---. 7 

4 ,  8 1 1 0  12 
10.401 / 10.343 10.453 10.418 1 i I _- - 

* I n  both ~ c r i e s  the weight is given ill grains per cubic foot. 
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that in the southern area of the Arabian Sea the vapour tension in the atinosphere 
decreases from October and attains its lowest level in January, and then rapidly 
increases in March and April. 

During the cold weather we have a clear double diurnal oscillation having its 
maxima a t  10 a.m. and 8 p.m. respectively, whereas during the hot months there ap- 

pears to  be a triple oscillation with maxima a t  8 a.m., 12 noon, and 10 p.rn. In this 
latter case the additional maximum appears to he a t  8 a.m. The maxima at 12 noon 
and 10 p.m., probably correspond lo those seen to occilr a t  10 a.m. and 8 p.m. during the 
winter months, and, if so, they have been delayed by about two hours. This delay 
is certainly correlated with the shifting of theepoch of maximum air-tempera- 
ture, which, as I have already pointed out, occurs much earlier in the day when the 
sun is a t  or near its extreme southern declination, as it is in December, than when it 
is directly overhead as in March or April. It is, however, possible that in the winter 
months also there occurs a third maximum, but as this would then be at  6 a.m. or 
thereabouts it is not shown in the actual observations since no records were taken 
on the " Investigator " a t  this hour. 

In  order to  detect minor oscillations in the amount of water-vapour present in 
the atmosphere i t  is necessary to take observations a t  frequent intervals throughout 
the whole day. I only possess such records a t  two-hourly intervals for a period of 
five days in October in the region of the Maldives and three days in February in 
the region of the central group of the Nicobars ; and these are not sufficient to deter- 
mine with any degree of exactitude the diurnal oscillations in the amount of water 
vapour present a t  different times of the day, but as they show certain interesting 
features I give the data below. In both instances, owing to the distance from 
continental land, one would have expected the conditions present to have resembled 
those over the open sea. A comparison, however, with the data given by Dallas 
(1894) indicates that this is not so, and the conditions partake more of the nature of 
those over coastal waters. 

- -- -. - - - - -- - - -  - -  
I 

1 A.M.  I P . M .  

I------ ---.- --.--- A-. 
7 

Table 13 ; showing the weigllt of water-vapour, in grains per cubic foot, present in the at~nospllere 
a t  different seasotls of the year, around oceanic islands. 

I n  the month of October, the " Investigator " results show a clear double oscilla- 
tion havii~g two maxima a t  10 a.m. and 10 p.m. and minima a t  4 a.m. and 6 p.m., so 
tha t  the rise and fall of the amount of water-vapour agrees closely with the rise and fall 
of barometric pressure. Dallas, in comparing the results obtained in the region to the 
west of Bornbay, finds that in the region furthest removed from land (square 80) the 
vapour tension has a single nlaxin~um and ininimurn, but nearer inshore (in square 81) 
there is a double oscillation, though the times of occurrence of the maxima a n  
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different from those found by me. I n  February my results indicate tha t  the  amount 
of water-vapour has a distinct tendency to  a triple oscillation with maxima a t  4 a.m. 
and at 6 and 12 p.m., and this agrees clearly with the results given by Dallas for square 
80 in the previous month of January, in which he shows a triple oscillation of the 
vapour teiisio~i having riiaxiina a t  8 a.m. and 1 and 11 p.m. So tha t  i t  would appear 
that round these islands the conditions approximate t o  those of coastal waters, rather 
than to those of the open ocean. 

VARIATION IN THE RELATIVE HUMIDITY OF THE ATMOSPHERE OVER INDIAN SEAS. 
During a period of eighty-four days, a t  a distance from land in the  North Atlantic 

Ocean, the relative humidity, as observed on board tlie " Challenger," exhibited a 
single daily oscillation, having a rniliimum a t  2 p.m. and a maximuni from midnight 
to 4 a.m. The actual observed relative humidity a t  different times of the day was as 
follows :- 

I 

Time. Relative humidity of air. 'l'ime. Relative humidity of air. 

2 a.m. . . . . 82 2 p.111. . . a .  77 

. 4 ,*. . . . . 82 4 1 ,  
. . . . 78 

6 ,, . . . . 81 ,, . . .. 79 
8 ,, . . . . 80 8 ., . . . . 80 

10 ,, . . 79 I0 ,, . . . . 81 
Noon . . . . 78 i\Iidnight . . . . 82 

A correspondi~ig single oscillation occurs in the elastic force of water-vapour in the 
atmosphere, the minimum in this case occurring a t  4 a.m., when the  air-temperature 
is lowest, and the lnaxirnutii a t  2 p.m., when the air-temperature is highest. 
Buchan (loc.  c~t . ,  p. 10) re~liarks " i t  is only on the open sea, a t  a distance from 
land, where this typical curve of the diurnal huinidity occurs with i ts  single minimum 
and maxim~un. Over land the liumidity daily curve sliows two well-marked niitiima 
and ~naxima-the two miniilia occurring in the early iliorning aiid in the afternoon ; 
and the more inland the sitiiatio~i and tlie stronger the sun, the rnore strongly marked 
is the afternoon minimum. Now the Iiygroinetric observations made near land show 
a daily humidity curve intermediate between these two." 

Dallas (1894, p. 32, et. seq.) has drawn attention t o  the cliaiiges that  take place in the 
humidity of tlie atniospliere in the different zones of the Arabian Sea. As he points 
out, the changes a t  differelit periods of the year are comparatively slight ; regarding 
the southerly zone froin I,at. oO to  zoON., he remarks that  " tlie minimum liumidity 
is reported in April and tlie inaximuiii in August, the  difference being g pt.r cent." 
111 this area tlie hulilidity is shown to fall slowly from August till January;  i t  
remains steady in February aiid March, falling again slightly in April. 

During tlie survey seasons 1923-24 and again for a short period in 1925, a 
number of observatio~ls were carried out on the " Investigator " in order t o  determine 
not only what changes occur in the liumidity of tlie atmosphere a t  different seasons, 
but also a t  differe~lt tillles of the day. The area, in which these observations were 
made, includes tlie sout1iel.n part of the Laccadive Sea, the southern area of the Bay 



of Bengal and the  survey ground in the  Nicobars; possibly some of the differences 
noted inay be due t o  a difference of locality, but ,  neverthelss, the results obtained 
are of considerable interest, and I have given them in extenso in an appendix to this 
paper. 

I n  Table 14 I have given the average humidity in each month of the survey-seasou, 
and, for the purpose of conipariso11, the results for the whole year in the Arabian Sea 
betweet1 oO  and 20°N Lat.,  as given by Dallas, and those for Port Blair, Andamaos, 
as shown in the  Indian Weather Review for 1922. 

I I $ 
I .  

i 
. -. < I $ ;  

Locnlrly. Y 

-- - - - - - - -- ----- 

Arab ia~~  Sea (0"-xoON.) [Dal- I l l  
lasl . . . . 79 79 79 78 86 87 85 81 80 

Port Blair . . . 81 8 8 8 3  :: 8 88 9 :i 8 5 1  81 
Indian waters ("Investigator") 83.8 84.6 80.1 80.7 . .  . .  / . . .  . . 76.5 1 75.1 1 82.2 , 1 1 I 

Table 14 ; showing the relative humidity of the atlnosphere in each month. 

The three series of data  are, strictly speaking, not con~parable with each other, 
since the  Por t  Blair series is, I believe, based on a single observation a t  8 a.m. each 
day,  Dallas's series in the Arabian Sea is founded on observations taken a t  four-hourly 
intervals, while the " Investigator" series is taken from observations a t  4, 8, 10 and 
12 night and morning while steaming, or a t  two-hourly intervals from 6 a.m. to 8 p.m. 
while a t  anchor. Nevertheless, the  comparison of these records is of considerable 
interest. The data  for the  Arabian Sea give no indication whatever of any rise in 
humidity during the period of the N.E. Monsoon, from December to February, so far 
as the  actual observations are concerned ; Dallas (1894, p. 64), however, remarks that 
" the  computed figures show a very slight secondary oscillation in the spring nionths 
with i ts  maximurn in February and its mininium in January." As I have already 
shown when dealing with the air-temperature in different months 011 the east and 
west side of the  Peninsula, the effect of the N.E. Monsoon is felt to a much greater 
extent on the  east side, and the  " Investigator" series shows, in strict accord with 
this regional difference, a very marked increase in humidity from November to 
December, tha t  continues, though to  a less extent, to February and is then succeeded 
by a fall. This rise is undoubtedly due to  the N.E. Monsoon, and i t  is interesting to 
note tha t  i t  occurred in 1923-24 ~ n u c h  earlier than is normally the case a t  Port Blair, 
a t  which station the humidity is usually low throughout December and January and 
rises in February, falling again slightly in April. 

It is well known tha t  the humidity of the atnlosphere exhibits a considerable 
range of variation during the course of the day. During midday the temperature of 

the  air steadily rises and simultaneously the humidity falls, whereas a t  iligllt the 
humidity rises as the air-telnperatul-e falls. Dallas (1894) gives the changes in hulnl- 
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dity in various areas of the Arabian Sea a t  four-hourly intervals in each month, and 
almost invariably his results show a single diurnal oscillation, the humidity attaining 
its maximum between midnight and 4 a.m. and its minimum between 12 noon and 
4 p.111. His results, therefore, agree in the  main with the  observations taken on board 
the " Challenger " in the open ocean. I n  some few instances, however, his figures give a 
distinct indication of a double oscillation, thus in the area lying between Lat.  
I O ~ - Z O ~ N .  ; Long. 50"-60°E., in the  tnonth of January there are two maxima a t  4 a.m. 
and 8 p.m., and two minima a t  12 noon and 12 midnight respectively, the  noon 
minimum being the lowest. A study of the " Investigator " records, taken while on 
the open sea, seems to  me to indicate clearly that ,  a t  any rate a t  certain seasons of the 
year, the normal variation in the humidity of the  atmosphere follows, not a single, 
but a double oscillation, of which the mid-day fall is the  greatest. I have only a 
small series of observations tha t  cover the  whole period of the  day a t  two-hourly 
intervals: these were taken in the regions of the Maldives and Nicobars during the 
months of October and February and in all cover a period of eight days. The 
averages of all these observations are given below in Table 15 and, for comparison, I 
give the simultaneous record of the  air-temperature and the wind-force. 

- 
.- - 

I I 

Table 15 ; shou,ing a doul,le o sc i l l a t io~~  of humidity,  air-tenlperature, a ~ i d  wind-force during 
the (lay. 

I have already pointed out tha t  a t  certain seasons of the year we find t h a t  a 
double oscillation occurs during the day in both the air-temperature and the wind- 
force, and both are clearly see11 in the above series of observations. Alt,erations in 
air-temperature and wind-force both have an effect upon the humidity of the atmos- 
phere, a rise telldillg to  cause a fall of humidity and vice versa, and the oscillations in 
humidity clearly are the result of challges in the other two conditions. The maximum 
hlllnidity occurs a t  6 a.ln., when the air-teinperature is a t  i ts  lowest and-the wind- 
force is also coinparatively The lowest humidity occurs between mid-day and 
2 P.m. alld a t  this latter time the air-temperature has reached its maximum and the 
wind-force is high. Froill 8 to  10 p.m. we appear to  get a certain degree of antagon- 
Ism between the air-temperature and the wind-force: both have been falling since 
4 P.m. and, in consequei~ce, tile humidity has risen, but a t  8 p.m. the wind-force has 
reached its iniiiimurn and this has allowed the air-temperature to  rise again slightly, SO 

at 1 0  p.m. it is o..I"C above what i t  was a t  8 p.m. This rise in the air-temperature 
has cllecked the rise in liuiilidity, so that  the second maximum is not reached till 

Time of day. 
P.M. 

-.-.--A --.- 7 

- - -- 1 -- - I 0 I I Z  

4.M. 
7---PA---- - 

I --- -- 

~ 7 . ~  

I 28.2 

193 

79.0 79.2 

27.9 , 27'9 

I 
1.97 1 8 2  

I 

HunaBity , . 1 82.1 
Air 'I'rmperature 

"c. , 117.3 
W i n d  f o r c e  

1.80 

" I R I O  

82.5 

27'3 

80.8 

27'5 

80.8 

2 

1.72 

I 2  

- 

77.4 

27.9 

1 8 6  

81.1 

27.9 
83.3 

7.2 

1.58 

8 o z  1 81.0 

27.4 1 27.8 

I~~ 1.64 
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12 midnight, by which time the  temperature of the air has again fallen ; a t  the same 
time this maximum is not a s  high as  i t  might be because the wind-force has again 
increased, and a still further increase in the wind-force a t  2 a.m. causes a fall in the 
humidity which is continued to  4 a.m., when a lowering of wind-force again occurs alld 
this appears t o  permit a slight rise in the  air-temperature. Two hours later, a t  6 a.m., 
the  air-temperature has now reached i t s  minimum and the progressive fall in the wind- 
force now permits the  humidity to  reach i t s  maximum. It is interesting to compare 
these results with observations taken on board the  " Valdivia " (vide Schott, 1902) 
during her passage across the  Bay of Bengal and Laccadive Sea in the month of 
February. 

-- -- -. - - - - - - - - - - - - -  - -- - - -- 
I 

Table 16 ; showi~lg the average air-temperature, wind-force and relative humidity during 8 days 
in the Bay of Bengal ancl Laccadive Sea in February (from the " Valdivia" observations). 

Here we find t h a t  the relative humidity of the atmosphere exhibits a single 
oscillation only, having its maximum a t  6 a.m., corresponding exactly to  the period of 
lowest temperature, and i ts  minimum a t  2 p.m., shortly after the epoch of maximum 
temperature, which appears t o  have occurred somewhere about I p.m. The wind- 
force shows a clear double oscillation during the day with maxima a t  4 a.m. and 
6 p.m., i .e .  two hours later than in the "Investigator" record. Here again we can 
detect a slight antagoilism between wind-force and air-temperature. The wind- 
force is high a t  6 p.m. and the air-temperature is steadily falling ; but a t  10 p.m. the 
wind-force is a t  i t s  lowest and i t  remains low till after 12 p.m. Between 12 inidnight 
and 2 a.m. there is a very slight rise in the  air-temperature, which is, however, followed 
by a further fall a t  4 a.m., when the wind-force has again risen : but this rise in the 
air-temperature a t  2 a.m. is too slight, amounting t o  only o.og°C, to produce any 
effect on the relative humidity. 

Since this secondary fall of the humidity, that ,  as we have see11 from the 
"Investigator " records, occurs in the  early llours of t,he morning, is but slight in 
extent in coinparison with the main fall a t  mid-day and, further, only lasts for a short 
period of time, observations taken only a t  four-hourly intervals inay entirely fail to 
demonstrate i ts  presence. I n  the following Table 17 I have given the average of all 
observations taken while the " Investigator " was a t  sea;bin most months the double 
oscillation is quite clearly indicated, and i t  is also clearly seen in the average of the 
whole series. One is, I think, justified in concluding tha t  this double oscillation Is 

Time of day. 

Humidity . . 
Air Temperature 

"C. 

P.~I. 
--A___- 7 

6 1  8 1 1 0 1 1 2  
I 

1 ;  

W i n d  f o r c e  
3'13 

Scale). 

A.M.  
Y---~--- 

2 

- - - -. - - 
82.1 

126.41 

3'25 

--I- 
82.9 

26.35 

2-50 

I 
3'13 2.88 

83.3 1 78.8 

26.21 1 26.69 
74.5 

27-39 27.72 277.61 27.49 26.96 
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the normal condition and that ,  in addition t o  the primary fall it] the humidity oE the 
atmosphere that  occurs a t  mid-day, a secondary and smaller fall occurs in the early 
hours of morning. 
_ ____-__ - -  . .... _ _ -  .- - -. - -- 

I 

Month and year. 

October, 1923 . . 
November, I923 . . 
December, I923 . .. 
January, 1924 . . 
March, I924 . . 
April, I924 . . 
April, 1925 . . 
Average . . 

No. of 
days. 

'I'able 17; showing the average relative Ilumidity of the  atnlosphere a t  intervals during the  day 
in different months over t h e  open sea. 

I t  will be noticed that  the humidity in this series of observations, presents a 
first Maxinlt~m a t  6 a.m. I n  the first two months there is between 6 a.m. and 8 p.m. 
a single fall and rise, which corresponds t o  the similar fall and rise noted over the 
Open sea. In each mollth the humidity falls steadily from afirst maximum. a t  6 a .m.  
to a first minimum, which is reached a t  different times in different months: thus in 
October i t  is late, occurring a t  2 p.m., in the following two months i t  is reached a t  
Progressively earlier times ill the day, occurring a t  10 a.m. in December in which 
month there is clear evidence of a triple oscillation, a 2nd tnaxi~nuln occurring at  
12 no011 and being succeeded by a 2nd minimum a t  4 p.m. after which the humidity 
again rises. I have unfortunately, no data for January and February, but in March 
and April we still filld evidence of a triple oscillation though the epoch of first 
minimum and second nlaximu~n occur a t  progressively later times in tlie day. As . 

In the following Table 18 I have given the  average degree of hunlidity of the 
atmosphere a t  different times of the day in each month, during which observations 
were taken, while on the survey ground in or near oceanic islands in mid-ocean, 
such as the Nicobars. 

-- 

A.M. P.31. 
Time of day. ----A_-- 

----- 7 

October . . 79.86 79-79 
November . . 77-93 76.08 
Dece~nber . . 

Table 18; showing the average humidity of the  atmosphere a t  difierent times of the  day in 
different months round oceanic islands. 

'I 
1 -  

I 
79.14 76-21 76.00 1 76.89 78.68 ) 78.04 

1 82.54 
\larch . . 1 88.00 
April 83-15 
-% ( ( 1  

74.21 71.98 
79'1.7 80.49 
80.43 79.24 
79.63 ; 79-22 

I 

80.48 
83.57 
80 62 

73.10 74.19 1 75.17 1 76.12 
79'95 7R.78 1 81.99 
80.37 , 80.15 82.19 
77.68 78.27 78.13 

81-66 
85.12 
80-44 
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lnost of my observatioils were taken around oceanic islands in the Laccadive Sea, 
one would expect t h a t  the midday epoch of minimum humidity would show a 
correlation with the  time of epoch of maximum temperature and a reference to the 
da ta  for the  Arabian Sea given in the Table on page 74 shows that  this is un- 
doubtedly the  case. The occurrence of a triple oscillation in December and again in 
March and April, is of interest, and is probably due to  the interaction of the air 
temperature and the  wind force. 

A very good example of the great effect tha t  wind may produce in the degree of 

llumidity of the atmosphere is seen in the " Investigator " record of April 14th) 1924. 
The " Investigator" was then in the  neighbourhood of the Maldives and some 
400 miles west of Colombo. Throughout the day until I p.m. there was a flat calm 
and ' the humidity was high, falling slowing from 82.9 a t  6 a.m. to  75.6 a t  noon. 
After I p.m. a breeze of force I (Beaufort scale) sprang up and blew from N.W. t o  

W.S.W. till 6 p.m. At 2 o'clock the humidity llad fallen to  67.8 and a t  6 p.m. to 662. 
The breeze then died away and the hulnidity rose to  73.2 a t  8 p.m. But the main 

factor coilcerned in the daily variation of hunlidity is undoubtedly the air-tempera- 
ture. As we have already seen (vide supra, p. 7 2 )  there seems to  be clear evidence that  
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the epoch of maximum air-temperature occurs a t  different times of the  day in different 
months; and we should also expect t o  find that ,  in conformity with this variation, 
the epoch of minimum humidity also exhibits a corresponding alteration in the time 
of its occurrence. I n  the above Text-fig. 15 I have plotted the average times 
of occurrence in each month of the epochs of maximum temperature and minimum 
humidity and i t  is clear tha t  there is a general agreement between the two. I n  

both cases the epoch is late in October ; in January, on the contrary, i t  is early ; and 
from then on the epoch becomes progressively later. 

Blanford (1879) has called attention t o  the fact tha t  in Calcutta the frequency 
with which rain falls exhibits a regular oscillation during the  twenty-four hours of the 
day. Taking the average of the whole year, he finds tha t  " the  hour a t  which rain is 
least frequent is shortly before midnight, and tha t  a t  which i t  is most so, from 
2 to 3 p.m.. . . . . . For about three hours after midnight the frequency of rainfall 
increases rapidly, bu t  after 3 a.m. inore slowly, till about sunrise ; after which there 
is a slight falling off t o  a secondary minimum a t  9 a.m.. . . . . . After g a.m. t,he 
frequency increases rapidly t o  the absolute maximum between 2 and 3 p.m. From 
this maximum it  declines, without interruption, to  the minimum before midnight." 
The oscillation, therefore, of the rainfall has a distinct tendency towards the double 
type such as exists in the rise and fall of barometric pressure and which also seems 
to be present in the wind-force. I n  a later paper Blanford (1886) embodied his 
original series of observations and included others in which he investigated not merely 
the frequency of rainfall but  also the actual amount precipitated in different hours of 
the day. In both papers he shows that  the oscillation observed differs a t  different 
seasons of the year : during the rainy season the  oscillation follows tha t  found in the 
whole-year's average, but  during the periods of the cold season (October to  February) 
and the hot season (March-May) conditions are somewhat different. I n  the cold season 
"the absolute minimum of frequency falls about noon ; from which time i t  rises to  a 
maximum between 6 and 9 p.m., and then falls t o  a secondary minimum between 
midtlight and 2 a.m. From 2 to  6 a.m. rain is slightly more frequent ; and after tha t  
hour it declines gradually to  the minimum a t  noon. . . . . . I n  the hot season lAere is but  
One well-defined maxi~nuln and one less determinate minimum, the former very 
decidedly between 6 and about 8 p.m., the latter somewhat indefinitely between 
Sunrise and 11 a.m." 

Unfortunately I have no observations on the rainfall a t  sea, b u t  i t  is clear that, 
lf a similar periodicity is of universal occurrence, i t  will have a profound effect 

the average curves of both air- and sea-temperature and on the salinity 
the surface water and will produce corresponding oscillations in the diurnal 

changes. 

Hill (1881, p. 345) has pointed out tha t  the records available a t  Allahabad exhibit 
a very similar diurnal oscillatiol~ to  that  found a t  Calcutta, and a t  Lucknow the rain- 
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fall shows two maxima a t  about 10 a.m. and 10-30 p.m. respectively. Buchan 
(1889, p. 30) has shown from the " Challenger " observations that the variation in the 
frequency of occurrence of rainfall differs according as the ship was near land or well 
out in the open sea. On the open ocean there is only one maximum a t  2 a.m. and 
one minimum a t  _C p.111.; while near land, however, the diurnal oscillation exhibits a 
double rise and fall, " the results showing two maxima and two minima, the secondary 
maxinium occurring from 10 a.m. to 2 p.m., the two maximum periods being the 
times of lnaximutn and miniinuln temperature, and the two minima the early morning 
and early evening respectively." In the vicinity of land, however, conditions 
appear to be somewhat different. A study of Buchan's own data reveals a 

'~'ExT-I:IG. IG.-Showing tlie oscillations in  t h e  frequency of occurrence of rainfall a t  different times of 
t h e  day, based on the  "Challenger" ohservatiotls t aken  when near land. 

tendency towards a triple oscillation, as a glance a t  the accompanying Text-fig. 16 
shows ; and the time of these maxima of rainfall appears to bear a certain degree of 
relationship to the rise and fall of vapour-pressure in the atmosphere (vide supra. p. 91) ; 
in the early morning, the maximum vapour-pressure is a t  2 a.m. and the maximum 
rainfall a t  4 a.m. ; a t  10 a.m. both maxirna coincide, while in the evening the 
lnaximum vapour-pressure is a t  4 p.m. and the rise of rainfall occurs at  8 p.m. 

The double diurnal variation in the humidity of the atmosphere, and still more 
the similar variation a t  certain seasons of the year in the amount of rainfall at 
different times of the day will have a very important effect on the saliuity of the 
surface water of the ocean, for a t  the time of day when humidity is highest the 
amount of evaporation will tend to be diminished. The increased force of the wind, 
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which occurs a t  the same time as and is to  a large extent the cause of low humidity, 
will further tend to  increase the rate of evaporatioil and so to raise the surface salin- 
ity, whereas an increased humidity and a fall of wind together with, a t  certain 
seasons of the year, actual rainfall, will cause a lowering of the surface salinity. We 
should thus a +riori expect to be able in a series of observations to  find that the 
surface salinity exhibits a diurnal oscillation. That we do find clear evidelice of a 

double diurnal oscillation in the surface salinity, I shall demonstrate in a subsequent 
paper, and I shall then take the opportunity of discussing its causation in detail. 

I. Blanford, H. F., 1876 . . 

2. Blanford, H. F., 1879 . . 

3. Blanford, H. F., 1886 . . 

4. Ruchan, A. 1889 . . 

5 .  Campos, Capt. V., 1924 

6. Campos, Capt. V., 1924 

7. Chambers, F., 1874 . . 

8. Chambers, I?., 1876 . . 

9. Chambers, F., 1880 . . 

10. Dallas, W. L., 1886 . . 
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Results of observations on the temperature of the air and of the 
surface-water in Indian Seas. 
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Victoria Point, Burma. Port Blair, Andamaus. Nallkauri Harbour, Nicobars. 
r h -. .-- A . / 
Direction Maxim- Minimuln 

-. 
Direction Maxim- Direction Maxim- 

of um of um of um Minimum 
Wind. Temp. Temp. T ~ ~ ~ ,  Weather. Temp' Wind. Temp. -- Wind. Temp. 

1921. --.-- - 
"C "C "C "C 

-- -- -- - -- -- - 
I . . 29'33 24-67 . . 30'44 24'22 N.W. . . . . 

N:' 

. . . . 
2 N.E. 26.44 23-94 E.S.E. 30'33 26-22 to 

3 N.E. 26-61 23.89 . . 31.22 24.78 E. . . . . Heavy raiu. 
4 S.E. 27.72 23-56 N.N.E. 30.11 24-69 E. . . . . Heavy rain. 
5 . . 23-50 E.S E. 29.89 26.33 S.E. . . . . Heavy rain. 
6 E.N:E. 31.94 23.89 . . . . . . S.E. . . . . Occasional 

storms. 
7 N.E. 30.83 25.00 S.S.W. 27.78 23.56 W. . . . . Fine. 
8 N.E. 31.94 24.22 S.S.W. 28-56 24-00 W. . . . . Occasional 

storms. 
9 . . 31.11 23'44 N.W. 28.67 25.11 Calm . . . . Cloudy. 

10 N.E. 25.67 23.33 N.N.W. 29'44 23'44 Calm 32.56 24'05 Fine. 
11 E.N.E. 29.33 22.50 N.N.E. 29.78 25'44 Calm 29.06 23'33 Fine. 
12 N.N.E. 29.56 22-78 N.N.W. 30.00 23'56 

I 7  . . . . . . . . . . . . Calm . . . . Fine. 
18 . . . , . . . . . . . . Calm 29.22 24.61 Fine. 

I 9  . . . , . . . . . . . . N.E. . . 24.50 Light airs, 
Fine. 

20 . . . . . . . . . . 28.06 25.39 Cloudy. 
E.N.E. 

21 N.E. 30.22 22'50 N.N.W. 29.78 21.89 E .  28.33 25-39 Fine, 
Rain later. 

N.E. 30.83 

E.S.E. 31-66 
. . 31.66 

N.E. 30'28 . . 31-05 

30'83 E.N.E. 30.28 
E.N.E. 31.00 
E.N.E. 30.95 

E.N.E. 

E.N.E. 
E.N.E. 
N.N.E. 
N.N.E. 

E.N.E. 
N.N.E. 
N.N.E. 
E.N.E 

S.E. 

N. to N.E. 
N.E. to E .  
N.E. to E. 

N.E. 

N.E. 
N.E. 
N.E. 
N.E. 

Fine, 
slight rain. 

Fine. 
Fine. 
Fine. 
Light 

showers. 

30.08 23'47 . . 29.90 24'94 . . 29'00 25'41 
/ - - , . v 

Average 
V 

daily range I 6.61" 4'96O 3'59O 
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6-30 A.M.  8 A . ~ I .  10 A . M .  12 Noon. 3 P.M. 6 P.M. 8 P.M. 
November, - 

1921. 
------ 

Sea. Air. Sea. Air. Sea. Air. Sea. Air. Sea. Air. Sea. Air. Sea. Air. 
-- - - - - -- - --- - - .- - - - - -- 

Taken at  5 o A.M. t Taken at 7-0 A.M. $ Taken at 9-0 ~ . n f .  5 Taken a1 q-o P.M. 
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Victoria Point, Burma. Port Blair, Andalnans. Nankauri Harbour, Nicobars. -- - #. 
4 

Direction Maxim- Minimum Direction Maxim- ~ i ~ i ~ ~ ~  ~n 
of um of of u ln Temp. Temp. Weather. 

Wind. Temp. Temp. 
-- - --- Wind. Temp. Wind. Temp. December, 

1921. 

Calm 

S.E. 

N.E. 

22'44 E.S.E. 

Heavy 
storms. 

Fine. 
Fine. 
Fine. 
Fine. 
Fine, 

Cloudy. 
Fine. 
Fine. 
Fine. 
Stormy, 

rain. 
Stormy, 

rain. 
Fine. 
Fine. 

, . 
Stormy. 

23-61 N.N.E. 

23-61 N.N.E. 
22.78 N.N.E. 
22-22 N.N.E. 

N.E. 
N. 
. . 

N.E. 

E. 
Calm 
Calm 
Calm 

23.05 E.S.E. 
23.00 E.S.E. 
22.89 E.N.E. 
24-17 N.N.E. 

Calm 23.05 N.N.E. 

N.E. 
E.N.E. 

N.E. 
Y.E. 

23-22 N.N.E. 
24.44 N N.W. 
23-22 N.N.E. 
23.33 N.N.E. 

32.16 23-09 . . 29.85 24'89 28-28 25'73 
month for l  . . .-- 

v - - 
Average 9.o7OC 4*9h°C 

daily range, 
2?is0C 
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December, 
1921. 

Average 

Difference 

6 A.M. 8 A.M.  I0 A.M. 12 Noon. 3 P . M .  6 P.M.  8 P.M. ------- 
Sea. Air. Sea. Air. Sea. Air. Sea. Air. Sea. Air. Sea. Air. Sea. Air. 
--- -- 

the latter part of the month rain storms occurred on three days, usuolly in the afternoon or early evening. The effect 
of these 1s shown in the low average temperature and increased difference between sea- and air-temperatures at 6 P.M. 
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January,  
1922. 

Victoria Point, Burma. Port Blair, Andamans. Nankauri Harbour, Nicobars. 
c - r  A . ,- 

/ \  

Direction Maxi- Direction Maxi- Minimum Minimum of Direction Maxi- Minimum 
of nium mum of mum Temp. Temp. Weather. Wind. Temp. Wind. Temp. 

-- -- - - - 
Wind. Temp. -- 

N.E. 
Calm 
Calm 

Calm 
N. 

Calm 
Calm 
Calm 
Calm 

E.N.E. . . 
N.E. 
Calm 
Calm 

E. 
E. 

N.E. 
Calm 

. . 
Calm 
Calm 
Calm 
N.E. 

-- 

Calm 
N.N.E. 
N.N.E. 

N.N.E. 
E.S.E. 
N.N.E. 
N.N.E. 
N.N.E. 
N.N.E. 

. . 
N.N.W. 
N.N.E. 
N.N.E. 
N.N.E. 
N.N.E. 
N.N.UT. 
N.N.E. 
N.N.E. 

. . 
N.N.E. 
E.S.E. 
N.N.E. 
N.N.W. 

"C 
-- 

25.61 

25'72 
24.00 Rain 

storms. 
23.78 Storms. 
23'44 Storms. 
23'33 

24.;6 
. . 

25'95 
25.28 

25'72 
25.61 

25'67 
24'56 
25.28 
25.11 

. . Rain 
storms. 

. . Rain. 
24.22 
25.22 

24'39 
26.39 

Average for \ 
31.28 23.30 29.24 23-52 27-80 24'89 month. j - - . -- -- 

Average 1 
7'98 5'72 

2.91 
daily range I 
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6 A.M. 8 A.M. 10 A.M. 12 Noon. 3 ~'.ar. 6 P.N. 8 r.nr. 
January, 

1922. --,----\- 

Sea. Air. Sea. .4ir. Sea. Air. Sea. Air. Sea. Air. Sea. Air. Sea. Air. 

Average 27.17 25.54 27.35 26-45 27.43 27.29 27.55 27.16 27.50 27.46 27.52 26.36 27.31 26.53 

Differe~~ce 
------- 

1'63 0.90 0.14 0'39 0.13 1.16 * 0.78 

* Here again the increased difference is attributable to  rain stor~ns in the late afternoon, as in the previous month. 
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February, 
1922. 

Victoria Point, Burma. Port Blair, Andamans. Nankauri Harbour. Nicobars. 
- 

/ , h . / A 

Direction Maxi- Minimuln Direction Maxi- Direction Maxi- Minimum 
of mum of mum mum Weather. Minimum of 

Wind. Temp. Temp' Wind. Temp. Tempm Wind. Temp. Temp. - 

N.E. 31.22 23.89 N.N.E. 29.j6 23'11 N.E. 28.89 25.56 Rain 
storms. 

Calm 31.89 23.89 N.N.E. 29.00 23.78 N.E. 28-89 25.56 Rain at 
night, 

N.E. 31-78 23.05 E.N.E. 29.33 23.00 N.E. . . 24.22 Rain at 
night. 

N. 29.89 22.72 N.N.E. 29.78 24.22 N.E. 27.61 24.72 . . 
E.  30.28 22.83 N.N.E. 29.67 25.22 N.E. 27.72 23'33 Rain. 

Calm 32.78 25.00 N.N.E. 30.22 22.89 N.E. 27-22 23.78 Rain. 
N.E. to 27'33 23.22 Rain. 

Calm 33.22 14-17 E.N.E. 28.00 23-00 {ES.E. 

E.N.E. 39-78 23.33 N.A.E. 28.56 23.44 (2%. 28-06 . . Rain 

E.N.E. 
N.E. 

N.E. 

N.E. 
N.E. 
Calm 
N.E. 
N.E. 
Calm 

E.N.E. 

N.E. 

N.E. 

N.E. 
N.E. 
Calm 

N.N.E. 
N.N.E. 

N.N.E. 

N.N.W. 
N.N.W. 
N.N.W. 
N.N.W. 

N.W. 
N.W. 

N.W. 

N.N.W. 

N.E. 

N.W. 
N.W. 

N.N.W. 

- 

S.E. 
S.E. 

{;:.: 
N.E. 
N.E. 
N.E. 
N.E. 
N.E. 
N.E. 

N.E. 

{%E~.tO 
N.E. 
N.E. 
N.W. 

. . 

. . 

. . 
Storms. 

. . 

. . 

. . 

. . 

. . 

. . 

. . 

. . 

. . 

. , 

AVTT~;~~; f or 1 31-66 23.89 29'75 23.11 28-34 24.70 

-7 4 - - 
Average I 

. v 

daily range 7 '77 
6.64 3'64 



MARITIME METEOROLOGY IN INDIAN SEAS 

February, 
1922. 

6 A.M. 8 A.M. 10 A.M. 12 Noon. 3 r.ar. 6 P.M. 8 P.M. ------- 
Sea. Air. Sea. Air. Sea. Air. Sea. Air. Sea. Air. Sea. Air. Sea. Air. - ___ - - - -__ - - - - __ - - - - 

Difference 
------- 

2.10 1.19 0.33 0.28 0-19 0.88 1.48 
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Victoria Point, Burma. Port Blair, Andamaus. Expedition Harbour, Nicobars. 

D=&i- ~ i z c t i o n  Maxi- Millimam ~ L e c t i o n  Maxi- Minimum . 
of mum Temp. of mum Te~np.  of mum '\larch, \lTind. Temp. Temp. Weather. Wind. Temp. 

1922. --- Wind. Temp. - -- 
"C "C "C "C "C "C 

2 Calm 31.61 21.61 N.N.LV. 30.78 24.11 CN2' to ' 25'56 

3 calm 30.83 25-50 N.N.W. 31-33 23.00 it;:,". .. 25'56 

4 Calm 30.44 23.33 N.N.W. 31.33 21.33 . . . . 
5 Calm 30.00 23.33 N.N.W. 30.11 21.11 . . 25'95 . . 
6 . . . . . . . . . . . . 25.33 . . . . 25'11 

Average 30'72 23'33 30.89 22.39 29'92* 25.50 

Average 
daily range 

This figure is taken from the highest average of the daily series of observations. 

Victoria Point, Burma. Port Blair, Anda~nans. Nankauri Harbour, Nicobars. 

October, 
1922. 

F h . fl h . - A . 
Direction Maxim- Direction Maxim- Direction Maxim- 

of um of um Temp. um 
Wind. Temp. Temp' Wind. Temp. Temp. 

P - 
Wind. Temp. --- -- 

S.E. 29.67 
. . . . 

Calm 29.39 
N.E. 29.72 
N.E. 26.66 . . 
Calm 31'.66 
N.E. 30-83 
N.E. 32.50 

N.E. 31-56 

N.E. 26-33 
Calm 31'95 

Calm 
. . 

Calm 
N.N.E. 
N.N.E. 

. . 
E. 
E. 

N.N.E. 

N.N.E. 

E.S.E. 
N.N.E. 

Occasional 
rain. 

. . . . . . 
Slight rai~~. 

Slight rain. 1 Ocrysional 

Average 30'23 24'55 30.24 25.29 25.23 28.14* . , -- - / - 
Average 5.68 4'95 2.91 

daily range 

These figures are taken from the two-hourly readings*and, therefore, the minimum temperature is probabb too high. 
the difference would also be somewhat greater. 



MARITIME METEOROLOGY I N  I N D I A N  SEAS.  

6 A.M. 8 A.M. 10 A.M. 12 Noon. 3 p.31. 6 r.11. 8 P.M. 
March, - - - - - - - 1922. 

Sea. Air. Sea. Air. Sea. Air. Sea. Air. Sea. Air. Sea. Air. Sea. Air. 
--- - - -- - - - - - - - -- - 

Average 28.28 25.63 28.56 27.13 28-15 28.14 28.80 29.69 29.15 29-92 28.70 29.83 28.70 27.48 

Difference - - - - - 
2.65 1'43 0.01 -0.89 -0'77 -1.13 1.22 

October, 
1922. 

Average 

6 p.31. 8 ~ . a r .  10 A.M. 12 Noon. 2 P.BI. 4 P.M. 6 P.M. 8 P.M. -------- 
Sea. Air. Sea. Air. Sea. Air. Sea. Air. Sea. Air. Sea. Air. Sea. Air. Sea. -4ir. 
- - - - - -  - - - - - - -. - - 
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Victoria Point, Burma. Port Blair, Andamans. Nankauri Harbour, Nicobars. 
1- .- A . r A 

Direction Maxi- Direction Maxi- Minimum . 
Minimum of Direction Maxi- of mum mum of mum Minimum 

November, w i n d .  Temp. Wind. Temp. Temp' Wind. Temp. Temp. 
1922. - -- T e r n ~ .  - ---- Weather. 

"C "C "C "C "C "C 
- - --- - -- - 

I Calm 
2 Calm 
3 N.E. 
4 E. 
5 N.E. 
6 N.E. 
7 Calm 
8 Calm 
9 Calm 

Calm 
Calm 
. . 
E. 

Calm 
N. 

E.S.E. 
N.E. 

E.N.E. 
N.N.E. 

. . 
Calm 

E. 
N.N.E. 

N.N:E. 

E. 
S.S.E. 
N.N.E. 
N.N.W. 
N.N.E. 
S.S.E. 
E.N.E. 
N.N.W. 

W. 

N.W. 
. . 

W.N.W. 
S.S.W. 
S.S.E. 
Calm 

E.N.E. 
E.N.E. 
E.N.E. 

Rain. 

Rain. 

. . . . Rain. 

. . . . . . 

Average 
28.11 23.22 29.39 24-36 27'96* 25-15 

daily range. - V , V / , - - '  

Difference. 4-89 5'03 2.8 I 

* These figures are taken from the two-hourly readings. 
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Average. 

Difference. 

6 A.M. 

w 
Sea. Air. 
-- 

27-33 25-06 
27'50 25-61 
27'50 24.50 
27.50 25.06 
27.17 25.06 
27'00 23'95 
27'17 25.61 
27'33 25'56 
27'33 24.50 

27'33 25'56 
27'22 23'95 
26.94 23'95 
27.22 25.06 
27'33 25'33 
27.17 25.56 
27.50 25.61 
27'33 25.83 
27-22 25.61 
27'50 25-06 
27'33 25'33 
27'50 25.06 
27'50 25'72 
27'22 25.06 
27'50 25'33 
27.67 25.72 

8 A.M. 

w 
Sea. Air. 
- .  - 

27'72 26-17 
27-78 27.78 
28.06 25.61 
27.67 25-56 . . . . 
27'33 25.06 
27.72 27'83 
27.89 27.83 
27.56 24.50 

27'33 26.72 
. . . . 

27.22 25.06 
27.50 26.44 
27'33 26.72 
27'50 25.89 
27.89 27.72 
27'67 26.72 
27.72 26.72 
27'78 25.61 
27'72 26.72 
27.67 26.72 
27'33 26.17 
27.56 26.44 
27'72 26.72 
27'72 26.72 

I0  A.M. - 
Sea. Air. 
-- 

27'89 27'83 
. . . . 

27'50 26.17 
27.67 25.06 
27.22 25.06 
27.78 28.11 
27.89 27'56 
27-33 25.61 
. . . . 

27.83 28.94 
27.33 24-22 
27.22 25.89 
27.72 27'83 
27'50 26 72 
27'72 30'00 
27'67 27'83 
27.78 27.28 
28.00 29'50 
27.78 26.72 
28.06 25.06 
27.89 27'56 
27.67 27.00 
27'67 26.72 
27'78 27.28 
27'72 27'28 

12 Noon. - 
Sea. Air. 
-- 

27.89 27.83 
28.06 28.68 
. . . . 
. . . . 
. . . . 

28-00 28.94 
28.83 28.11 
27.78 28.11 
. . . . 

29.22 30.06 
27'33 24-50 . . . . 
27'78 28.11 
27.50 27.28 
28.28 30.33 
27.78 28.94 
28.06 27'72 
28.00 28.39 
27'72 26.17 
27.67 26.44 
27.78 27.56 . . . . 
. . . . 

27.89 27'83 
27.72 27.78 

2 P.M.  - 
Sea. Air. 
.-- 

28.33 27.72 
28.22 28.67 
27'78 26.17 
27'56 25.56 
27.22 24.78 
28.06 29.44 
28.11 28.67 
28.11 25'72 
. . . . 

27'83 25'39 
27'44 24'78 
27'50 26.72 
27.67 27.00 
27'72 27'83 
28.33 30.56 
28'44 28.94 
28.33 27.56 
28.33 28.94 
27'72 26.72 
27'67 26.44 
27.89 27'83 
27'67 26.67 
27'72 27.00 
28.00 28.39 
27'78 27'83 

4 P.M. - 
Sea. Air. 

28.22 27.28 
28.06 26.72 
27.72 25.61 
27'50 25'39 
27'50 24'50 
27'89 26.83 
28.44 27'56 
28.06 26.17 
. . . . 

27'56 23'95 
27'33 24'50 
27.50 27.00 
27.72 27'78 
27'89 27.56 
28.06 29.61 
28.22 29.50 
27.89 26.72 
28.06 27'56 
27'72 26.17 
27'22 25.89 

. . . . 
27'67 25.89 
27.72 26.44 
27'78 27.28 
27'67 27.28 

6 P.M. - 
Sea. Air. 

28.06 26-61 
27'89 26.61 
27.17 24.78 
27'50 25.06 
27'33 23'95 
28.28 25.61 
27.89 26.61 
27'72 25.56 . . . . 
27.22 25.06 
27'33 25'33 
27'33 25.61 
27'50 26.72 
27.72 27.00 
27.50 27.83 
27'67 27'83 
. . . . 
. . . . 

27'50 25.61 
. . . . 

27'50 26.72 
27.72 25.89 
27'50 26.0j 
27.22 26.67 
. . . . 

8 P.M. - 
Sea. Air. 
-- - 
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Victoria Point, Burma. Port Blair, Andamans. Nankauri Harbour. Nicobars. 
A . fl 0 - / h . 

Direction Maxi- Minimum Direction Maxi- Minimum Direction Maxi- Minimum 
of mum of mum of mum 

Temp. Weather. Wind. Temp. Temp' Wind. Temp. 
1922. 

Temp' Wind. Temp. - --- 
"C "C "C "C "C "C 

.- -- - 

I N.E. 
2 Calm 
3 S.E. 
4 N.N.E. 

2 . . 
. . 

7 N.N.E. 
8 E. 

14 . . 
I5 Cal rn 

N.N.E. 29.22 
N.N.E. 29'44 
N.N.E. 29-67 

E. 29.67 
. . . . 
E. 30'22 

E.S.E. 27.89 
S.S.E. 27'33 

. . 
N.N.E. 29.44 

. . 
25-56 
25'33 
25'56 
25.50 Rain. 
23'95 

16 Calm ~ 8 x 8  23.56 N.N.E. 29.11 23.67 27-70 25.56 
I7  Calm 26.67 23'33 N.N.E. 29-11 23'11 27.78 25.61 Rain. 
18 . . 26.44 24'50 
19 N.E. 31-61 2;.s9 N.N.E. 28.;6 ~ 3 . 8 ~  27.83 24'78 
20 Calm 28.44 23.33 N.N.E. 28.22 22.89 27.89 24-50 
2 I . . . . . . . . . . 27-76 25.33 Fine rain. 
22 Calm 29.22 22.67 N.N.E. 28.33 2 3 i 9  28.11 25.06 

Average 29'01 23'42 26-94 24'34 27'45 25.15 
-,- 

. -- - 
Avernqe 

5'59 4.60 2'30 dnilv range. 
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6 A.M. 8 A.M. 10 A.M. 12 Noon. 
December, - 

1922. --- 
Sea. Air. Sea. Air. Sea. Air. Sea. Air. 

I 27.22 25.56 27.50 25.72 27.50 27.56 27.67 27.83 
2 27-50 25.33 27.22 25.61 27.50 26.72 27.67 27'28 
3 27'17 25'33 27'22 26.44 27.33 27.28 . .  . . 
4 27-17 25.56 27.22 26-44 27.50 27.56 27.67 27.17 
5 27.17 25.50 27'22 25-89 27.17 26'61 . . 
6 26.67 23.95 26.78 24.78 26.94 26.17 25.61 
7 . . 26.67 26.44 27.11 27.28 26.94 27.28 
8 26.67 2;.'61 26.72 26.72 . . . . . . . . 

14 27-50 25.61 27'50 25.89 27.50 27.00 . . . . 
15 27'17 25.06 27'22 23.67 27.67 26.72 28.06 26.67 

16 27.50 25.56 27.00 26.05 27-67 27.78 27.89 26.83 
17 27'50 25.61 27'67 26.61 . . . . 27.78 26.44 
18 27.22 25'33 27.50 26.44 27.50 26.44 27.50 27.83 
19 26.61 24.78 26.61 25-56 27.50 27-00 27.50 27.00 
20 27'22 24'50 27.33 25.61 27.50 26'72 27.89 27'72 
21 27'22 25.33 27.33 25.33 27.50 26.44 27.72 27.28 
22 27'50 25-06 27-67 27.28 27.67 27-83 27.83 28.11 

2 P.M. - 
Sea. Air. 
- -- 

4 P.M. - 
Sea. Air. Sea. Air. Sea. Air. 



R. B. S. SEWELL. 

Victoria Point, Burma. Port Blair, Andamans. Nankauri Harbour. Nicobars. 
-- . . 

, -, -'- / A 

Direction Maxi- Direction Maxi- 
. 

Minimum Direction Maxi- Minillluln 
of mu111 of muln of m t ~ m  

Temp. Weather. Jalluary* Wind. Temp. 
1021. -- 

Temp' Wind. Temp. Wind. Temp. 

I 4  N.E. 30'50 22-22 E.N.E. 29.78 24.89 
I5 N.E. 30.00 21.94 N.N.E. 29.78 22.78 
I 6 N.E. 30.11 22.22 N.N.W. 29.11 21.89 
I7 Calm 32.22 23.44 N.N.W. 29.00 21.89 
18 . . . . . . . . . . . . 

Average 
daily range 

Difference 8.26 

January, 
1923. 

Average 

6 A.ar. - 
Sea. Air. 
- 

. . . . 
27.22 2j.61 
27.22 25.61 
27.22 25.83 
27.22 24.61 

8 A.M. - 
Sea. Air. 
-- - 

. . . . 
27.22 26.33 
27.11 26.28 
27.22 26.28 
27.17 25'22 

I0 A.M.  - 
Sea. Air. 
-- - 

. . . , 
2722 27'11 
27.33 27.28 
27'50 27'50 
27'33 26.22 

12 Noon. - 
Sea. Air. 
-- 

27'39 27'7' 
27'33 27.28 
27'39 27'39 
27'50 27'39 
27'39 26.44 

2 P.M. - 
Sea. Air. 
-- 
27.61 27.56 
27-33 27'28 
27'39 27'39 
27'50 27'39 
27'44 26.39 

4 P.M. 6 P.M. 8 P.M. --- 
Sea. Air. Sea. Air. Sea, Air. - - - -- 
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APPENDIX 11. 

Results of observations on the relative humidity of the atmosphere 
by means of wet- and dry-bulb thermometers. 
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Date. 

October, 1923. 
A.M. P.M. - - 1 
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Date. 

November, 1923. 

A.M. P.M. 
h 

/ h y r . 
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December, 1923. 

Date. 

Average 

A.M. P.M. 
/ A - r . 
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January, 1924. 

A.M. P.M. 
h . , ,\ . , 

Date. 2 4 6 8 10 12 2 4 6 8 10 12 

Average . . 80.24 . . 83-78 84.45 84.91 . . 85.41 . . 85.79 83-95 84.66 

February, 1924. 

Date. 



March, 1924. 

A.M. P.M. 
/ h . / h . 

Date. 2 4 6 8 10 12 2 4 6 8 10 12 

I 
2 

3 
4 
5 
6 
7 
8 
9 
I0 
I1 
I2 

I3 
I4 
I5 
16 
I7 
I 8 
'9 
20 
2 I 
2 2 

23 
24 
25 
26 

27 
28 
29 
30 
3 1 

Average 
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Date. 

April, 1924. 

A.M. P.M. 
h A , . fl 

I 
2 

3 
4 
5 
6 
7 
8 
9 
I0 
I I 
I2 

I3 
I4 
I5 
16 
I7 
16 
19 
20 
21 
22 

23 
24 
25 
26 

27 
28 

29 
30 

Average 
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March, 1925. 

Date. 

Average 

A.M. P.M. 
F h . , * . 
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April, 1925. 

A.M. P.M. 

Date. 2 4 6 8 10 12 2 4 6 8 10 12 

Average . 81-29 .. 80.48 .. 78.76 .. 77.02 .. 80.04 .. 81-36 
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Iv. THE TEMPERATURE AND SALINITY OF T H E  COASTAL WATER 
O F  T H E  ANDAMAN SEA. 

My investigations regarding the salinity of the  waters of 1ndia11 seas  may 

be said to have begun in 1913. Prior to  tha t  date but  little attention had 

been paid by the R.I.M.S. " Investigator" t o  this branch of oceanographic 
work, and Surgeon-Naturalists had devoted most of their time and attention t o  the 
study of the fauna of these waters ; but  of latter years more and Inore time has had 
to be devoted to  the work of the survey, to  which tha t  of the Surgeon-~atural is t  
must always take a secondary place, and in consequence opportunities for dredging, 
etc., became gradually more and more limited, and one, therefore, had time to  
devote to other branches of research. At the conlmencement of my work as Surgeon- 
Naturalist in 1910 the  R.I.M.S. " Investigator " was ellgaged in surveying the 

coasts of Burnla, and in the succeeding years the area under survey gradually 
shifted from the region of Y6 river and Hinze (Heanzay) Basin towards the 
south, until in 1913-14 we were working in the  vicinity of Victoria Point. I n  1914 

the whole work of the survey was interrupted by the outbreak of war and i t  
was not till 1921 tha t  I was again able t o  proceed with my investigations. 
From 1921 to  1925, in which year I relinquished the appointment of Surgeon- 
Naturalist, we were for the  greater part  of our time engaged in the survey of 
Nankauri Harbour in the central group of the  Nicobars. During the earlier seasons, 

froin 1910-11, I had carried out a certain number of observations on the density of 
the surface waters, hut  the apparatus tha t  I had a t  tha t  time a t  my disposal 
was neither sufficiently delicate nor up-to-date t o  admit of any very accurate 
work being done. The credit for the inception of the systematic examination 
of the density and salinity of the sea-water on board the "Investigator " 
belongs rightly to the late Dr. J .  Y. Buchanan, F.R.S. ,  who in I913 very 
killdly presented me with one of his hydrometers and a set of the necessary 
weights. Prior to  commencing work, during the recess season of 1913, this 
instrumelit was carefully tested and calibrated, and a set of "constauts " for 
different temperatures in distilled water was made. I n  carrying out this very 
necessary preliminary work I was fortunate enough to  have the advice and help of 
Dr. W. A .  K. Christie, of the Geological Survey of India, to  whom my thanks are 
due for his valuable assistance. At the close of the  survey-season in 1914, a s  this 

of work was entirely new to  me, I submitted the whole of nly results to  
L)r. Buchanan and he very kindly scrutinised my work and informed me tha t  
ln llis opiniotl the results could be trusted to  the fifth decimal place, taking the 
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density of distilled water a t  4°C. as  1.ooooo. The accuracy of the instrument, 
therefore, appears t o  be equal t o  tha t  of total immersion hydrolneters, such as 
those used b y  Nansei~ in his work on the density of the  waters of the Norwegian 
Sea, in which the  calculated error in the specific gravity (,) is 0.005. Care must, of 
course, be taken t o  ensure t h a t  the hydrometer is perfectly clean and free from 
grease, and this was done by careful cleaning in soap and water and ether. 
a rule, owing t o  pressure of work, only one determination was made, but 
occasionally two observations were taken consecutively on the same water-sample 

and the meall of the two readings was accepted. The samples of surface-water were 
taken by nieans of a canvas bucket, which was lowered over the side and, as 
far a s  was possible, was so lnanipulated tha t  the water was taken from the upper six 
inches; a t  the same time a reading of the  temperature of the water was taken 
by immersing a the r~no~ne te r  in the  water as  soon as the bucket was on deck. 
Care was, of course, taken to  see t h a t  the sample was obtained from well forward, so 
as  t o  avoid the possibility of any contalliination froin the discharge of pipes, etc. 
I n  order t o  avoid, a s  far as possible, any change of teiliperature in the sample 
during each experiment, all water-samples were stored in my laboratory on the 
R.1.M S. "Investigator" in spring-stoppered bottles for a t  least 24 hours prior to 
examination, so tha t  they might take up  the laboratory temperature. From the 
result obtai~led by the  hydroirieter I have calculated the density of the water at the 
mean temperature during i t s  examination as coinpared with that  of distilled water 
a t  4°C. and have taken the corresponding v,alues of the salinity and specific gravity, 
etc., from Knudsen's Tables. 

I n  1922, a t  tlie suggestion of Mr. D. J .  Mattliews, of the ~ydrographic 
Department, Admiralty, I commenced t o  use the  titration method, as recommended 
by the Conseil Permanent pour llExploration de la Mer. The titration apparatus 
and the  standard sea-water were supplied by tlie Laboratoire ~ydrographique 
of Copenhagen. Care was taken t o  ensure tha t  the temperature of all water 
samples and of the standard sea-water was the same-a difference of not more than 
O'IOC. being aimed a t .  To ensure this all water-samples and the standard water 
were stored in glass, spring-stoppered bottles, supplied by the 1,aboratoil.e Hydro- 
graphique. The time for which the samples were stored varied according to 
circulnstances from 24 hours to  one week, but,  as care was taken to see that 
rubber washers and springs were in good order, any change in the salillity of 
the sample due t o  evaporatioll must have been so slight as to be l"%ligible- 
Matthews (1926, p. 171) in a recent paper on the pliysical oceanograplly of the Indian 
Ocean, states tha t  as a result of certain experimellts carried out by him he has 
t o  the conclusion tha t  the cornposition of the sea-water of the Iildian region is 
neprly identical with tha t  of the water of the North Atlantic that derived 

from the exaniination of the  latter can be applied e q ~ ~ a l l g  well and with eql'al 
reliability t o  the water of the former area. I n  a comparison of the density of six 

samples determined by a pycnometer and tha t  calculated by ~ u a d s e n ' s  Tables from 
the " halogenv content, he found that  the difference was not greater than o'015 per 
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thousand, and from this he concludes that  "the water of the Indian Ocean is 
of the same conlposition as tha t  of the North Atlantic Ocean as far as the larger 

on which the salinity depends, are in question." Be this true or 
not, his experience based on samples collected along the main steamship routes or 
in the neighbourhood of the Seychelles and Mauritius, tha t  is t o  say, on what we 
may term ' oceanic water ' is very different froin mine in respect of water samples 
collected for the most part  in areas within a comparatively small distance frotn land, 
either continental, such as round India itsel£, or in the  vicinity of oceanic 
islands, such as the Nicobars. I n  order to  test the results obtained by the  two 
methods, 2.e. by the hydrometer and by titration, I carried out a number of 
observations on the same water-samples and the results obtained are given on p. 136 
in Table 19. I found tha t  in nearly every instance the ' Buchanan ' hydrometer 
gave a slightly higher value of the specific gravity (=,) of the sample than tha t  
obtained by calculation from the results of the titration method. I n  this respect 
111y results agree fairly well with those obtained by the International Central 
Laboratory in Christiania in certain samples of water from the depths of the 
Norwegian Sea that  were exaillined by them by both titration and by total iminer- 
sion hydrometers (vide Helland-Hansel1 and Nansen, 1909, p. 334 e l  seq.). I n  all I 
examined, in this series of observations, 34 samples by both methods ; of these 
samples, 24 are from Nailkauri Harbour in the Nicobar Islands and the remaining 
10 are from the ope11 waters between Nailkauri Harbour and Port  Blair in the 
Andamans. The average difference between the results obtained by the two 
methods throughout the whole series is 0.1355, the  hydroiileter reading being the 
higher of the two in 28 cases. 111 six saillples the titration method gave results 
higher than those given by the ' Buchanan ' liydroineter and i t  is illteresting t o  
note that all these samples were from the waters of Nackauri Harbour. 

In the case of the salnples froin Nailkauri Harbour, the difference between the 
results obtained by the two metliods ranges from +0.431 to-0.873, a range of 1.304, 
and the average variation is -0.135 ; whereas in the samples from the open sea 
the difference varies only from -0.349 t o  -0.037, :I range of 0.312, and the average 
variation is -0.146. The average variation in the two areas is, therefore, very 
silnilar and i t  would seem probable that  the greater range found in Nankauri 
Harbour is due to drainage from the land causing all alteration of tlie saline 
collstituents of the sea-water in the vicinity. 
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There can be little doubt that in these waters there is a greatly increased range 
in the divergence between the results obtained by the hydrometer and by the titration 
method, and it is of some interest to  attempt to discover to what this lnay be due. 
It is, I am convinced, due to  changes in the chemical compositiotl of the sea-water 
itself. 

At the present time the method of calculating the salinity of the sea-water from 
the " halogen " content of the sample is based on the assumption that the chemical 
composition of the water is invariably uniform. While this assumption may, 

within limits, be justifiable in the case of sanlples taken from the surface well out 
in the open ocean, it by no means follows that it is equally justifiable in the case of 
either samples taken a t  some depth below the surface or from the surface itself in 

-- ~ - - - -  - ---- -- - ~- . 
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in-shore waters. I t  must be borne in mind that  the chemical composition of the 

sea-water is liable t o  vary : Atkins and others have shown tha t  a t  certain seasons of 
the year the prolific growth and consequent metabolic activity of the  diatoms and 
other organisms of the micro-plankton cause an appreciable variation in the 
percentage quantitites of phosphates and silicates in the upper levels of the in-shore 
waters in the North Atlantic Ocean and i ts  offshoots, and there is no reason to  
doubt that similar periodic changes occur in the surface-waters of the  tropical belt. 
~t has also been shown tha t  in the case of samples taken a t  different depths in the  
Atlantic Ocean (vide Atkins and Harvey, 1925) there is a steady decrease in the 
percentage of phosphates and a corresponding increase in the silicates as  one pro- 
ceeds from the surface t o  a depth of 3,000 metres, and this also is t o  be attributed t o  
the activity of the diatom flora in the surface layer, since these minute plants are 
unable to thrive a t  depths greater than IOO fathoms and in consequence can affect 
only the more superficial layers ; and there is every reason for supposing tha t  a 
similar change in the chemical composition occurs also in the waters of the Indian 
Ocean as one proceeds from tlie surface downwards. I n  the case of in-shore 
waters and especially of ttiose in a land-locked area, such as Nankauri Harbour, the  
diatom flora is likely to  be extremely abundant. Sir John Murray (1898, pp. 136, 
137,) has pointed out tha t  i t  is in the in-shore waters that  diatoms attain their great- 
est concentratio11 in the tropics and I can corroborate this froin illy own experience 
on the coast of southern Burina and in the Mergui Archipelago, where in 
the majority of illsta~lces the plailkton obtaiiied is of the phyto-plankton type:  in 
such regions the chemical effect of diatom growth will be proportionately great 
and will result in an alteration of the amount of phosphates and silicates present. 
We have, however, a t  present no data regarding the seasonal changes in the  
plankton in Indian seas, and, in consequence, no attempt can be made t o  correlate 
these with the differences observed in the results obtained by ineans of the 
' Ruchanan ' hydrometer and by the titration method on the sanle water sample, 
to which I have referred above. Moreover, in an area of heavy rainfall, such as  is 
experienced in the Nicobars, there is certain to be a considerable amount of 
drainage froin the land. The Nicobars, or, a t  any rate, those islands tha t  surround 
Nallkauri Harbour are largely coinposed of magnesiuin clay (vide Tipper, 1911, alld 
Pa 4 szrpm) and in consequence drainage froin the land will certainly carry into 
the sea an appreciable quantity of lnagnesiuin salts that  are bound t o  affect 
the percentage of the chemical coinposition of tlie sea-water and will thus affect 
the relationship betweeil the halogen content and the specific gravity. 

A study of the results given in Table 19 and a coinparison of the various 
between the specific gravity (go) as given by the ' Buchanan ' hydro- 

meter and by the titration method reveals that  out of six cases in which the titra- 
tloll gives the higher reading five occllr on days when the  water-sample was taken 
hetweell the hours of 12 noon and 2 P.M. 

If llow we take the average difference, as recorded a t  different times of the day, 
We get the followiiig results :- 
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Tiine of day. 
Hetween 12 midnight and I A.M. 

,, 4 A.M.  5 A.M. 
,, 6 A.M. 7 A.M. 
,, 8 A.M. * P 9 A.M 
,, I 0  A.M. ,, I1 A.nl. 
,, 12 noon I P.M. 

1 8  I P.M. 2 P.M. 

,, 2 P.M. ,, 3 p.nr. 

,, 3 P.M. 9 4 P.M. 

,, 6 P.M. p 1  7 P.M.  

,, 8 P.M. 9 )  g P.M. 

,, 9 P.M. 9 7  I0 P .M.  

Titration result-Hydrometer result. 
- - A - -  - Actual average. Computed average. 

- 0'122 - 0.235 
- 0.165 - 0.286 
- 0.641 - 0'339 
- 0.133 - 0.296 
- 0.270* - 0'102 

- 0'132 - 0.093 
+ 0.095 + 0.010 

+ 0.136 + 0.013 
- 0.155 - 0.084 
- 0.237 - 0.166 
- 0.099 - 0.215 
- 0.406* - 0.235 

Table 20 ; giving the actual average and the computed average at different times of the day of the 
observed difference between the specific gravity (0,) as observed by the hydrometer and calculated from 
the halogen content. 

* In both these cases only a single observation was obtainable. 

These figures certainly suggest tha t  there is during the course of the day a 
distinct oscillation in the difference between the specific gravity as shown by the 
hydrotneter and tha t  calculated from the halogen content of the water sample. Since 
the  hydrometer result is a direct reading of the specific gravity, i t  follows that this 
oscillation must be due to  a variation in the  percentage quantity of the halogells in the 
sea-water, these salts possessing a different proportion to  the total salts a t  different 
times of the day ;  this may be brought about either by periodic variation in the amount 
of the halogens themselves or by a variation in the  amount of certain other salts. 
The salts which suggest themselves as being liable t o  exhibit variation are the 
phosphates, carbonates and silicates. At times of increased activity of the plankton 
these salts will be built up by anabolism into the  tissues of the smaller animals and 
plants and there will thus be caused a dimigution in the quantity contained in the sea- 
water, and hence the halogen percentage will ber aised. On the other hand, owing to 
increased metabolism and consequeilt increased excretion, such salts as the ammonia 
derivatives, nitrates, etc., will be increased and the  halogen percentage tend to be 
lowered. While these salts, namely the nitrates, ammonia, phosphates, silicates, etc., 
are ignored when calculating the salinity from the chlorine content they will neverthe- 
less exercise an  influence on the hydrometer and thus cause i t  to register a result 
differing from the  calculated specific gravity. These differences, as shown by the 
computed averages given above, show an oscillation in which the difference between the 
titration and hydrometer results (T.-H.) shows a maximum excess a t  2 p.m. and a 
maximum deficiency a t  6-7 a.m. : in other words, the actual percentage of the 
halogens in the sea-water is greatest a t  2 p.m and is least a t  6-7 a.m. Now, it is 
extremely interesting to  note tha t  these times correspond t o  the period of maximum 
sunlight and maximum temperature, and to  a period of comparative darkness and 
minimum temperature respectively, and i t  appears probable that  the change in the 
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compositior. of the water rluring the day in these in-shore and coastal waters is directly 
correlated with the activity of the  phytoplallkton and other vegetable organisms of 
the coast, and that  we have here evidence of a change, during each 24 hours, t h a t  is 
exactly comparable to  the changes taking place in temperate seas a t  different seasons 
of the year. I n  a region, such as Nankauri Harbour, where there are large and 
extensive coral reefs the activities of the phytoplankton will be reinforced by the 
activities of the microscopic plants of the reefs, and especially of the Zooxanthellz 
that exist in inillioiis in the tissues of the corals and Alcyonacea, as well as of the 
larger algae and plants growing on the reefs and mud-flats. The combined effect of the 
metabolic activity of the  fauna and flora thus would appear t o  be, a t  any rate, one of 
the factors that  cause an actual rise in the halogen percentage, tha t  reaches i t s  maximal 
epoch simultaneously with the period of maximum activity of the  phytoplankton. 
That these changes in the character of the surface-water are not, however, limited 
to such enclosed coastal areas as Na~ikauri  Harbour is shown by the  fact tha t  an  
exactly similar oscillation was found to  occur on January 25-26, and January 31- 
February r ,  when we were steaming between Nankauri Harbour and Port  Blair. 

In order to  test this differelice between the titration results and those obtained 
by means of the ' Buchanaii ' hydrometer, a further series of double observations was 
taken on water-samples collected 4-hourly from the surface while steaming down 
the east coast of Ceylon on the aznd and 23rd of April, 1925. The results obtained 

by the two methods in this instance are given below in Table 21 and are shown 

l ~ t r a t ~ o n .  hydrometer. 
1'. H. T.-H. 

22-4-25 12 noon . . 27-76 . . 27'83 - 0.07 
4 p.m. . . 27.20 . . 27'49 - 0.29 
8 p.m. . . 27'49 . . 27'84 - 0'35 
12 ~nidnt.  . . 27'52 . . 27'70 -0.18 

23-4.25 4 a.m. . . 27'51 . . 26-80 +0'71 
8 a.m. . . 27.67 . . 27'53 + o ' I ~  

Table 21 ; t l ~ c  specific gravity of water-samples collected at 4-hourly intervals on April 22-23, 
'925, and examined I,y (a) Titration, and ( I ) )  ' Buchanan ' hydrometer. 

Here again we filld a perfectly definite single oscillation in the difference 
between the results given by the two methods, but  on this occasion i t  is 
clear that froin 10 a.m. to  about I a.m. the specific gravity as given by the 
hydrometer is higher than that  given by the titration method, while from I a.m. 
to 10 a.m. tlie titration result is the higher of the two. From 4 a.m. to  8 p.m., 
that is to say approxiinateIy during the hours of sunshine, during which period the 
tenlperatnre of the water is raiwd and the chlorophyll-bearing organisms in 
the planktoll are in full activity, the percentage quantity of the halogens falls 

rising again during the night hours from 8 p.m. t o  4 a.m. It would appear 
from tile above data that  in these coastal waters there is a t  this time of the year a 
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daily chemical change in the composition of the surface water, the proportion 
of halogens in the water being raised during the night hours, reaching its 
maxilnuln a t  or near q a.m. and becoming steadily lower throughout the day, 
attaining its minimum a t  or near 8 p.m. Comparing this with the actual specific 
gravity as recorded by the 'Buchanan' hydrometer we see that the two curves 
clearly tend to  alternate but that there is a small drop in the specific gravity between 

Z A M .  G 8 1 0 1 2 N o o n . Z P . M .  4 6 8 10 12 

, s 
1 r w - G I c : .  17.-Showitig the  tlifferencc between t h e  specific gravit" (ao) of the surface-water as 

observed by n ' Ruchannl~ ' hydrometer ant1 calculnted f r o ~ n  the  halogen colltcllte 
in t he  Andnlnan Sea ill January-February, 1923 ( .  . . . . .)  and off tlte east coast 
of Cevlon in  April, 1925 (- 1. 

12 ]loon and 8 p.m. that is not accompanied by any appreciable alteration in the 
halogen content. 

A comparisoll of these results with those already obtained from a survey of 

my observations taken in Nankauri Harbour and on the west side of the Alldaman 
Sea, reveals that we have here a complete reversal of the former changes 111 the first 
series, taken in January and February, during the rainy season, the halogen 
percentage is lowest a t  4-9 a.m. and is highest from 1-3 p.m. rising steadily 
during the hours in which the sea-temperature is raised and there is bright sunlight! 
wllefeas off the east coast of Ceylon in April, during the dry seasoll, the 
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halogen content is highest a t  4 a.m. and lowest a t  8 p.m., decreasing steadily 
during the hours of daylight and rising during the night. It is, T think, probable 

that we have here evidence of a seasonal chaiige in the conditions of the surface 
water. I have in a previous paper (vide Sewell, 1926, pp.  117 et seq.) called attention 
to the seasonal periodicity in the occurrence of the salps in the uppermost strata 
of the sea and i t  is probable tha t  a similar seasonal occurrence exists in all the  
classes of the zooplankton. I n  January and February owing to  the  dilution of 
the surface water the bulk of the zooplankton will probably be concentrated a t  
some little depth below t,he surface, whereas in April i t  will be in maximum con- 
centration 011 the surface itself and especially so during the day-time, and this may 
account for the difference noted in the surface-water in April, since in this month 
with an increased zooplarikton there will be an increase in the quantity of nminonia 
salts, nitrates, etc., owing to  increased metabolism and coilsequent excretioil of the 
zooplankton, that  will con~pletely mask the effect of the increased activity of the 
phytoplankton. 

My investigations regarding the temperature of the sea-water may be said t o  have 
cotilmenced in 1921. Prior to tha t  year a certain ilutnber of observations had been 

made, but for the most part  these were taken only once a day and in consequence 
give no indication of the changes tha t  take place during the  twenty-four hours. 
In 1921, however, I comlnenced to  take regular observations on the  temperatures of 
the air and the sea a t  intervals throughout the day and in this work I received very 
great assistance fro111 the Assistant-Surgeons, who were during the following 
survey-seasons attached to the R.I.M.S. " Investigator " for medical duties in 
connection with the crew, and to  whom I tender my sincere thanks. 

As a reference to  the ordinary maps, and to the chart (vide Plate 5) already 
published in this series shou.s, the coastal regions on the two sides of the Andanian 
Sea differ widely from each other. On the east side the Andaman Sea basin is 
bounded by the long stretch of land t h a t  extends roughly in a southerly direction 
to the southernnlost point of the Malay Peninsula. Although this strip of land 
is comparatively narrow, especially in the middle of its length, where i t  separates 
the Andanlan Sea from the Gulf of Siam by a distance of only 40 odd miles. i t  
contains a series of inoulltaili ranges that  run roughly north and south and that  act 
as a large catchment area for the very considerable rainfall tha t  occurs in this region 
durillg the period of the south-west monsoon. Flowing into the northern end of the 
Alldalllail Sea are the large and important rivers, the Irrawaddi, the Sitang and the 
Salweell; and although the area of the Burma Coast that  was under survey during 
the Years 1910-14 lay too far to  the south, especially during the latter part  of this 
Period, to be directly affected by the i~lflilx of river-water from these sources, there 
are at illtervals along the coast quite large rivers, such as YC River, Tavoy River and 
the Tenasseri~il River, all of which have a very iilarked influence on the salinity of 
the sea-water in the regions round their mouths ; and, in addition t o  these, numer- 
OUS 0 t h  smaller streams and tributaries pour fresh-water into the sea either along 



the  coast of the mainland itself or from tlie various islands that  lie dotted over the 
in-shore waters of the Andarnan basin. Off the  portion of the coast extend- 
ing between the  mouth of Hinze Basin t o  a point a little south of the 
mouth of the Tavoy River, the  nurnber of islands are comparatively few and 
are arranged in groups, known as  the  North, Middle and South Moscos Islands, that 

lie for the most part  in a straight line. The southern portion of the area is, however, 
thickly and irregularly dotted over with numerous islands of all sizes, some small, 

others quite large, which together constitute the Mergui Archipelago. On the west 
side the  Andaman Sea basin is marked off from the Bay of Bengal by a scattered 

chain of islands, separate.! by wide and deep channels into groups constituting 
primarily the  Andamails and the Nicobars, which are separated from each other by 
Ten-Degree Channel, and these two divisions are again subdivided into smaller groups 
by channels of lesser dimensions. 

Throughout the period 1921-1925 the " Investigator " was engaged in surveyii~g 
Nankauri Harbour in the central group of the Nicobar Islands and the surrounding 
area. Nankauri Harbour, as I have already pointed out (vide supra, p. XI) is a 
channel tha t  runs approximately in an  east to  west direction between Nankauri and 
Camorta islands, the two entrances, in varying degree, being protected by other 
islands, on the  east by the idand of Trinkat and on the west hv Kachal. The harbour 
itself consists of a somewhat narrow channel, the  depth of which varies from some 
25 fathoms a t  the eastern end t o  35 fathoms in the western portion, and on 
either hand wide bays open out, in which there is considerably less depth of water. 
Immediately to  the north of Nankauri Harbour, and a t  one point separated from it 
by a narrow neck of land only a few yards across, lies a second large inlet, Expedi- 
tion Harbour, which possesses only one outlet on the western side ; and further north 
still near the northern end of Camorta is a third, smaller and shallower 
inlet, known as  Dring Harbour, tha t  alse opens to  the west. Separating  ank kauri 
and Camorta islands from those on the east and west, there is, on the east, Beres- 
ford Channel, a narrow and comparatively shallow channel largely obstrllcted by 
extensive coral banks and reefs, and on the west, Revello Charlnel, a wide channel in 
which the depth of water is over roo fathorns. Nankauri Harbour, owing to its 
possessing an entrance a t  each end, comn~unicates on the east with the waters of 
the Andaman Sea, and on the west, through Revello Channel, with the ope11 waters 
of the Bay of Bengal. 

Advantage was taken of the opportunity provided by tlle survey to  make a more 
or less systematic investigation regarding the temperature and s;~linity of the surface 
water of the harbour and of the neighbouring part  of the Andaman Sea, and the 
results obtained are given in the following pages. 

SEASONAL VARIATION I N  THE TERIPERI\T~JRE OF 1'Hfi SURFACE-WATER. 

I have already pointed out (vide supm, p. 57) tha t  there is a very clear double 
oscillation in the average air-temperatore over Indian Seas and that  during the 
course of the  year we have two maxima and two rlliniina. One would naturally 
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expect to find a similar double oscillation in the surface-temperature of the sea, and,  
so far as my observations go, this would appear t o  be the case. In  the  following 

Table 22, I have given the average temperature observed in Nankauri Harbour in 
each month during the course of the survey; the actual observations have already 
been published in Appendix I (vide pp. 104-119.) 

- .- -- - - -- - 

I I 

October . . . . . . 
November . . . . . . 
Deceniber . . . . . . 
January . . . . . . 
February . . . . . . 
March . . , .  . . 

Survey Season. 

-- - - 

"C. 

1921-22. I 1922-23. I Average. 

....... ... -- 

Tahle 22;  giving the average nlonthly temperature of the surface-water in Nankauri Harbour. 

Based on observations during five days only in Expedition Harbour. 
Based OII observations taken in Revello Channel to  the west of Nankauri Harbour. 

In such a harbour as this, with wide, shallow flats on either side, i t  is probable 
that the surface-temperature will vary solnewhat according t o  the position, but 
as, throughout both seasons 1921-22 and 1922-23, the  "Investigator " was always 
anchored in the same spot, near the mouth of Octavia Bay on the north side of the 
harbour, such local variations may, I think, be ignored. I n  1921-22 the mean tem- 
perature fell from 27.88'C. in November to  26.67"C in December and then rose steadily 
to 28.6z°C. ill March. I n  1922-23 the nlinimurn temperature appears to  have 
occurred a month later, namely in January : during this season the  mean tempera- 
ture fell f ro~n  27.91'C. in October to  27.31OC. in January and then rose again to  
27'63°C in March. The delay in the minimum temperature in 1922-23 is in all 
probability due to  the same cause that  gave rise t o  the differences in the air 
temperature in these seasons, as I have already noted (v ide  p. 62 et seq.) namely, a 
revival of the N.E. Mollsoon in the south part of the Bay of Bengal in January, 
1923. It is clear then that  during the period of the year occupied by the  survey 
the average temperature of the surface-water shows a steady fall from October t o  
December-January, the actual month in which the lowest average is reached vary- 
ing from year to year, and then rises again t o  March; as Krummel (1907, p. 411) 
points out, in the region of the Indian Ocean " Im Mai wirkt die kulminierende 
Sonne, mit utlbehinderter Stral~lung und gefiirdert durch Windstillen, auf die Meeres- 
oberflache ein, so dass der griisste Teil des Arabiscllen Meers und Bengalischen 
(hlfs Qber 29" bis 29.8'. ........ Der Ausbruch des Siidwestmonsuns erniedrigt 
die Temperaturen des Arabisclien Meers um 2' bis 4' . . . . . . . . . .  im Bengalischen 
Golf und in der Chinasee urn I" bis 2" . . . . . .  ." There is then in these waters a 
Yearly double oscillation in the surface temperature. 
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DAILY VARIATION IN THE TEMPERATURE OF THE SURFACE-WATER OF 

NANKAURI HARBOUR. 

The amount of the  daily variation in the  temperature of the ~ ~ r f ~ ~ ~ - ~ ~ t ~ ~  of 
the sea depends very largely on local conditions and is much greater in temperate 
regions than in the  tropics. Krummel (1907, p. 382), quoting from the work of 
Al. v. Humboldt, gives the range of temperature in tropical seas between mid-day 
and mid-night as  about o.76"CJ the extreme limits of variation lying between 0.2" 

and 1 . 2 ~ .  These figures, however, do not represent the maximum variation that may 
occur, since i t  has been found that  the lowest temperature of the  surface-water occurs 
not a t  mid-night, but  from 4-6 a.m. and the highest temperature is reached 2 to 3 
hours after mid-day. Buchan (1859, pt. V, p. 5), in his report on the investigations 
carried out by H.M.S. "Challenger," gives the range of variation in the open 
waters of the N. Atlantic Ocean, in a mean position of Lat.  30°N. ; Long. 4z0W., 
as  o.44OC (=o.S°F.) while near the Equator in both Atlantic and Pacific Oceans the 
average range was found t o  be o.40°C. Kru~nmel  (1907, p. 383) has also given 
the average variation of the  surface temperature based on three series of observa- 
tions in 

( I )  the North Pacific Ocean, in the months of June- July ; 
( 2 )  the South Pacific Ocean, in the months of October-November ; and 
(3) the  North Atlantic Ocean, in the months of February-March. 

The three series show ranges of o.50°C, 0.36"C and 0'55OC respectively ; but it is 
impossible to say how far  the differences noted in the three series are due to 
local causes and how far t o  seasonal variations in the range of temperature. I have 
already pointed out (v ide  supru, pt .  111, p .  67) tha t  the daily range of the air- 
temperature over Nankauri Harbour shows a very clear seasonal variation, and one 
would certainly expect to  find a similar variation in the range of temperature of the 
surface water of the harbour. 

I n  the following Table 23, I have given llloi~th by month the variation above 
and below the mean monthly temperature a t  different times of the day :-- 
- - - - - - - - - - -- - - - - - -- -- - 

- --- - - --- -- - 

i 1 

- 

N o v e ~ ~ ~ b e r  . . I - 0.03 , - 0.06 
December . . 1 - 0.06 - 0.05 
January . . - 0.25 - 0.07 
February . . -0.36 -0.14 
March ' . . - 0..7-/ - 0.06 

.4verage 
range 

of 
Temp. 

"C 
- 

0.25 
0.19 
0.42 

0.79 
0.87 

1 This series of o1)servations was taken ir i  Expeditiun Harh,,ur, to llie north of Na~tkallri lIarl)onr. 
2 This figure is prol~ably luureliable. 
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1 This series of observations was taken in Revello Channel to the west of Nankauri Harbour. 

- _---- - - -  - - - -- . .- -- -- 

I I 
I 

1922-23. 6 A.H. 8 1 12 ! 2 P.M.  4 ' 6 8 

I 

In a land-locked basin such as Nankauri Harbour one would expect t o  find tha t  
the daily range of temperature of the surface was considerably greater than over 
the open ocean owing to  the rapid cooling of the air over the land, though, in 
the case of a harbour such as this in an  oceanic group of islands, this effect would 
be much less than in one situated on the  coast of a large land area ; as a matter of 
fact, it is found tha t  tlle average range throughout the whole series of observations 
is o'50°C, which agrees exactly with the figure given by Krummel for the  ~ o r t h  
Pacific Ocean and is but o.I"C more than the  figure given by Buchan for the 
tropical areas of the Pacific and Atlantic Oceans. 

A study of Table 23, however, reveals clearly tha t  there is a very distinct 
variation froin month t o  month in the amount of the daily range of surface-tempera- 
ture; the range illcreases f rom October to  November; i t  then shows a decrease in 
December and January, the extent and length of the period of which varies from 
year to year, almost certaitlly in accordance with the variations in the strength and 
persistence, or otherwise, of the North-East Monsoon ; and from February to  March 
it again steadily increases. The average range for October-November is o'43OC 
wllich is only 0.07" above the f i g ~ r e  given by Kruinlnel for the South Pacific Ocean 
("2. 0.36") and tha t  for the months of February-March is 0.83"C. It seems 
probable, then, that  the differences between the three series of observations in the 
three great oceans, as given by Krummel, are largely, if not entirely, d u d o  seasonal 
rather than to  local conditions. The least variation in the surface-temperature 
lS found in these latitudes, ( i . e .  of Nailkauri Harbour) to  occur a t  tha t  period of the 
Year when the sun's decliilation has reached its southerly liinit and when the 
North-East Monsoon is blowing and the sky is, in consequence, overcast; and 

greatest variation occurs when tlie sun is overhead and the sky is usually 
free from cloud. 

In Text-fig. 18, 1 have plotted out the average results obtained by me in my 
and n comparison of tlie Text-figure with the figures given in Table 23 

Mean 
Temp, 

"C 

Average 
range 

of 
Temp. 

"C 

0 . d ~  
0.63 
0.32 
0.27 . . 
~ 8 4  

--- 

. . - 

October . . 
Noven~br . . 
Decelnbcr . . 

'I'able 23; givi~lg the variation of te~iiperature above and below the mean temperature of the 
surface-water of Nankauri Harbour. 

. _  I -- 
1 

- 0'22 -0.13 -0'04 +O'I3 +0 .19  

- 0  08 17.31 
. . i .. 

-0.11 27.63 
I 

Januarjr . . -0.09 1 - 0-1.7 ; + 0.03 1 +o.oq 
February . . I . . . . , . . . 
March . . / -0.4 I - W 1 2  ( +0'07 1 +OSgO 

--- 

- 1 -  

- 

-0.02 
. . 

-I-0.09 

+0'11 -0.03 
- 0'16 

-p 

+0'02 
I + o 35 I - 0 0 5  0 no 1 + 0 .28  I + 0.22 + 0.12 

- 0.17 - o 16 - o 0 8  + 0.25 

27.91 
27'68 , - 0.10 

- o 02 - 0.12 ; 27.38 



TEXT-FIG. 18.-Showing the variation above and below the lnean monthly temperature of the mean 
temperature of the surface-water in Nankauri Harbour and the t~eighbourhood el  different 
times of the day in different months of the survey-season. 
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shows clearly not ollly this seasoiial alteration in the daily range of the temperature 
of the surface water but  also tha t  there is froin month to  month a change in the 
time of day a t  which the maximum temperature is reached. I have already pointed 

out (vide s z ~ p r a ,  p. 72 et seq.) that  the nlaxinlum tenlperature of the air is reached 
at different times of the day, being earlier a t  certain seasons than a t  others, and 
one would naturally expect to find that  the same rule holds good for the surface 
temperature. I n  the following Table 24 I have given the data  for each month :- 

-- - -- -. -- 

Table 24; s h o w i ~ ~ g  the mean temperature, the  daily range and the time of occurrence of 
maximum temperature of the surface-water of Nankauri Harbour and the neighbourhood. 

As in the case of the  air-temperature, i t  is clear tha t  there is a distinct correla- 
tion between the three series ; the incan temperature of the surface water and 
the amount of the daily range of temperature rise and fall together; the time of 
occurrence of the maximum daily temperature tends to be earlier in November and 
December, that  is t o  say during the period of the North-East Monsoon, when 
the sky is overcast and sun is approaching i ts  most southerly declination, and i t  
is at this season of the year that  the mean temperatu~e of the surface water is 
at the lowest, and during the early months of the year, January-March, the  epoch 
hecomes progressively later, beillg as late as 3.30 p.m. in March, when the sun 
is almost overhead, and the meall temperature is approaching i ts  highest point. 

I have already called attention (vide supra, p. 76) t o  the fact tha t  although the 
air-temperature over the ope11 sea normally presents a single oscillation during the 
course of the day in certain areas, such as off the west coast of India, a double or even 
a triple oscillation call be detected. In  the case of the air-temperature in Nankauri 
Harbour and the neighbourllood, the average temperature in each month, except 
January, 1922, presents a single rise and fall a s  is clearly shown in the figures 
give11 in Table 25 :- 

-- - 
- - - -- 

I- 

z 
cd 
k 

-- 

27 370 

0'34" 

3.0 P.M. 

--PA .- - - - - ----- - 
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i -. 

Mean Temperature of surface 27.91" 
water. 

Average daily range of t a n -  1 0.41" 

-- - -- - - - - -- - - - 

5; 
1 

2 z i 
E 
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27.90" 28-14' 

0'79" 1 o 85" 

3-0 P.M. 

-- - - 

,-, 
aJ n 
E 
aJ > 
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- 

27.88" 

0'44" 

1.0 P.M. 

perature. 
Time of occurrence of maxi- 

mum temperature. 

- - - - - 

i 
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E 
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A.M. 
---A--- 7 

1921-22. 6 8 10 12 

"C "C "C "C 
November . . 25-70 26.99 27.11 28.08 
Decemher . . 26.66 26.87 27.72 27.78 
Januarv . . 25.54 26.45 27.29 27.16 
February . . 2j.54 26.57 27 61 27.65 
March . . 25.63 27'13 28.14 29-69 

Average . . 25-79 26.80 27.56 28.07 28-22 27'32 26-73 

A.M. ------- 7 
G 8 10 12 

1922-23. "c "c "c "c 
October . . 25'27 26.42 26.91 27.57 
November . . 25'15 26.41 27.01 27.93 
Deceniber . . 25'23 25'91 27.01 27.16 
Janualy . . 25'41 26.03 27'03 27-24 

P.M. 

Average . . 25-27 26.19 26.99 27.48 27-12 26.87 26.26 25-56 

A.M. P.M. -------- 7 --Ap- 

6 8 10 12 2 4 6 8 10 

1925. "C "C "C "C "C "C "C "C "C 
bl arch . . 25'65 27-00 27.99 27-95 27-95 27.91 27.50 26.55 26-41 

Table 25 ; giving the average ai i . temperatu~e a t  different times of the day in cliffere~~t 111ont1is at 
Nankauri Harbour and the neighbourhood. 

I f ,  however, we consider the records for each day separately we find that on an 
appreciable number of days we have clear evidence of a double diurnal oscillation 
and on one day, January 6, 1922, a triple one. I have extracted a record of all 
these days from my observations, as follows :- 

A.M. ------- -7 

6 8 10 12 

"C "C "C "C 

21st December, ,, . . 26.56 27.11 27.50 26.39 
5th January, 1922 . . 26.39 26-66 26.94 25.22 

6th ,, . . 25.44 26-50 27.11 z/i.oo 

11th ,, . . 25.8,: 26-39 27.50 27'39 
6th February, ,, . . 26.56 25.61 27.72 26.17 

P.M. 
----&-.- 
3 6 
"C "C 

27.78 27'22 

27.44 26.94 
29-56 26.78 
27.44 24-39 
25.72 26.78 

26.66 26.39 
27.61 . . 
26-89 26.67 
z4.67 25.28 
28.67 . . 
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29th Octuber, ,, . . 
30th ,, . . 
4th Novcniber, 1922 . . 
7th :, , ,  .. 
8th !, I 9  . . 
25th ,, , . . 
15th December. ,, . . 
18th .. 8 9  . . 

A.M. 

A.M. 
7--- A- 

6 8 10 

27'3 27'4 27.9 

25 6 27.4 27'8 
26.4 26.2 27.1 
26.1 26.4 24'4 
25'3 27.6 28.9 
26.3 28.0 27.6 

24.4 27.7 28.6 
I 26.9 29-0 
24.8 26.3 27.7 

27.4 28.0 28.7 
25'9 26.9 28.9 

P.M.  ---- A--- 7 

2 4 6 8 10 

26.7 26.8 26.9 26.3 26.0 

26.7 25'2 25.2 25.9 25'4 
28.0 27.0 27.0 27-2 27.2 
27.0 27'1 26.8 25.6 25.0 
28.4 28.7 28.1 27'9 27.8 
24.4 24.8 24'3 24.1 24.8 
25.4 28.9 27.2 26.0 25.2 
29.1 28.7 28.1 26.7 2 6 1  

25 4 26.0 26.1 25.7 25.7 
27'6 27.8 28.7 27'7 26.5 
28.9 29.4 29.2 27.0 26 8 

I t  iilust be borne in inind that  the direct rays of t h e  sun, falling in the  early hours 
of the morning on the covered box in which the thermonleters were housed, might 
have tended to cause an artificial rise in tlle temperature, but if this had been the 
cause ot' the first rise in the recorded teiilperature one would have expected to  find it 
always a t  about the same time of day, whereas a study of the  data  given above 
shows that there is a distinct tendency for the first nlaxinium t o  be recorded a t  
different times of tlie day in different months, viz :- 

I n  October a t  12 noon. 
,, November ,, 8 A.M. 

,, Deceinber ,, 10 A.M. 

,, J ~ i l u a r y  ,, 10 A.M.  

,, Marcli ,, 10 A.M. 

The second rise usually occurs sonlewhere between 2 and 4 p.16; though on the 
average there is a distinct telldency for the time of this epoch t o  vary froin month to 
month. Taking the average of all observations i t  occurs as follows :- 

I n  Octol~rr  a1 4 P.M. 

,, No\-e111l)er ,, 2.10 p.nr. 

,, Deceil~ber ,, 3.0 P.M. 

,. Jaiiuary ,, 4.40 P.M. 

,, February ,, 4.0 P.M. 

,, Marc11 ,, 5.5 P.M. 
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One nlust bear in mind that  a double oscillation of this type in the tempera- 
ture of the sea-water may be caused by rainfall. I have previously called 
attention t o  the fact tha t  there is a clear tendency for rainfall to occur at 
two different periods of the day (vide supvu, p. 99 et seq.) and in considering the 
average temperatures such a double rainfall is liable t o  cause a double oscillation 
in the sea-temperature. But  the  frequency of occurrence of this double diurnal 
oscillation in the ~ n o n t h  of March, when rainfall is almost completely absent in 
these regions, shows clearly tha t  this is not the  only, and probably not the most 
important, factor in the  production of such temperature changes; i t  is probably 
due t o  a large extent t o  the diurnal oscillations in the  force of the wind which may 
act either by actual cooling of the surface-water, or by blowing away the upper 
layer of warmer water and so causing an  upwelling of colder water fro111 below. 

The daily range of the  temperature oi the surface-water, in an area such 
as Nankauri Harbour, is bound t o  vary very considerably from day to  day, as well 
as from month t o  month, in as much as  i t  is dependent on (I) the amount of 
heat absorbed from the sun's rays, which will be greater on a fine day than on 
a cloudy one, (2) on the amount of cooling of the surface which will vary with 
the  air temperature, wind velocity, amount of rainfall, etc., and (3) on the amount 
of heat given off a t  night by radiation t o  the atmosphere. In  the case of a 
harbour, such as this, there seems t o  be another factor concerned, namely the 
anlount of interchange tha t  is going on between the water of the harbour and 
the open water outside. The open water of the Bay of Bengal has a uniforinly 
lower surface-temperature than tha t  of Nankauri Harbour, and the degree of 
interchange will depend very largely on the tides, being greatest a t  spring tides 
and least a t  neaps. I n  the following Table 2b, I have given the average 
observed daily-range of the temperature of the surface-water of ~a t lk i lu r i  Harbour 
on different days of .the lunar phase and have also given the computed average, 

according t o  the formula 
1 n + 4 6 + 6 c + q d + 1 e  

I 6 . It is clear tha t  the daily range of tem- 

perature exhibits four maxima and four mitlima in each lunar month, the 
maxima corresponding closely t o  spring and neap tides, which occur usually froin one 
t o  two days after the lunar phase. It seems then that ,  if there is a large amount of 
interchange, as there is during spring tides, there is an increased daily range of 
temperature owing to  the outer open water being colder tliaii the harbour 
water ;  whereas, during a diminished .interchange as  a t  neap tides, the effect 
of cooling a t  night, consequent on the more rapid cooling of the land, is increased 
and in consequence the daily range of teiuperature of the harbour water is 
again increased. 
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, , lable 26 ; showing the average daily range of t l ~ c  te~l~pernture of the surfacc.water of  ank kauri 
Harbour on different days of the lunar phase. 

RELATIONSHIP BETWEEN THE TEMPERATURE OF THE SEA AND AIR. 

Throughout the tropical belt i t  is usually found tha t  the surface-temperature 
of the sea-water has, a t  almost all tiines of the day, a higher temperature than tha t  
of the supernatallt air ; Koppell (1890, pp. 415-:154) has given figures of the average 
difference throughollt the whole 24 hours in different areas, and according t o  hiin 
in the whole breadth of the Equatorial zone between zoON. and 20"s. tlie sea-tem- 
perature exceeds tha t  of the air-ten~perature bv o.zz°C. while in the tropical portion 
of the Illdial1 Ocean, betweell 15"N. alld 15"s. i t  is stated to  be o.zo°C. Krummel 
(1907, P. 386), quoting froill a work by Hanil (18g1), t o  which I have been unable 
to refer, has give11 a table for the differelice between the sea- and air-temperatures 
a t  different times of the day, the data, froin which the table has been calculated, 
being the observatiolls taken on H.M.S. "Challenger" during a period of 126 days 
in the North Atl;lntic Ocean. The table shows tha t  in tha t  region the surface 
temperature is usually higher t ] l a l~  that  of the air and that  the difference between 
the two series is greatest a t  I a.111. and is least a t  I p.m. ; i t  also shows tha t  the sea- 
temperature attains its nlaxilllul~l an hour later than the air-temperature and tha t  in 
the llliddle of the day the surface-temperature inay even fall slightly below the 

of the air. 
I have already (vide Appendix I, pp. 104-119) published the  observatiolis 

taken on board the R.I.M.S. "Investigator" during the survey-seasons 1921-22 
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and 1922-23 and again in 1925; during the first season observations were taken 
during periods covering 89 days, and in the second season on 71 days, and the 

results obtained are given below in Table 27. I have given the results of the two 
series of observations separately for two reasons; firstly because the times during 
tile day, a t  which the observations were taken, differ slightly, thus in 1921-22 only 
one observation, a t  3 p.m., was taken in the afternoon, whereas in 1922-23 obser- 
vatiolis were taken a t  2 and 4 p.m. ; and, secondly, because, as we have already 
noted regarding the average temperature and the daily range of the sea-water, 
local conditions differed somewhat during the two periods. 

A.M. P.M. ------ 
7 ------ 7 

Survey Season 1921-zz 6 8 10 12 3 6 8 
"C "C  "C "C "C "C "C 

Sea Temperature . . 27'69 27'82 27.80 28.02 28.18 27.93 27.85 
Air Telnperature . . 25.79 26-80 27-57 28.07 28.22 27.33 26.73 
Difference . . 1-90 1.02 0.23 -0.05 - 0.04 0.60 1.12 

A.M. P.M. 
---&-- 7 _-_A_ ---- 

Survey Seas011 1922-23 6 8 10 12 2 4 6 8 
"C "C "C "C "C "C "C  "C 

Sea Telnperature . . 27-30 27.46 27.61 27.79 27.80 27-70 27.57 27'48 
Air Temperature . . 25.34 26.35 27.19 27-57 27.28 27-07 20.51 26.00 
Difference . . 1.96 1.11 0'42 0.22 O ' j Z  0.63 1.06 1'48 

Table 27 ; showing the relationship between the sea and air temperatures in Nat~kauri Harbour 
and the neighhourhood 

Froin the above table it will be noticed that in the first series of observatioll~ 
the sea and air both reach their inaximuin a t  approximately the sanle time of day, 
viz. 3 p.~n., and that during the middle of the day, frotn 12  loon to j p.m. the 
air-temperature is slightly higher than that of the sea ; whereas in the second series 
the rnaxitnum sea.temperature is reached a t  about I p.m. or a little later and that 
of the air a t  or near 12 noon, while throughout the day the air-temperature remains 
slightly less than the sea-temperature. The first series, therefore, agrees, with 
Hann's results as regards the relationship of the two series to each other a t  mid-day, 
the sea-temperature being then slightly the lower; and the second series agrees 
as regards the time of occurrence of the rnasilnu~n temperatures, that of the air 
preceding that of the sea by about an hour. 

BY interpolation in the first series of observatiolls, ilarnely those taken during 
the survey season 1921-22, one is able to arrive a t  an approximate figure for the 
hours of 2 and 1 p.m. and I have, froin the data thus obtained, calculated the 
average difference between tlie sea- and air-temperatures a t  intervals of two hours 
throughout the day, from 6 a.m. to 8 p.m., ill each ~nontli throughout tlie period 
the year that is covered by the survey-season, namely, from October to March. The 
results are given in Table 28. 
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A.M. ---- A--- 7 

0 8 I0 I 2  

"C "C "C " C 

October . . 2.36 1.36 0.96 0'47 
November . . 2'14 1.01 0.68 0'00 

Deceml>er . . 1.46 1'02 o. rg 0.23 

January . . 1'72 1'02 0'23 0.28 

February . . 2.10 1.19 0.33 0.28 

March . . 2.08 0.97 -0.14 - 0.46 - - - - 
Averags . . 1.98 1.10 0.38 0.13 

Table 28 ; giving the average difference in each mont l~  and throughout the whole period of 

observation between t!ie sea- and air-temperatures in Nankauri Harhour and the nei~l i l~ourhood.  

1 This series is derived from the co~nbination of the observatiolls taken in Expedition Harbour in 1922 and in Revello 
Channel in 1925. 

For the purpose of convenience I have reproduced below tha t  portion of the 
table given by Krummel (1907, p. 386) that  corresponds in the time of day to  my 
series of observations, and a comparison of the averages given in Table 28 with this 
series shows that  although in my observations the average temperature of the sea 
surface is always greater than that  of the air, even in the middle of the day, the 
two series follow a solnewllat siinilar course. The difference, however, between the 
two temperatures in the early morning and evening is nearly 2% times as great in 
Nankauri Harbour as  i t  is in the Atlantic Ocean, and this I attribute to  the 
effect of the proximity of land, though in such a locality as Nankauri this effect 
would be comparatively small. 

A.M. P.M. 
--PA-- 7 ---.- A--- 

7 

5 7 9 I1 I 3 5 7 9 
"C "C "C "C "C "C "C "C "C 

Sea Te~nperature . . 19.8 19.8 20.0 20'1 20.1 20.2 20' I 20.0 '9'9 
Air 're~nperature . . 19.0 19.2 I 20.2 20.6 20.6 20.3 19.7 19'3 

Difference . . 0.8 0.6 0.4 -0.1 -0.5 -0.4 -0.2 0.3 0.6 

Table 29; relatio~~ship between sea- and air-temperature in the N. Atlmntic Ocean based 011 thc  
"Cllallenger" observations (from Krun~mel).  

A study of the figures for each month shows that  there is a quite appreciable 
seasonal variation in the relationsllip. The differences in the mean temperatures of 
the surface-water alld of the air in Nankauri Harbour in each month of the survey- 
Season are as follows :- 

"C "C 
October . . 1'20 J a n u a y  . . 0.74 
Noven1l)er . . 1.01 February . . 0.92 
Decen~her . . 1.00 Marc11 (Expedition Harl~our)  . . 0.36 

Average for whole period 0.87"C. 

The difference in each lnotltll thus exhibits a very considerable range of varia- 
tion : it is greatest in October, and is least in March, when i t  approximates to Kop- 
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pen's figure, being only 0.36"C ; hut the figure for March is not strictly comparable t o  

those of other months owing to  the difference in the local conditions between Nan- 
kauri and Expedition Harbours and Revello Channel. The average difference for the 
whole period is very much greater than tha t  given by Koppen (vide supm, p. 151) 
for the whole breadth of the Indian Ocean between ISON. and 15"S., namely 0.22OC, 
but this also I attribute to the land-locked condition of the harbour. 

It is also interesting to note that the variation, month by month, in the average 
difference between the air- and sea-temperatures is, in the main, due to the great 
increase in the difference between the two series of temperatures in the early morn- 
ing, namely, a t  6 a.m. In October this difference is as great as 2~36°C: it falls 
steadily to December, in which month i t  is only 1-46"C, and it then rises again till 
March, when i t  is again high, being 2.08"C. A further study of my results indicates 
that even in two consecutive years the temperature relationship may vary very con- 
siderably. I give below the average difference a t  different times of the day between 
the sea- and air-temperatures in the two survey-seasons, 1921-zz and 1922-23 :- 

A.M.  P.M. 
---A ---. ------ - 

Survey Season 6 8 10 12 2 4 6 8 

In  both years the range of difference is approximately the same, namely, from 
1.87 to  -o~zo=z~07  in 1921-22, ancl from 2.08 to o.z8=1.80 in 1922-23. 

SURVEY SEASON, 1921-22. . 
A.M. P.M. 

---A --- 7 ------ 7 

Month. h 8 10 12 2 4 6 8 
November . . 2.10 0.81 0.69 0.04 - 0.0~' 0.52' 1.00 1.23 

December . . 0.95 o 75 - 0.04 0.00 0.0 j 0.61 1.12 0.92 

January . . 1.63 0.90 0.14 0.39 0.26 0.64 1.16 0.78 

February .. 2-10 1.19 0'33 0.28 0'23 0.53 0.88 1.48 

March . . 2.65 1.43 0.01 -0'89 -0.81' -0.95 - 1.13 1.22 

SURVEY SEASON, 1922-23. 
A . M .  P . M .  -------_ T (.---A---7 

Month. 6 8 10 12 2 4 h 8 

October . . 2.36 1.36 0.96 0'47 0.66 0'59 1.34 0.85 

Noveml~er . . 2.18 1-22 0.67 0.03 o . h ~  1-14 1.52 1.96 

December . . 1.96 1.29 "'43 0'45 0.04 1.03 1.55 1-74 

January . . 1.81 1.15 0.31 0'16 0.2 j 0.44 0.70 1.09 

A.M. P.M.  
c---- 7 - 7  

Month 6 8 10 12 2 4 6 8 I0 

March . . 1.50 0.51 - 0.29 -0.02 0.04 - 0'06 0.22 0'77 

Table 30 ; showing the difference between the sea- and air-temperntures at differe~~t times of the day 
in different months. 

1 The f i~ures fnr z and 4 p.m. in this wries are r n l c ~ i l n t e ~ l  fro111 the clntn a t  1 2  noon, 3 p.1n.n and p."" 

2 The Merence at 3 p.m. was only -0.77. 
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A of the average figures \vould lead one to assunle that the difference 
between the two sets of temperatures follows a single uniform curve throughout 
the day, but if we consider the results obtained in each month separately (vide 
Table 30 we find that  although in certain months the curve of relationship is a 
uniform rise and fall, in others there is a very distinct tendency towards a double 
fluctuation. 

In 1921-22 this double oscillation in the temperature difference is clearly seen 
in the month of January, 1922, when the least difference, 0.14, is reached a t  
10 a.m.; this is succeeded by an increase t o  0.39 a t  12 noon and a t  3 p.m. the 
difference has again fallen to 0.13, after which it  rises steadily till 8 P.M. A similar 
double oscillation is seen in the month of March, 1922, in which the least difference 
is reached at  12 noon, after which the figure rises again to  -0.77 a t  3 p.m. and then 
falls to -0.95 a t  4 p.m. rising again to  1.22 a t  8 p.m. In  1922-23 in the month of 
October there is a slight secondary oscillation, the least difference being reached a t  
12 noon, after which the figure increases slightly a t  2 p.m., falls again a t  4 p.m. and 
then again steadily rises till 8 p.m. In November of this season the difference 
followed a single curve but in December we again get a double oscillation, the least 
difference being reached a t  10 a.m. and this is followed by a rise till 2 p.m., after 
which there is an extremely small fall aniounting to only 0.01 a t  4 p.m. and finally 
the difference steadily increases till 8 p.m. In  1925 in the month of March this 
double oscillation is extremely well marked. This series of observations was taken 
not in Nailkauri Harbour hut in Revel10 Channel to the west ; the minimum differ- 
ence is reached in this series a t  10 a.m. and is suceeded by a rise to  0.04 a t  2 p.m. 
after which there is a second fall to -o.oG a t  4 p.m. and a final rise to  1.06 a t  10 p.m., 
This double oscillation in the temperature relatioilship can thus be detected in the 
months of October, December and January and again in March, that is to say in 
those months in which, as we have already seen (vide supra, p. 77), a double oscil- 
lation can be detected in the air-temperature over the waters of the Indian 
seas; and the well-marked character of the phenomenon in the month of March 
also agrees with the frequency with which, as I have shown above (p. 149)~ we  
can detect a double oscillation in the temperature of the surface water in 
this area. 

PERIODIC VARIATION OF THE SALINITY AND DENSITY OF THE SURFACE 
WATER IN THE COASTAI, REGIONS OF THE ANDAMAN S E A .  

During the first two years of nly tenure of the appointment of Surgeon- 
Naturalist the only apparatus 011 board the R.I.M.S. " Investigator" lor deter- 
milling the density and salinity of the sea-water was a set of four hydrometers 
of the ordinary patterll, grad~lated in degrees of salinity a t  a temperature of lG°C. 
In later years, froin 1913 on, other and more delicate methods of examination were 
introduced ; during the survey season I and again in 1921-22 and the 
'"1~ Part of season 1922-23 I used a iBuchanan' hydrometer, but since Janu- 
ary) 1923, I have employed the titration method of estimating the halogen con- 
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tent and of calc~ilatiilg from it  the total salinity of the sea-water by Knudsen\ 
Tables. 

Helland-Hansen and Nansen (1909, p. 98) have emphasised that in an examina- 
tion of the salinity and density of surface-waters care must be taken to ensure 
that  all salnples are taken from the same depth, so as to avoid as far  as possible any 
slight differences due to  surface evaporation in the uppermost few inches. 
surface-samples were taken on the R.I.M.S. " InvestigatorH by means of a 
canvas bucket and rope, and when the ship was a t  anchor the bucket was lowered 
so as to collect the water from a depth of only 6 inches before being hauled in, 
This was also done as far as possible when the vessel was steaming, but it was 

difficult to  ensure accuracy under such conditions. All salnples were taken from the 
foreward part of the ship so as to eliminate any chance of the water being contami- 
nated by the outflow of condenser-water, etc. 

My earlier observations, made in 1910-11, while not being of a sufficient degree 
of accuracy to  satisfy the requirements of modern hydrographic research, are yet of 
interest, for, although they may not demonstrate minor changes, they clearly reveal 
the presence in the salinity and specific gravity of the water of major oscillations 
that  are of a character identical with those found in the rleighbotlring area of the 
Burina coast in 1913-14, when I was using a ' Buchanan ' hydrometer. In both cases 
the period of oscillation is identical and, since the earlier observations tend to 
confirm the results of the later season, I have included both series in the following 
account. 

During my first season as Surgeon-Naturalist, in 1910-11, the R.I.M.S. " Investi- 
gator " was engaged in a survey of the southern Burma Coast, the area under 
survey extending roughly from Y6 River in the north to  the mouth of Tavoy River 
in the south. A number of observations of the temperature of the surface water 
were made during this season a t  7-30 ".in. each morning, and, simultaneousl~, 
readings of the density of the water were taken by means of an ordinary hydrome- 
ter. The hydrometers used were not capable of giving one a reading reliable to 
nearer than one-half of a degree and, in consequence, small fluctuations of density 
may have passed unnoticed ; from these hydrometer readings J have, by means 
of Knudsen's tables, calculated the corresponding salinities and the results obtained 
are given in Appendix 111. 

My readings, with the exception of two intervals, each of eight days duration, 
during which the R.I.M.S. "Investigator " returned from the survey-ground 
to  Rangoon for the purpose of recoaling, etc., extend from February 3rd to *pril 
7th, 1911. Throughout the whole period the ship was continually shifting her 
position by a few miles in accordance with the exigencies of the survey, but 
readings were taken in an area lying within Lat. 13" 33' to 14" 13' N. and 
Long. 97" 43' to  98' 08' 30" E. A reference to  the map (vide Text-fig. 19) 
shows that no rivers of any importance open to  the sea along this stretch 
of the Burma coast, but that immediately to  the south of the area lies the 
entrance to Tavoy River. I t  is, therefore, only a t  the southern end of this region 
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that there was a likelihood of the influx of river-water producing any niarked 
diminution in the salinity of the sea. Except on the two occasions on which 
she returned to  Rangoon, as  noted above, the R.I.M.S. " Investigator " put in 

from each Saturday mid-day to Moilday morning t o  Ryikhwaaw Bay a t  the extreme 
end of Tavoy peninsula ; one  night, therefore, have expected t o  find tha t  on tliese 
days the'salinity would show a diininution owing t o  the proxiinity of the bay t o  the 
mouth of Tavoy River, but  these weekly visits appear to  have no relatiotlship to  the  
periodic oscillatioi~ tha t  was found to  occur in the salinity of the surface-water. 

The results obtained have been plotted in Text-figure 20 and this clearly shows 
the manner in which the  salinity 
rises and falls. For the purpose 
of comparison I have given the 
lunar phases throughout the pe- 
riod. It is clearly seen that  the 
oscillation in salinity occupied a 
time-period of IS+ days;  i t  has 
no relation whatever to  the lunar 
phases and is, therefore, appar- 
ently not of tidal origin. Hel- 
land-Hansen and Nansen (1909, s . M O S ~ O S  

p. 99, et seq.) have, however, 
called attention to  similar peri- 
odic changes in the salinity of 
the surface-water of the Nor- 
wegian Sea. They found that  
in certain areas the variation 
in salinity corresponded in time 
with changes in the n~oon's 
phases, though not always in the 
same direction; thus in an area 
extending, approximately, from 
Lat. 67'-68" N. and Long. 
10"-12' W. the inaxiinum salinity 
I I 

corresponds with the culmina- 
tion of the moon," whereas 
across the southern part  of the 
Norwegian Sea the cul~nination of 
the 1110011 corresponded with the 
lnillinlunl salinity. During the TEXT-FIG 19.-AII outli~~e inap of the region of the coast 

of Southern I3ur11ia under  survey in 1910-11. years 1903-1908, Iieichard (191.3) 
had also obtained evidellce of a periodic oscillation in the salinity of the surface- 
water in the neighbo~~rhood of Heligoland, and this too seems to  be dependent on 
tidal changes. 
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During the survey season 1913-14 the R.I.M.S. " Investigator " was engaged 
in carrying the survey of the Burma coast still further southwards, and was 
employed in the Mergui Arclipelago, the area covered extending from Lat. 11" og' 
05" to 12'51' 30" N. and from the coast line out t o  Long. 98" 02' oo" E. The time 
occupied in this survey covered the interval from October 15th, 1913, t o  April 4th, 
1914, and throughout this period observations were taken by means of a ' Buchanan ' 
hydrometer. Helland-Hansen and Nansen (1909, p .  98), when dealing with the 
changes in salinity observed by them in the Norwegian Sea, remark tha t  " in order 
to trace any kind of periodical oscillation, therefore, i t  would be important t o  
have a series of surface observations taken a t  short intervals, and all of them 
at exactly the same depth . . . . They ought also t o  be taken all a t  the  same 
place." Such a combination of favourable circu~nstances and conditions is difficult 
to achieve in a ship like the R.I.M.S. " Investigator " which is not solely engaged 
in oceanographic research work and whose primary fu~lction is tha t  of surveying. 
In 1913-14, as in 1910-11, the conditions as  regards locality were not as satisfactory 
as one could have wished, for, a s  the survey progressed, the  ship had t o  be 
continually moving t o  fresh ground, and every three weeks or so i t  was, moreover, 
necessary to return to  Mergui Harbour for the purpose of taking in coal and stores ; 
it was only very exceptionally, therefore, tha t  I was able t o  take samples in any one 
position for a period of longer than three days and in many cases the  position 
was changed after twenty-four hours. The distances tha t  the  ship moved were, 
however, in no case very great. Again, the ~iumber  of samples tha t  could be dealt 
with had to be limited, since the Surgeon-Naturalist has usually no trained assistant 
to help him, but during this particular season I was fortunate ellough t o  have with 
me an Assistant-Surgeon, Mr. C. Wells, of the Indian Medical Department, who 
kindly volunteered his services and who continued to carry on the examination 
of samples during the ~i lonth  of January, 1914, when I waz absent from the ship. 

During the previous survey-seasons of 1910-11 arid 1911-12 I had, as I 
have already mentioned, carried out a certain ilu~nber of rough exaniiiiations 
by means of l1ydronleters and had tested a few samples by titration with silver 
nitrate solution (vide Sewell, 1913, pp. 361-364) ; tlie results obtained had demon- 
strated very clearly that  iu these coastal waters there may be a il~arked alteration in 
the salinity and specific gravity of the sea-water a t  the surface corresponding to  the  
daily rise and fall of the tide. It was necessary, therefore, in the first instance to  
carry out a series of observatiolls ill order to determine to  what extent and in what 
direction tlie rise and fall of the tide caused alterations in the salinity of the waters 
of the area under investigation. Olle very important duty  in connection with coastal 
surveying is the establisllmellt on sliore of a 'Tide-party, whose duty  i t  is carefully 
to record the rise and fall of the tides, tlle results of their observations being 
colllnlunicated to  the ship a t  ilitervals, varying under different circunlstances 

each day to  one week I have, therefore, been able usually to  compare 
the changes in the water-samples with accurate data  regarding the conditions 
of the tide. 
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A.-Variation in  Salinity due to Tides. 

In  a region where numerous streams and rivers are continually pouring fresh- 
water into the sea cne would naturally expect to  find that  the inflowing tide causes 
a considerable alteration in the salinity of the coastal waters by bringing in denser, 
lllore saline sea-water and by, a t  the same time, producing a temporary reversal 
of the river-current in estuarine regions. One would thus expect a rise in salinity 
with the inflowing tide and a fall corresponding to the ebb. The results obtained 
by me from the examination of a series of water-samples taken a t  the surface 
a t  different states of the tide in 1911-12 and again in 1913-14 show clearly that the 
tide produces a very marked effect, but the direction in which the effect is produced 
varies enornlously in different localities. In  a region such as the coast of southeru 
Burma, where the coast line is a complicated one and the whole continental shelf is 
thickly dotted over with numerous islands, the tidal currents in inshore waters 
set in very different directions in different localities and masses of water may 
be moved parallel to  the coast line. I have already shown (Sewell, 1913, pp. 361- 
364) that  in Byikhwaaw Bay, which lies a t  the end of Tavoy Point close to 
the niouth of Tavoy River, both flood- and ebb-tides produce a t  first a fall of salinity 
in the sea-water, followed later by a rise, owing to  the tidal flow causing the 
niovement, during the early part of the flood, of a mass of water of low salinity 
from the mouth of the river northward past the bay, and, vice versa, during the 
ebb this area of low salinity is again carried to  the southward. On the other hand 
a t  the mouth of Tavoy River and in the area to the south of it around Tavoy 
Island, the flood causes a fall in salinity and the ebb a rise, again owing to the 
movement of a mass of water of low salinity parallel to the coast line. 

Still further to the south, in the region lying south of Lat. 12" N, where 
we were surveying in 1913-14, I found that the flood-tide caused a marked rise 
in salinity and the ebb a corresponding fall. Three sets of observations were taken 
in the anchorage in Mergui Harbour (Lat. 11" 29' 57" Pi. ; Long. 98" 34' 38" En) 
during the course of the season and the results obtained are shown in the accom- 
panying Text-figs. 21-23. 

The results obtained on October mth,  1913, and on April 8th, 1914, agree 
fairly closely ; in the former the specific gravity (a,) varied from 19.20 at low 

water to  24.89 about half-an-hour after high water, correspo~lding to a change of 
salinity from 23.90, to  30.99, a rise and fall of 7.09, or 22.88 % ; on April 8th, Igr4 
the specific gravity (0,) varied from 23.02 a t  low water to 25.94 at  high water; this 
corresponds to  a rise of salinity from 28.66 to 32.29, or 11.24%. The difference 
between the mean salinity in the two months, nanlely 22'05 in October and 
24.48 in April, is almost certainly seasonal and dependent on rainfall and the 
rate of evaporation. On the 19th of October, 1913, llowever, there was a lnucl' 

greater change ; the salinity varied with the tide frolrl j.g-3 to 2.3'40, a rise 
fall of 19.07 or 84.91 %. This great variation is all the more remarkable in 
thaL it occurred near neap tides, when the tidal effect would be a t  its lowest. 
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low salinity shown during the ebb indicates that there was a large increase in 
the amount of fresh-water pouring into the sea, and during the period from October 

11th t o  18th a considerable quantity of rain had fallen. In  addition to demonstrat- 
ing the effect of the tidal-wave on the salinity these series also show to what 

hours e 9 lo n la 1 z 3 4 5 6 7 8 hours 7 8 9 lo 11 12 1 2 3 4 5 6 7 
1 . . . . .  " " ' . "  

1. .,, \/*\*' ... s High water 

I LOW water 

21.0 Flood 
Tide 

8. XI.13. S.E. 
11. 54.55. N; 98. 20.45.E. 

Fig. 2 4 .  

. . . . ........' 
Low water 

11. 57. 30. N; 98 .  19.00.E. 

Fig. 25. 

! 
Text  f~gs.24-25. C h r ~ y e . ~  in spe.ciiic -grauity(Co) of Sarface wafer W L L ~  

2316 and Flood t i d ~ s  Burma coust,191.3. 

great and sudden changes in salinity estuarine-living animals have to be capable of 
adaptation. 

At two other stations in this area very similar results were obtained, the 
flood tide causing a rise in salinity and a fall occurring on the ebb, though the range 
of variation was considerably less. At a position lying in Lat. 11" 57' 30" N. ;  
Long. 98" 19' 00" E. (v ide  Text-fig. 25) the rise and fall of salinity correspond almost 
exactly with the rise and fall of the tide and the range of variation is 1.18, namely 
from 29.82 to  31.00, the specific gravity (uo) varying from 23.95 to 24.81; 
while a little further south in Lat. 11" 54j 55" N. ; ~ o n g .  98" 20' 45" E. (vide Text- 
fig. 24) the rise and fall of salinity was from 27.99 to 29.06, a variation of 1-07) 

the specific gravity ranging from 22-45 to  23.25. 
In  the case of this last station (v ide  Text-fig. 24) the rise and fall of the salinity 

of the surface water does not exactly correspond to  the rise and fall of the tide, as 
is the case in the other stations. The rise of salinity, as show11 by the rise In 
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specific gravity, begins a t  about the middle of the ebb and the  fall a t  about the 
of the flood-tide, and i t  may be that  we have here the result of a movement 

of water parallel with the coast, similar to  that  which I found in the neighbourhood 
of the mouth of Tavoy River ; the directions of the flood and ebb tidal currents 
certainly seem to  indicate that  this is so. In  this station the flood-tide sets towards 
the soutll-east and brings with i t  water of increased density. At half tide the 
direction of the current changes and now runs towards the south-west, and this will 
bring with i t  coastal water of a somewhat lowered specific gravity ; while the ebb- 
tide sets towards the north-west and in consequence the specific gravity of the water 
again falls a t  first, owing to  the admixture of coastal water of low specific gravity. 

I t  appears then tha t  on the whole in the area under investigation the rise 
and fall of the tide and the rise and fall of salinity (S) and specific gravity (uo) of 
the surface water follow each other fairly closely. 

B.-Seasonal variation. 

In order to  trace the seasonal changes in the salinity of the surface-water and 
also to detect, if possible, any periodic variation, samples of water were taken 
daily in 1913-14 throughout the periods that  the R.I.M.S. "Investigator" was on 
the survey-ground, and were carefully examined by means of a 'Buchanan'  
hydrometer. So as t o  diminish, as far as possible, any variation tha t  might be 
due to tidal changes, all satnples were taken a t  or near the time of high-water. 
The results have been plotted out in Text-Fig. 26. 

At first sight i t  would appear that  the specific gravity, and consequently the 
salinity, of the surface water is liable to  a very considerable variation of a somewhat 
irregular character, for the curve exhibits large fluctuations even from day t o  day.  
These alterations of salinity are, however, attributable, in the main a t  any rate, 
to changes in the ship's position; in a coastal region such as this, where several 
large rivers flow out into the sea, the areas round their mouths must of necessity 
have a low salinity owing t o  admixture with fresh-water. Thus as one approaches 
the mouth of the Tavoy River, or further t o  the south the  Tenasserim River, 
one may experience a marked fall in salinity in the course of a few miles. Where, 
however, samples were taken in one place for any length of time, as, for instance, 
during the period from February 25th t o  March 3rd, 1914, inclusive, these subsidiary 
variations are absent or, a t  any rate, very considerably reduced. 

The first change, to  which I would call attention, is the seasonal one. Through- 
ollt the whole period of my investigations in this area, extending from November 
14t11, 1913, to April 4th, 1914, the specific gravity, and equally the salinity, shows 
a steady rise. This I associate entirely with the seasonal character of the rain-fall. 
The average monthly rainfall, as given in the Meteorological Reports for India. 
in this area is as follows :- 

MONTH. LOWER BURMA. BAY ISLANDS. 
August . . . . 27'99 illcl~es . . . . 11.13 inches. 
Septe~iiher . . .. 17'43 ,,  . . . . 11.70 ,, 
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MONTH. LOWER B u ~ n r ~ .  HAY JSI.ANI)S. 
October . . . . 8.01 inclics. . . . . 7.08 inclles. 

Nove111ber . . .. 6.31 ,, . . .. 5.62 ,, 
Dcce~nber . . . . 0.48 ,, . . . . 4.10 ,, 
J ai~uary . . . . 0.16 ,, . . . .  0.91 ,, 
February . . . . 0.25 ,, . . . 0.54 , ,  

March . . . . 0.58 ., . . . . 0.63 ,, 
April . . . . 1.66 ,, . . .. 1-40 ,, 

I t  is clear tha t  during the months of August and September there is a heavy 
rainfall throughout the whole area;  during the next two montlis this sllows a 
marked decrease and from December on there is, as a rule, bu t  little rain. I11 

consequence, during the earlier months, in addition to  tlie direct lowering of the 
salinity of the surface-water by rain and by a conseque~lt cessation of evaporation, 
large quantities of fresh-water are brought down by the rivers and this still 
further dilutes the surface-water. We thus get during the months prior to  the 
commencement of the survey-season a marked lowering of the salinity, but  this 
process appears t o  have reached its inaxinluill by the month of November and,  
on the cessation of the rains, evaporation one again sets in and the salinity of 
the sea steadily rises. A similar variation in the salinity will result as a conse- 
quence of the rains of the  south-west Monsoon, so that  we probably have a double 
oscillation during the course of the year. 

C.-Periodic variation. 

In addition to  this seasonal variation, the specific gravity and salinity of 
the s ~ r f a c e - ~ ~ t ~ ~  on the Burma Coast show a regular periodic oscillation, the 
average duration of each wave froin apex t o  apex throughout the whole series 
of observations being 18.13 days. During the  earlier part of the survey-season 
1913-14, that  is in Wovelnber and December, 1913, this oscillation in the specific 
gravity is not so clearly indicated as i t  is during the n~onths  of February to  April, 
1914, and my observatiolls seen1 to  indicate tha t  as the season advances the period 
of oscillation tends gradually to  increase in length. I n  the chart given above (vide 
Text-fig. 26) I have indicated the apex of each oscillation by an  asterisk (*) 
and for the purpose of reference I have also given the various phases of the moon. 
At the cornmencelllent of the period of observation, in the latter part  of November 
and in December, 1913, the time occupied by each complete wave from maximum 
to nlaxinlu~n of the specific gravity (00) is almost exactly 17 days, whereas a t  the 
close of the period ill April, 1914, tlie length of each oscillation is on the average 
about 19 days. I have already inentioned (vide supra, p. 157) that  during the survey- 
Season, 1910-11, I obtained evidence in the area lying to the north of an exactly 
similar oscillation in the specific-gravity having a time period of 18.5 days. 

I t  seems to me tha t  we have here a phenomenon that  corresponds very closely 
to  the periodic variation in the salinity of tlie waters of tlie Gulmar Fjord, that  

discovered and described by Pettersson (1909): but i t  is, I think, obvious tha t  
in this region the periodic variation in the specific gravity of the surface-water 
bears no relationship whatever to the phases of the moon and, therefore, can in 110 



1GG R. B. S. SEWELL. 

way be connected with the increase and decrease of the tidal effect a t  springs and 
neaps; Pettersson attributed the periodic oscillation observed by hiln in the main 
t o  the influence of the lunar phases : " These variations," he remarlrs, "take the 
form of great submarine waves which enter the  Fjord a t  intervals corresponding 
with the  variations in the declination and the distance of the  nioon," though he 
subsequently points out tha t  "the attraction of the sun and moon upon the waters 
of the ocean d o  not seem, however, t o  be the  sole agent of the phenomenoll in 

question." His observations, taken down t o  a depth of 50 meters, shGwed that 
he was undoubtedly dealing with an  oscillation of the  deep waters of the basin 

a t  the head of which the Gulmar Fjord is situated. The work of Watson (1904) and 
Wedderburn ( I ~ O ~ - I S ) O ~ ) ,  during the  progress of the Scottish Lake Survey, has 
demonstrated the  presence of similar oscillations in the lower levels of the water 
of deep lakes, in which a layer of warn1 water is silperposed on a deeper cold 
stratum, and indeed such oscillations seem t o  be of almost universal occurrence in 
all large areas of inland waters. Halbfass (1911) has brought forward evidelice 
t o  show tha t  there is a temperature seiche in the Madii See having a period of 
25 hours, which corresponds t o  the length of the long axis of the lake, and 
Hayford (1922) has demonstrated tha t  a similar phenon~etion can bestraced in 
the great lakes of North America. Wedderburn (1911, p. 55) himself anticipated that 
such oscillations would be found to occur in the large ocean basins and both Wed- 
derburn (1909 (c) ) and 0. Krummel (1911, p .  192) claimed tha t  the observations of 
Pettersson on the Gulmar Fjord were of this nature. Pettersson, however, in a later 
paper (1912) showed tha t  the oscillatioil in the Gul~nar  Fjord appears to be defi- 
nitely connected with the  lunar phase and tha t  this seems to  be the causative agent 
in producing the  observed rise of salinity, not only in the short-period variation, 
narnely tha t  of 14 odd days, bu t  in other long-period phases in wliicli a regular rise 
and fall of the  salinity of both upper and lower levels can be detected. It would, 
therefore, seem tha t  Pettersson is right as regards the changes in the Culnlar Fjord, 
but the absence of any correlation between the oscillations of salinity 011 the Burma 
Coast and the lunar phases renders i t  clear tha t  this phenomenon cannot be attribu- 
ted to  the same cause. Honda, Terada, Yoshida and Isitani (1908) have demon- 
strated the occurrence of periodic seiches in slnall bays round the Japanese Coast 
and similar occurrences have been recorded in Inany similar bays in other parts of the 
world, for an account of which I would refer readers to  Kruinmel's work (1911, PP. 
168-195). Sir George Darwin (1910, p. 415 et seq.) and James Murray ( I ~ I I , ~ I .  134)have 
suggested tha t  there is'evidence of a seiclle, of approximately 3 days' duration, 
in the Ross Sea, and the work of Nansell (1902) on the deep-sea teniperatures taken 
during the expedition of the "Fralii " to  the North Pole, and that  of Helland-Hansen 
and Nansen (1909) on the density of the water a t  different levels in the Norwegian 
Sea has produced a certain alnount of to show that  periotlic seiclles do 
actually occur in the larger ocean basins, and there is a certain amount of evidence 
in favour of the periodic changes in the salinity of the surface-water off the coast 
of Burma being due to  this cause. If this be so, we should expect to fiUd that 



TEMPERATURE 8 SALINITY OF COASTAL WATER OF ANDAMAN SEA. 167 

the period of oscillation exhibits a clear relationship to the size and depth of the 
basin of the Andaman Sea. Wedderburn (1908, p. 424) has given tlie following for- 
mula for calculating the period of such a seiche in a basin where the density of the 
water is clearly divided into two layers or strata, an upper layer of water of low 
density floating on a deeper layer of more dense water ; n conditioli such as this is, as 
is well known, present throughout the whole region of the Indian Seas. 

L is the length of the basin in meters, and 01 and 02 and P and P a r e  respectively the 
densities and depths of the upper and lower layers of water. ~ f ,  therefore, the 

periodic oscillatiot~ of the specific gravity of the surface-water off the Burma Coast 
is due to an internal seiche in the deeper waters of the Andalnan Sea basin, the 
observed time of oscillation should agree closely with the time-period calculated from 
the above formula. The Andaman Sea has approxilnately a total length of 1,234 

sea miles or 2,252,600 metres and the ~ l lax imu~n depth is about 2,200 fathoms or 
4,015 metres. Owing to  the illflux of river-water into the basin the specific gravity 

of the water of the upper levels is collsiderably reduced and the lowering of the density 
is still further enhanced by the colllparatively high temperature of the surface-water. 
It would seem probable, therefore, that  conditions are favourable for the production 
of an internal seiche. Ullfortunately I have no direct data regarding either the 
density (,,) of the water in the depths of the basin or of the relative depths of the 
upper and lower strata. I have, therefore, had to fall back on observations made in 
neigl~bourin~ localities. For the first of these data I have taken the density of the 
deep water as 1.0278, this figure being derived froill various observatioils made by 
the S.S. "Valdivia" in the Indian Ocean between 0'58' and Z O O '  N. and 96" and 
99'43' E. (vide Schott. 1902, Table 21): and, for the second, the depth of 125 
metres is based on the serial telnperature and salinity observatio~is of the " Inves- 
tigator" in the Bay of Bengal down to  a depth of 500 fathoms, which show that  in 
the eastern part of the Bay the " discol~tinuity layer " lies a t  a depth of about 65 to  
70 fathoms (vzde also Schott, 1902, p. 180). 

I have already pointed out that  the density of the surface-water varies through- 
out the period of lrly observatiolls and this will of itself cause a difference in tlie 
length of the period of oscillatioll, if it  be due to a seiche. I have, therefore, taken the 
average density for each lllol~tll and have calculated by Wedderhurn's formula the 
corres~oiidii~g period of oscillation, and it1 Table 31 below I give the results SO 

 taille led and the actual observed period of oscillation in the specific gravity of the 
Surface-water. It seeins more than probable that  the actual depth of the upper 
layer of less saline water varies soi~iewhat fro111 seasou to seas011 and, as I shall hope 

show in a subsequent paper, shows a clist i~~ct periodic oscillatioi~ as regards its 
lower lilllit, which reaches one nlaxinluin of depth about March to  April. I n  the 
followil% calculations I llave ,lot taken this increased depth ( p )  into account; i t  
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would, however, tend to lengthen the calculated period of oscillation and thus cause 
the figure for March to  approach more nearly to  the observed period. 

M o ~ ~ t l i .  Average density (a,) Calculated period of Observed period of oscillation 
of surface water. oscillation. of specific gravity ((I,) 

Novelnber, 1913. . . 1.018g55 16.3 days 17.0 days. 
December, 1913. . . 1.020154 18.0 days 17.5 days. 
January, 1914 . . 1.020661 18.1 days 18.0 days. 
February, 1914 . . r.ozoG97 18.1 days 18.5 days. 
March, 1914 . . 1-020840 18.4 days 19.0 days. 

Table 31 ; showing the mouthly variation in tlie observed and calculated period of oscillation in t h e  
specific gravity of the surface-water 011 the Burma Coast. 

So close in the agreement between the observed and calculated period of oscil- 
lation, that i t  is, I think, sufficient ground for believing that we have here evidence 
of a seiche in the deep water of the Andaman Sea basin, and the question arises 
what is the cause of this oscillation. Wedderburn (1909 (c), p. 596) remarks that "in 
lakes the density seiche is started by winds which accumulate the surface waters 
towards the lee end of the lake. When the wind moderates or ceases, the oscillation 
begins and continues until equilibriuin is established, or until another storm springs 
up which starts a new seiche. " It is not improbable that the causative agent in the 
formation of this seiche in the Andaman Sea basin is the wind of the North-East 
Mollsoon during November and December. This must tend to  cause an alteration 
of the depth of the surface stratum a t  the two ends of the basin, and since the seiche 
would not reach its maximum till the wind moderated we should not expect to 
find the best evidence of such an oscillation until the close of the monsoon period in 
January, which agrees with what I have pointed out above, namely, that the oscilla- 
tion becomes inost marked in February and the succeeding months. Such a band-  
fro swing of the water of the deeper level will a t  these intervals of time, llamel~ r8 
days approximately, bring niore saline water nearer to  the surface; as a result of 
admixture with tlie less saline water of the upper stratum, brought about in all 
probability by wave action, which will also be more effective during and lust after 
the period of the monsoon than during the calm periods before and afterwards, there 
will ensue periodically a rise in the salinity of the surface-water. 

During the survey season of 1921-22 the early part of 1922-23 the I<.I-M.S. 
" 1nve~tig;ltor " was engaged in tile survey of Nankauri Harbour in the central 
group of the Nicohars. I was thus able to  carry out observations on the conditiolls 
of the surface-water on the west side of the Arldalnan Sea basin. During the 
whole of this period my observations on the salinity were made by means of a 
' Buchanan ' hydrometer and from the results ohtailled I have calculated, 
Knudsen's Tables, tlie actual salinity and density of the water. 

It is of interest to  see how far the on the west side of the Alldaman 



TEMPERATTJRE & SALINITY OF COASTAL WATER OF ANDAMAN SEA. 169 

sea differ from those on the east and to  what extent these conditions may vary from 
year to year. 

A .  Seasonal variatzon. 

In Table 32 I have given the average temperal.ure, salinity (S) and density 

(,,) of the surface-water in each month of the two survey-seasons; my actual 
observations are given in extenso in Appendix V I .  

-- - - - - - - - - - -- - - - -- - -- - - - - -- - -- - -  - 

I SURVBY SEASON 1921-22 SURVEY S E A S O N  1922-23. 

Month. 

October . . . . 
November . . . . 
December . . . . 

January . . . . 
February . . . . 

Saliuity. 

33'78 

33'77 

33'87 

. . 

. . 

Density. 

21.48 

21.64 

21.81 

I - .  
I 

TABLE 32 ; giving the Salinity, Te~nperature aud Density in each month of the surface-water 
of Nankauri Harbour, Nicobars. 

N.B.-The nvevnge 7'emflevature, as  given, refers o ~ t l y  lo the 7ualev-sa~~zflles taken for exnminnlion. 

A comparison of the nlollthly averages in the two years shows that  during the 
period 1921-22 both the salinity and the temperature. of the surface-water show 
a steady decrease from October t o  January;  in the month of January this phase 
has reached its maxiinurn and in the following month, February, the salinity and 
temperature of the water commence to  rise. In  the following season, 1922-23, 
although the temperature of the surface-water falls steadily from October to  
December, the salinity exhibits an increase. As a result of these changes it is 
foulld that the density of the water in 1921-22, in spite of tlie fall of salinity, 
increases slightly from October to  November, but  then falls steadily till January, 
after which it again begins t o  rise : in 1922-23, however, the fall of temperature 
is combined with a rise of salinity and there is, therefore, a continuous rise in 
the density from October t o  December. 

I t  is clear that  the collditions present in these two seasons were very different ; 
the fall in the temperature is part of the double seasonal change tha t  takes 
place throughout the whole of the Indian Seas, for as I have already noted 
(vide supra, pp. 57-62), the temperature of these waters exhibits two maxima, in 
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May and again in September-October, with two minima, correspondillg to the 

two inonsoons, in July and in January-February. The difference in the salinitv 
of the  surface-water in the two seasons appears t o  be correlated with the rainfall 

in the  Bay of Bengai and over the Bay Islands and Upper Burma. A glance at the 
nlap shows tha t  three large rivers, the Irrawaddi, the Salween and the Stang, 
drain the whole of upper Burma and the country t o  the north and flow out 
into the  northern end of the Andaman Sea basin : any excess of rainfall, therefore, 
over the  region of upper Burma, tha t  is drained by the  Irrawaddi and Salween 
Rivers will, in the  course of time, find i t s  way into the Andaman Sea, the time taken 
depending on the distance away from the river mouth. I have in the following 
table given the  amount of rainfall over both areas, during the months of July 
t o  December inclusive, in 1921 and 1922. 

- 

Area. Total 
Rainfall Rainfall 
inches. 

EXCESS OF 
1921 over 

1922. 

Bay Islands . . . . / 56.25 +2.60 1 + 2-20 

Upper Burma . . + 4'59 + 3'64 + o.@o 
I 1 

During both periods the amount of rainfall was above the normal but to a less 
extent in 1922 than in 1921. AS a result of this increased rainfall in 1921 and 
especially of the increase which fell over the  Bay Islands, namely 2.20 inches, there 
must have been a marked lowering of the  salinity locally and this must have been 
still further lowered by the increased outflow of fresh-water from the Irrawaddi and 
Salween Rivers. The dilution of the surface-water over the northern end of 
the Ancla~nan Sea will thus have been considerably greater in 1921 than in 1922 ; and 
during the months of the North-East Monsoon this dilute surface-water will 
have been swept by the wind in a south-westerly direction and, in consequence, have 
caused an abnormal lowering of both the salinity and density of the surface- 
water in and around the region of the central group of the Nicobars. 

B. V a r i a t i o n  in S a l i n i t y  due  to T i d e s .  

According t o  "The Bay of Dengal Pilot " the flood-tide sets into  ank kauri 
Harbour through the western entrance and the ebb flows out through the eastern 
channel : but  during the period of our survey of the harbour from October, 1921, to 
February, 1922, and again from October t o  December, 1922, the flood-tide entered 
the harbour through both east and west entrances, while the ebb-tide flowed 
through the harbour and out through the western entrance only. There was thus a 

more or less constant current flowing into the harbour through the eastern entrance, 
the  strength of the flow wrying with the state of the tide. It is probable that the 
direction of flooding of thc tide is illflueIlced by the prevailing monsoon and, there- 
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fore, varies a t  different times of the year ; the account given by " The Bay of 
Bengal Pilot" is probably correct for the  period of the  South-West Monsoon bu t  
during the North-East Monsoon the conditions are changed t o  what we found during 
our visits. 

Owing to the continuous flow of water through the  eastern entrance one would 
not expect to find any very marked tidal changes in the  salinity of the surface-water 
of the harbour, and especially of tha t  region of the harbour where t h e  usual ancho- 
rage is situated, since this is colnparatively close t o  the eastern entrance. On the 
one hand, however, owing t o  the presence of large mud-flats, tha t  are covered a t  
high-water, and over which evaporation must be considerable, one would expect 
that a rise in salinity of the harbour water would result, especially when high-water 
occurred a t  or near noon ; on the other hand, and particularly during the  wet 
seasoil in December and January, the drainage of rain-water from the land into the 
harbour must tend t o  cause a lowering of salinity in the water of the harbour. 

In order to determine what changes, if any, occurred during the rise and fall of 
the tide, a series of sanlples was taken a t  a position well out  in Cross Harbour, 
between Octavia and Spiteful Bays, a t  two-hourly intervals between 6 a.m. on 
the 24th and 6 a.m. on the 25th February, 1924, when we were a t  anchor in the 
harbour. The samples were titrated with standard silver nitrate solution and the 
results are given in Table 33 : 

d " 2 .- z "l 

2 .  
V] 

! 
Date 1924. Time 0 C1. S. 00 % 1 

i 

Table 3.3; observations on the salinity of the surface-water of Nankauri Harbour a t  different 
states of the tide. 

I, 

Note--~t was fount1 impossible to arrange for a reading of the tenip~rature during the hours from 
P.In. to 4 a.m. I aln therefore rina1)le to give the density of the surface-water during this interval. 

01 

Pel). 24th .. 
,, 
,, 

, 

,, 

,, 

pel). 25th 

21.28 
21.44 

1,ow water 6-15 A.nr .  

- 

6 A.M. 
8 A . M .  

10 A . M .  
12 noon. 
2 P . M .  
4 P . M .  
6 P.M. 
8 P.M. 

10 P.M. 
12 niid- 

night. 
2 A.M.  
4 A.M.  
6 A . M .  

21-30 1 
21.21 High water 11.55 A.nr. 
21.17 1 
21'40 i 21'49, Low water 6-05 r . n r .  
21.28 I 
. . 
. . I High water 12-15 A.M. 

I 
. . 1 . . 

21-13 Low water6-35 A.M. 
I 

-~ -- 

"C "C Inches 
of Hg. 

28.0 26.67 
27.5 1 27.22 
28.0 27.78 

88.22 
81.74 
79.77 
77-53 
78-67 
79.90 
82.01 
83.95 
83.89 . . 
81.74 
83.81 
86.09 

28.2 
28.2 
28.0 
27.6 
28.0 
. . 
. . 

. . 

. . 

28.22 
28.33 
28.06 
27.78 
27.50 
27.22 . . 
27.22 
26.94 

29.83 

28.0 , 27.22 

26.91 18.54 
26.90 

33.49 
29.87 18.53 33-48 

33.51 : 26-93 
33.48 ~(3.90 
33.42 26.86 
33'51 26.93 
33.58 26.99 
33.49 1 26.91 
33-49 ! 26.91 .. I . .  

I 

33.49 26.91 
33.33 26.78 
33.30 26.75 

29.90 1 18.55 
29'88' 18.53 
29.84 1 18-50 
29.83, 18-55 
29.84 18.59 
29'89 18.54 
29.93 1 18.54 
. . 

29.87 
29.87 
21.88 

. . 
18.54 
18-45 
18.43 



Tlle res~ilts obtained have been plotted out in Text-fig. 27 and, for the purpose 
of reference, I have also given the rise and fall of tlte tide, as recorded by the Tidal 
Observatioll Station on shore and only about one-quarter of a mile away from the 
ship : I have also given the variations in the humidity of the atmosphere, as cal- 
culated from wet- and dry-bulb observations, and the rise and fall of the barometric 

pressure as recorded on the ship during the same period. From a comparison of the 
four curves, it appears tha t  there is a distinct tendency for the  salinity of the 
harbour-water to  rise and fall with the tide, the  influx of the open-sea water on the 
flood causing a rise in salinity, that  is followed by a fall on the ebb, this latter being 

, . I Err-PIG.  27 :  sliowinq the v a r i a t i o ~ ~  of salinity of the surface-water, the rise and fall of tile tide 
and the \.ariation it1 the liu~iiidity of the atmospllere ill Nallkauri Harbour, Nicobars, 011 February 
24-25! 1924. 

due doutless to  drainage from the land. The correlatiorl of the two curves is, how. 
ever, interrupted during the early part of the afternoon, when the temperature of 
the water is highest and the humidity of the atmosphere is low, and there is a 
nlarked rise in salinity between 2 and 5-30 p.m. followed, after a moderate fall, a 

period of stability due, undoubtedly, to  evaporation of the water in the wide shallow 
hays on either side of the harbour and the discharge of this condensed water into the 
main channel on  the ebb-tide. A second point, however, t o  which I would call atten- 
tion is the manner in which the rise and fall of the surface salinity agrees with the 
rise and fall of barometric pressure. The agreemellt between the two curves is closest 
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in the morning fro111 7 a.m. t o  2 p.m. ; between z nild T O  p.m. the parallelistn is 
interrupted owing to the effect of evaporation, but from then on the two curves 
again tend to coincide; the change in salinity, liowever, being about 2 hours Inter 
than the recorded barometric change. 

On February 13tl1, 1922, observations were made on the salinity and temper- 
ature of the water of the harbour a t  different depths cluring both the flood and the 
ebb tides. The samples were taken a t  illtervals of five fathoms between the surface 
and the bottom, the total depth of water being 23 fathorns. 'I'he times, a t  which 
the serial observations were taken, were (a) a t  8-30 a.m. or 3 i  hours after low 
water, and (b)  a t  11-30 a.m. or I& hours after high water. The water samples were 
taken by means of an ' Ekinan'  reversing water-bottle and the density was esti- 
mated by a ' Buchanan ' hydrometer, the results being converted into salinities by 
means of Knudsen's Tables. The results obtained are give11 below in Table 34 and 
I have charted theill in Text-fig. 28. 

Feb. 13. 
1322. 

Flood t ide  
'34 hours after low 
/ water. 

S. Date. 

E b b  t ide  
14 hours after 

higli water.  

I --- I I- 

Surface 

20 ,, 

Surface I 5 ims. 
{ 10 ,, 

[ I:: :: 

CI. 

.- - - - -- 

HYIIKOAIBTRI< 1 RE.4DING 
,\. I - 'l'crnp. 

I 1111ie. , s l a t e  of Title. p th .  in - -  - - 

, 
Table 3 4 ;  Results of serial o b s e r v a t i o ~ ~ s  on t h e  Salinity ancl T e ~ n p c r a t u r e  of t he  water of Nankaur i  

Harbour. 

P i  
I 
I 
I 

On the flood tide the salinity shows but  little change between the surface and 
5 fathonls depth;  below this, however, there is a marked increase that  reaches its 
maximum a t  10 fathoms; below this again the salinity falls to  about 17 fathoins 
and, finally, there is a slight rise in the salinity of the bottom-water. On the  ebb 
tide, however, there is but little change in the salinity of the water between the  
surface and 15 fathoms and this is follo~red by a rise from the  fathor horn level t o  
the bottom. Tlie temperature of the water during the flood falls steadily from 
the surface to  a depth of 5 fa tho~ns,  i t  the11 equally steadily increases to 15 fathoms 
and from this falls again rapidly to  the bottom; on the ebb tide, however, the 
temperature falls steadily from the surface to  a depth of 12 fathorns and then rise 

situ I 
S' / ' T ~ I I I ~ .  
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TEXT-FIG. 23 ; showing the variation at  different states of the tide ill the salil~ity and terllperature 
of the water of Nankauri Harbour. 

again as one approaches the bottom. A comparison of these two series of changes 
seems to  indicate tha t  during the flood tide there is a well-marked inflow into the 
harbour a t  or about the IO-fathom level of sea-water that  has a higher salinity and 
a higher temperature than tha t  found a t  the levels above and below, and that 
during the period of slack-water some a t  any rate of this water sinks to the bottom 
and hence causes the rise in salinity and temperature that  is observed in the 
bottom-water on the ebb tide. 

On the 27th and 28th of February, 1924, a series of observations was made 
a t  two-hourly intervals on the s ~ r f a c e - ~ ~ t ~ ~  off the entrance to  Dring Harbour 
near the  north end of Camorta Island it1 the Nicobars; before the series was corn- 
plete the R.I.M.S. "Investigator," owing to  the exigencies of the survey, moved 
to  Expedition Harbour. The results obtained by the titration method are given 
below in Table 35 and I have also plotted them ill  Text-fig. 29, and for the purpose of 

reference I have also given the rise and fall of the tide, the relative hunlidity of the 
atmosphere, as calculated from wet- and dry-bulb readings, and the height of the 
barometer recorded on board. 
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I I 

TEXT-PIG. 29 ; showing the v a r i a t i o ~ ~  in salinity and te~nperature of the surface-water off the 
ellttallce to L)riug Harbour, Camortn Island, Nicobars, February a7 aud 28, 1924. 

Date 
1924. 

Feb. 27. . . 

,, 28 . . 

--- 

Table 35 ; observations on the salinity of the surface-water a t  anchorage opposite entrance to  
Dring Harbour and in Expedition Harbour. 

27 11 2 4  28 11 24  

Time. 

-- 

I0 A.M. 
12 Noon 
2 P.M. 

4 P.M. 

8 P.M. 

I 2  
10 P.M. 

:nidnigt. 
2 A.M. 
4 A.M. 
6 A.M. 
8 A.M. 
10 A.M. 

--A - -- -- - -- 

Low water ~ - ~ o , A . M .  

High water 2.05 P.M. 

Rail] storlll about 6 p.al. 

Low water 8-30 P.M. 

High water 2-30 A.M. 

I,OW water 8-30 (approx.) A.M. 
Both these san~ples  were ) taken a t  the anchorage 

in Expedition Harbour. 

- - -- - -- - 

- 

gt 

-- 

21.63 
21.60 
21.17 
21.68 
21'52 
21.62 
. . 
. . 
. . 
. . 

21.63 

co 

- 

26.94 
26.91 
26.86 
26.99 
26'90 
26.93 
26'99 

26.99 
26.93 
26.94 
26.94 

m a, s. 

26'99 21.39 
26.99 21.36 

I 
- - - 

I 
"C I "C 

I 27.0 1 28.33 
27'0 28.89 
28.2 28.78 
27.0 1 28'33 
'7'4 ) 28'78 

79'90 
74-06 
79.49 
81.19 
' ~ ' ~ 4  
91.12 
90'55 

27.0 
. . 
.. 

27'9 
28.0 

18-59 
18.59 

26.89 
27'22 

27.22 

Inches 
of Hg. 
29.94 
29.93 
29-67 
29.83 
~ 9 . ~ 7  
29.91 
29'94 

33.58 
33.58 

. . 

. . 
27.0 

27'78 
28.61 

90'55 29.93 
18.55 
18.56 
18.56 

33.51 
33-53 
33'53 

- 

18.56 
18.54 
18-50 
18.59 
18'57 
18.j5 
18.59 

26.67 1 89.06 29.88 
26.67 1 95'21 , 29-86 

79.77 29'92 

33'53 
33.49 
33.42 
33.58 
33.55 
33-51 
33.58 

18.59 

26.67 

79.97 

33.58 

91.35 1 29.87 

29-94 
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11 coinparison of these curves indicates that  in the main the daily variation in the 
salinity of the surface-water in this area differs considerably froin the changes that 
we have already seen to take place in Nankauri Harbour. Corresponding with the 
rise of the tide there appears in this area to be a fall in the salinity; this is best 
seen between the hours of 10 a.m. and 4 p.m. on the 27th and again between 10 a.m. 
and 10 p m. on the 28th; between 4-30 p.m. and I r  p.m. on the 27th there occurs a 
well-marked fall and subsequent rise in the salinity that was probably due to the 
occurrence of a rain storm, and this masks the apex of the rise and fall in the salinity 
that should have occurred with the fall and subsequent rise in the tide during this 
period. It is probable that  in this locality there occurs during the rise of the tide 
and subsequent slack water a very considerable degree of evaporatioil of the surface 
water, both in the bay itself, which is comparatively shallow, and in the very 
extensive mangrove swamps a t  the head of the bay, resulting in a general rise of 
salinity, and during the ebb this condensed water is carried out of the harbour and 
so raises the salinity of the water off the entrance. I t  is interesting to note, 
however, that in this series of observations there is again a quite well-marked rela- 
tionship, exactly similar to that  noted above in Nankauri Harbour, between the curve 
of salinity and that of barometric pressure : a t  10 a.m. both salinity and barometric 
pressure are high and both fall together till 2 p.m., after which the salinity rises, 
as a result possibly of increased evaporation during the early part of the afternoon; 
but between 4-30 and 8 p.m. this rise is interrupted by the rain storm already 
mentioned. From 8 p.m. on the 27th to 10 a.m. on the 28th the salinity and 
barometric pressure again present the sanle rise and fall. 

On February 20th and z ~ s t ,  1924, a third series of observations were carried 
out in Revello Channel in the neighbourhood of Perseus Reef a t  the extreme north 
end of the Cainorta Island. The results of these observations are given in Table $1 

and I have plotted them in Text-fig. 30. 
-- - - - - - -- 

- - - -  - 
- _ - - -  - --- --- 

Date 
1924. 

Feb. 20 

9 

,I 

I 
"C 

10 r.11,. ! 28.0 
I 2  I lOOll  28.0 
2 p.n1 27.8 
4 p.111. 1 28.2 
6 p.tn. 28.0 
8 p.111. 28.5 

10p .m.  28.0 
12 mid- '  .. 

night. 1 

i - 
PI 
E 
6 

Time. 2 
0 

2 

High water, 9.35 ".Il l .  

1,ow water, 3.35 P.1". 

High water, 10.05 P.111. 

h 
6 . 5 .  2 a~ 2 

4 a  f i a  z. 
2 32 ILG 

X g  C E  3 r g  - 0  

'24 - w  g s  
g , 2 0  $ 2  
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I I 
Feb. 21 2 a.111. 

, Low water, 4.25 a.m. 

8 a.m 27'8 27.22 
10 a m .  1 27.8 2 7 7 8  High water.  10.15 a.m. 

, I 12 noon 28.2 27'78 

Table 36 ; observatiol~s on the  specific gravity of the  surface-water off I'erseus Reef, Calnorta 
Island, Nicobars. 

, , 
I ~ ~ T - F I G .  3o.-Sllowi11g tllc variation in salinity a11t1 temperature of the  surface-water off Perseus 

Reef, north C I I ~  of Camortn Isla~ttl ,  Nicobars, Felxuary 20-21, 1924. 

Ignoring, for the moinei~t, minor fluctuations in the salinity of the surface-lvater, 
it is clear that the general salinity exhibits during the period of observation two 
minima and one maximum. The first fall occurs between 10 a.m. and 12 noon 
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and is succeeded by an irregular rise, which reaches its maximuln a t  10 p.m.; this 

is followed by a second fall till 7-30 a.m. on the following day, after the 
salinity again rises till 11 a.m. and then once more coinmences to fall. A 
parison of the curves of salinity and barometric pressure reveals that there 
is here, as in the case of the other areas, off Dring Harbour and ill Nankauri 
Harbour, a very close agreement between the two, the only difference occurring 
between 12 noon and 4 p.m. on the 20th during which time the barometer exhi: 
bits the normal fall, whereas the average level of the saliility has commenced 
to  rise, but  this rise can perfectly well be accounted for by increased evapora- 
tion during the hottest part of the day. There is, however, an almost equally 
close agreement between the rise and fall of the salinity and the rise and fall of 
the tide. I t  seems possible, therefore, that in this area the rise and fall of salinity 
may be due to  ( I )  changes brought about by the flood and ebb of the tide. This, as 
I have pointed out above, appears to  be the case in Nankauri Harbour. The results 
of my investigations in this region show that  in the month of February the salinity 
of the surface water exhibits a distinct rise as one passes northwards towards the 
Andamans, and, furthermore, that  the surface-water of the Bay of Bengal to the 
west possesses, a t  this period of the year, a higher salinity than the water of the 
Andaman Sea to the east. In the region round the northern end of Revello Channel, 
the tidal flow sets to the south on the flood and to  the north on the ebb and thus the 
flood-tide would bring in water of higher salinity and lower temperature; or (2) 

the changes observed may, on the other hand, be due to  an actual change in the 
surface-water that is brought about by some other agency that synchronises with and 
may be dependent on changes in the barometric pressure itself, and the fact that this 
relationship can be traced in all three series indicates that this is a wide-spread 
phenomenon. I have already ( v ide  supra, p. 79 et seq.) shown that there is a 
very distinct variation in the strength of the wind, correlated with the rise and fall 
of barometric pressure, and in a subsequent paper I shall show that this is further 
correlated with changes in the salinity of the surface-water of the open sea in and 
around the coasts of India. 

Before leaving this series of observations we must turn our attention for a 
lnoment to the minor fluctuations that occur in the salinity of the surface-water 
off Perseus Reef (v ide  Text-fig. 30). These fluctuations are clearly see11 between Io 

a.m. and 10 p.m. on the 20th February, and, moreover, a comparison of the salinity- 
and temperature-records ~ 1 1 0 ~ s  that a rise in salillity is accompanied by a fall 
temperature. 'I'he intervals between the successive secondary maxima in salinity 
is exactly four hours. Taking W~dderburn's formula as our basis of calculation 
and applying the correction necessary for an open bay (v ide  ~ r u m m e l ,  1907, P. 1 ~ 3 )  
we can estimate the approximate length of the time-~eriod of such a seiche. The length 
of Revello Channel is approximately 8 sea-miles or 14.8 kilometres and the breadth 
of the southern entrance alnlost exactly half this. The greatest depth of the than- 

nel a t  the southern end, where a sounding of 140 fathoms has been recorded. The 
density of the surface-water a t  the time of my observations was approximately 
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and I have taken tlle depth of t l ~ e  surface-layer as ljeing G o  fntlloilis ; for tlle deiisity 
of the deeper stratum I ]lave taken the figure 1.02 592 ; this is I~asecl on " Investiga- 
tor" records of the deep water of the Bay of Bellgal ( v ide  iu/rn, p. 182). On this data  

the calculated time-period of a seiche in Revello Channel is 4.04 hours, which agrees 
so closely with the observed oscillatioil of 4 hours that  i t  seems probable tha t  we 
have here evidence of a local seiche. 

C. Periodic Oscillations in the Salinity. 

Duritlg survey-seasons 1921-22 and 1922-23 the R.I.M.S. "Investigator," was 

usually anchored iu Nailkauri Harbour a t  the auchorage near the mouth of Octavia 
Bay (?tide Chart VII, p. 142). The period, during which observations were taken, ex- 
tends continuously froni October, 1921, t o  February, 1922, aild again from ~ c t o b e r  
to December, 1922, except when, a t  intervals, i t  became necessary for the ship t o  
return to our base a t  Port Blair in the Andamans for the  purpose of coaling, etc. 
Conditions, therefore, for tlle investigation regarding the  occurrence of any ~ e r i o d i c  
oscillation in the salinity of the sea-water were extrenlely favourable. 

As I have already pointed out (vide supra, pp. 160, 170.) 1Tly researches in previous 
years, as well as those conducted during my stay in this area, show tha t  in the 
coastal waters of Indian seas the rise and fall of the tide may of itself produce an 
alteration in the salinity of the water ; and, in order to  avoid, as far as possible, any 
alleration in the salinity of the surface-water due to these influences, which might 
mask other periodic oscillations, samples were taken for examination as nearly as 
possible a t  the time of high-water each day during our stay in the harbour; the 
estimation of the time of high-water was rendered easy and comparatively accurate 
since the tidal data,  obtained by the tide-party on shore during the previous day, 
were available each morning. The water-samples were carefully examined by means 
of ' Buchanan ' hydrometer and the salinity was calculated by means of Knudsen's 
Tables. The rcsults of my exaininations are given i ~ z  cxtrnso in Appendix VI, and 
the salinities obtained each day have been plotted in Text-figures 31 and 32. A study 
of the data and of the two charts reveals that  in this region there is clear evidence 
of a periodic oscillation in the salinity of the surface-water, and, further, that  this 
evidence is much illore clearly showtl during the first period October, 1921-February, 
1922, than during the second period October-December, 1922. I n  both tex t-figures 
I have given for co~nparison the different phases of the moon throughout the periods 
of observation, and it is clear that  in this case, as in the case of the similar oscilla- 
tiolls observed in the salinity of the surface-water off the coast of southern Burma, 
there is no relationship betnee11 the two. At the corilmei~cement of my observations 
ill October, 1921, the inaxima of salinity correspond clearly with the times of spring 
tides, but towards the end of the same series they occur a t  or near the times of ~ ~ e a p  
tides. 1)rlring the second series of observations from October t o  December, 1922, 
the lnnxima1 salinities occur, to coinlnence with, a t  the 1noor1's first quarter, or llear 
neaP tides, whereas the last maximum, on December 16th, occurs only two days 
prior to new lnooll. It seems 1 tllereforc, that  the phenomenon in no way 





depends on eitlier lunar or tidal influenccs, and we iliust look elsewlierc for tlle causa- 
tion of the oscillatioii in salinity. 

I have already poiiited out (uidc supvcc, p. 165) tliat the siniilar oscillatioils in 
the salinity of the water on tlie coast of Burnla appear to  be due t o  tlie presence in 
the deep waters of the Aildaman Sea basin of an internal seiche and tha t  the period 
of the to-and-fro swing in tha t  area, occupyi~~g  fro111 17 t o  19 days, agrees closely 
witli the period calculated by means of 1Vedderburii1s formula froill the size of the 
basin and the density of the water. I11 tlie case of the water of Nankauri Harbour 
the average observed time of oscillatio~i in the salinity througl~out botli periods is 

Oclober;l922 Noverrlber.  December. 
/a 22 PO I 8 IS 22 29 1 8 IS 22 

x f5;deys. f5ddays. * 19 d a y s .  * 
TextPg.32.  Values oJ Go Sea-wder romday  to oby in N r v l k u r i  Karbow;SLa.61$1922. f 

15.4 days, though i t  is i~lteresting to  note tha t  on one occasion, lialnely from 
Deceinber 31st, 1921, to  January 18t.11, 1922, the time of oscillatioii appears to  have 
beell 18 days, and therefore, 011 this occasioil agrees closely witli the period fo~uld on 
the opposite side of tile Alldalllan Sea basin. Since the average period of oscillation 
ill the Nicohars is ollly 15.4 days, i t  is clear tliat, if this be also due to  a seiche, as 
seems probable, one lllust look outside the Alidailinn Sea basin for the source of i t s  
"rigill. 111 the region of Nankauri Harbour the tidal-wave (vidc Kru~nmel ,  1911, p. 
315) sets froill the south-west t o  the north-east, and the tidal cl~rrents around the 
central group of islalids appear to  run in the main in a siinilar direction; a t  the 
southern end of Na~lkauri Islalid the flood-tide sets t o  the north, part pas- qes up 



througli Revello Clia~iiiel oil the west, aiid tlie remaiiider sweeps up the east side of 
Nankauri Island into Nailkauri Harbour and up Beresford Channel on the east side 
of Camorta Tslaiid. At the north end of the group, the flood tide sweeps in from the 
west and tlieii runs southward through Revello Channel aiid along the edge of 

Yerseus Reef a t  tlie iiorth-west elid of Cainorta Island. As a result of this, the 
water tha t  enters Nankauri Harbour on tlie flood tide has collie largely, if 
entirely, from the Bay of Bengal lying to the westward; and i t  appears probable 
t ha t  the origin of any oscillation in the salinity of the water of the harbour is to 
be sought in a seiche in the deep-waters of the Bay, using the term in the restricted 
sense to  include oiily the area between the coast of Iiidia and Ceyloli aild the 
,Sndaman-Nicobar ridge. 

111 October, 1921, aud again in the same month in 1922, tlie R.I.M.S. " Investi- 
gator " carried out a series of serial observations on the temperature and salinity of 
the waters a t  different depths in the Bay, the salinity being calculated by the titra- 
tion the results, as regards the density of the water of different levels, are 

below in 'l'able 37 and I liave plotted the average of all these observatioiis in 
Text-fig. 33. 

1,at. N. .. 6".gr1.00" 6".3Sf.30" 8O.11'.42" 8°.5~'.30n IO'.IO'.I~" 10°.2~'.00" 
Long E. .. 83°.22'.30" 83°.341.30" 86°.29'.42" 86O.52'.00" 89'.5j'.1~" 90°.~7'.30n Average 
Date. . . 1g.x.21 10 .x .z~  zo.x.21 11.x.22 z1.x.21 12.x.22 
Surface . . 21'404 22.328 21.013 22'322 20.719 20.737 21,420 
50 f~tl10111s . . 22.851 23'440 ... 23'782 23.429 23.880 23.476 

... 100 ,, . . 26.008 25.766 25'934 ... 25'966 25.918 

... ... ... ... 150 ,, . . 20.699 ... (20.699) 
200 ,, . . 26.873 26.880 ... 26.64j ... ... 26.799 

... ... ... ... 300 ,, . . 27.106 ... (27.106) 
... ... ... ... 400 , ,  . . 26.900 ... (26.900) 
... ... ... 500 , ,  . . 27.415 27.281 ... 27.348 

Tahle 3 7 ;  showing the d e ~ ~ s i t y  of the water a t  different tlepths i l l  the  Uny of Ue~~ga l ,  fro111 obser- 
vations on board the R.1.hI.S. " I~~ves t ign tor"  in October. 1921 nud 1922. 

The S.S. " Valdivia," during her cruise, carried out serial observations a t  different 
depths in a position opposite the mouth of the Bay of Bengal in Lat. 7'43'N.; Long. 
8S045' E. (vide Schott, 1902, Temperaturkurven Tafel 22) and the results gave a 
density a t  the surface of 22 6, a t  ~ o o  metres 23.88, a t  200 metres 26.16 and at 3,692 
metres 27.89. The results of these two series are, therefore, in comparatively close 
agreement. I t  is cleat. that  tlie lower limits of the layer of low-density lies in the 
Bay of Bengal, a t  a depth of approximately 120 fathoms (or 220 metres) while the 
maximum depth of water a t  tlie mouth of the Bay is 2,zoo fathoms (or 3 , o ~ o  iiletres). 
For the purpose of calculating the period of oscillation in this area by ~edderburn's  
formula I liave taken tlie density of the upper strati1111 (n l )  as 1,0230 and of the lower 
s t r a t u~n  (n2) a s  1,0275; and P heillg respectively 205 rnctl-es ant1 3,815 rtietres. 

The total length of the nay  of I<engal is approxinlately 960 11:totical nliles 
(=1,777,935'4 llietres). Applying Wedderburn's formula to tlie above data, this 
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gives a calculated time period for a uni-nodal seiche in tlie let~gth of tlie Ray of 28.4 
days. If, however, tlie seiche be a bi-nodal one, this figure must be ~llultiplied by a 
factor 0.55, if tlie area in which the seiche occurs possesses a bottom contour such as 
that of tlie Bay of Bengal (vide Krummel, 1911, 11. 165): this gives 11s a calculated 
period for a bi-nodal seiche in the Bay of 15-62 days, which agrees so closely with 
the observed period of oscillation in the surface salinity, namely 15.43 days, that one 
is, I think, justified in regarding this oscillation as evidence of such a seiche. There 
seems to be little doubt that in both the Andamall Sea and the Bay of Bengal tliere 
is, at any rate a t  certain seasons of the year, a seiclie in the more saline, deeper 
stratum, the time period of which is respectively in the neiglibourliood of 18 days 

, , 
Ilts'l'-l:~c:. j3.-'rhe tcll~perature and density (cr,) of the sea-water at diffcret~t dcpths 0 1 1  the east side 

of the Bay of Bellgal i l l  October. 

and 15'5 days, that of the Alldaillan Sea Basiii being uni-nodal, whereas in the Bay of 
Bengal it is bi-nodal. 

I t  is interestillg to llote that the extent of tlie variation in tlie salinity of tlie 
surface-water in Na~lkauri Harbour steadily increases from October to February, as 
follows :- 

Alonlh. R a q e  of Salinily. 
0rtol)er . . . . . . . . . . 0.46 
Novc1111)e1 . . . . . . . . . . 0.51 
l ~ e c e m l ~ c r  . . . . . . . . . . 0.50 

January . . . . . . . . . . 0'74 
February . . . . . . . . . . 1.21 



Textfj.3+ 4-hourly uariutiOn in the Sdinity (S) of thesw-~lcc waCu in Rev& C7ranne.?,Ndcodars in March. 1925. 
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This illcrease in the range of the salinity may be accounted for, cither by ( I )  an 
increased deficie~lcy iu the salinity of tllc surface-water ; the effect of a periodic 
upwellillg of deeper, Illore saline water and its acli~lixture wit11 the water of the 
surface-layer will clearly be small if the difference between the saliility of the two 
strata is decreased, and I have already sllow~l tha t  the density of the surface-layer fell 
steadily in 1921 from October to January ; or by (2) an increase in the amplitude of 
the oscillation of the deep stratuin. If, as I have suggested above, the  strong winds 
of the north-east Inonsooil are the cause of the seiche, one would expect to  find tha t  
the maximuin oscil lat io~~ of the deep stratuin and, therefore, the ~naximum range of 
salillity of the surface-water would occur, as i t  does, a t  the close of the north-east 
monsoon in February. I have already illentioiled (vide suprn, p. 179) tha t  evidence 
of this periodic oscillation in the salinity of the surface-water was obtaiiied during 
both survey seasons, viz. October, 1921, to  February, 1922, arld again in October, to  
December, 1922 ; but in the latter period the amplitude is much smaller, dependant 
on the smaller difference between the salinities of the two strata of water. I n  
October-December, 1922, the average salinity of the surface-water was appreciably 
higher than i t  had been during the previous season, October, 1921, to  February, 1922, 
the average of both periods being 33.27 arid 33.81 respectively. The difference in the 
two years is uildoubtedly correlated with the rainfall (zlide slcpm, p. 170) and i t  
seems probable that  the evidence of this seiche, as exhibited by the oscillation of the 
surface salinity, will be slight in any year in which the rainfall is below the norn~al  
and in which, in consequence, there is not the usual lowering of the salinity of the 
surface-water. 

During the month of March, 1925, the " Investigator " was engaged in surveying 
the approach t o  Nankauri Harbour on the west side, and throughout the month she 
was, as a rule, anchored in Revello Channel. During the period March 4th t o  19th she 
remained a t  an anchorage off Hoillipot village, just to  the south of East  Bay, on the 
east side of Kachal Island, except on Saturdays and Sundays (the 7th, 8 th  and 
12tl1, 13th), when she returned t o  her old anchorage in Nankauri Harbour. Throughout 
this period satllples of the surface-water in Revello Cha~inel were taken a t  intervals 
of four hours: these were carefully titrated and the results are given i n  exlenso in 
Appendix VI I  and I have plotted the salinity in Text-figure 34. For the purpose 
of colnpariso~~ I have also given in the text-figure the data regarding the rise and fall 
of the tide. 

-4s is clearly seen in Text-fig. 34 the salil~ity exhibits a very clearly marked 
lllajor oscillation, the maxi~na,  of whicl~ three occurred during the period of obser- 
vation, occurril~g as follows :- 

I S ~  M ~ X ~ I I I ~ I I I I  011 March 6th a t  2 a.m. 
2nd ,, , J ,, 11th ,, 8 p.111. 

3 ,, ,, ,, 16th ,, 5 p.m. 
In addition to these major oscillations there are superposed a number of lninor 

oscillatiolls and a colnl,arisol~ of t.11ese with the tidal data given below appears to  
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indicate that  tlie two may be correlated, the rise of the tide being, as I llave previ- 
ously shown t o  be the case in the area off the  111outll of Dring Harbour further to the 
uorth, associated with a fall of salinity ; on the  other hand there appears to be a 

very clear indication tha t  this rise and fall of salinity is associated with the double 
d i ~ l r ~ l a l  oscillation of the barometric pressure. If we take the average of the salinity 
a t  different titnes of tlie day throughout the period of observation, we get the 
folloi~~ing results :-- 

Time of day . . 4 a.m. 8 a.m. 12 noon. 4 p.m. 8 p.m. 12 midnight. 

salinity . . 33'07 32'99 32'96 33'07 33.03 33'02. 

A.M. 4 8 12 M .  4. 8 . I2 

In  Text-figure 35 I have plotted these results and, for the purpose of colnparisnn, 
I have given the average rise and fall of the barometer throughol~t the day. 
A comparison of the two curves shows beyond doubt that  the rise and fall 
of barometric pressure and salinity synchronise with each other, the lnininlarn 
barometric pressure corresponding to  the epoch of maximum salinity and vice versa* 
I have already (rlidc safim, pp. 176, 178) referred to the manner in which tile rise 
fall of salinity and the rise and fall of barometric pressure appear to  synchronise 
the regioll t o  the nortb, around Persells Reef off Dring Harbour ; hnt in these 
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instalices tlie epoch of nlaxinlu~n salinity coincided wit11 the inaximurn baro~netric 
pressure. This latter condition was found t o  be present in the month of February 
whereas the present form of oscillation was noted in March. In  a subsequelit paper 
I hope to deal with this phenomenon a t  some length and will here content niyself 
with stating tha t  there appears to  be a very definite correlation between the rise 
and fall of the barometer and the salinity of tlie surface-water, a correlation that  is 
reversed a t  certain seasons of the year. 

The major oscillation is, I think, attributable to  a seiche in the Bay of Rengal. 
The width of tlie Bay of Rengal a t  its mouth between the east coast of Ceylon and 
the west of the Andaman-Nicobar ridge, is approximately 740 nautical miles 
(=1,370,480 metres), and the depth is 4,020 metres. During the whole period of my 
observations the average density of the surface-water was found to  be 1.0230. For 
the purpose of calculation, by Wedderburn's formula, of the theoretical period of 
oscillation occupied by a seiche across the rnouth of the Bay and in default of any 
further observations on this point, I have taken the depth and the density of the 
bottom layer of water as  3,815 metres and 1.0275 density, this being the figure de- 
rived from the data (as noted above, p. 182) obtained by the " Valdivia " and used by 
me in calculating the time period of a seiche in the  long axis of the  Bay. This gives 
us a calculated period for a uni-nodal seiche of 10.95 days, and for a bi-nodal seiche of 
10.95 x 0.55=6.022 days. We have already seen tha t  the evidence of the rise and 
fall of salinity in Nankauri Harbour points t o  the existence of a bi-nodal seiche in 
the long axis of the Bay and the comparatively close approximation of the calculated 
period 6.022 days and the observed period of oscillation of salinity of 5-33 clays 
in Revello Channel seems to me to  indicate that  there is also a bi-nodal seiche across 
the Bay of Bengal, the presence of which is revealed by the periodic rise and fall 
in the salinity of the surface-water. 
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APPENDIX 111. 

Observations on the Surface-Water, a t  7 . 3 ~  a.m. daily, 
off the coast of souther11 Burnla during 

Survey Season, 1910-11. 
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APPENDIX IV. 

Observations of the clelmity of the surface-water a t  different states 
of the Tide, by irlealls of a ' Ruchanan ' Hydrometer, 

in the Mergui Archipelago, 1913-14. 



Date 
1913. 

Time. 

act. I 2  

Oct. 19 

April 8 

,, 
,, 

, 

R. B. S. SEWELL. 

I 

I1 a.111, 
12 noon 
I p.m. 
2 ,, 
3 9 ,  

4 v *  

5 9 3  

6 7 .  

,, 6 p.m. 

1 

I 
I 
I 

- - - - - - - - . - - -- - - . - - - - - . - - 

POSITION. 
-.~-. ~ .- 

 at. N. 1 Long. E. 

Nov. 8 

,, 9 

,, 15 

! ,  16 

s' . - 
Sq. 

1'01606 
1.01598 
1.01646 
1.01553 
1'01415 

1'014.j2 
1.01440 
IaO15.+I 
1.01575 
1.01597 
1'01(357 

1.01940 
I or147 
1.01j29 

1.01138 
1.00691 
1.00264 
0.99967 
0.99849 
0.99901 
0'99goO 

1'00271 
1~00119 
1.00562 

1'019132 

1.019403 
1.019489 
1.018285 
1.017133 

1'018439 
1.019462 
1.019832 
1.017381 

-- 

11°.29'.57' 
[Allchorage 

Harbour.] 

98". 34l.38' 

[Aarboragc 
Hnr1,our.I 

-. - -- 

HYDROMETER 
HEADING. 

-- -- 

~ p .  grnv.1 O.C 

I 1.oz166 18-55 1.017677 

I 
I 11'.54'.55' , 98°.20'.45" 

1.02055 28-75 1.016914 

S, 

26.13 
25.99 
26.76 
25.53 
23 90 

24.33 
24.16 
25.53 
26.02 ; 

I 
98O.34'. 38" 

in Mergui 
{ 
I 

( 
f 

i (I". 29'. 57" 

in  hfcrgui 1 
, ' 

1'01962 
1.01951 
1.02005 
1.01917 
1.01792 

1.01824 
1.01817 
1.01915 
1'01954 
1.01976 
1.02037 

1.02323 
1.01567 
1'01751 

1.01559 
1.0111~ 
1.00085 
1.00386 
1.00268 
1'00332 

7 ,> 

9 > v  

8 p.m. 

9 P."" 
10 p.m. 
1 I 11."'. 
12 mid- 
t ~ i g ~ ~ t .  

1-30 a.m 

4 a.m. 
6 a.m. 

a.n1. 

7 p.m. 

1 : :  
I a.m. 
3 a.m. 
5 a.m. 

7 a.m. 

i I 
I 

I 

1 ! 
i 

11~.57'.30" , 98'.1r)'.oo~ { 

I 
I [ 

Oo. 

-====--- 

State of 
Tide. 

, 

LOW water 
3.14 p.m. 

27'10 
27'00 
27.30 
27'35 
27'87 

,27'70 
27.75 
27.75 
27'80 
27.90 
27'95 

28.00 
29-35 
29 40 

29.40 
29.45 
29.50 
29.50 
29.50 
29.90 
29.95 

29.95 
30.30 
30.15 
30.65 

30.20 
29.65 
29.60 
29-60 

29.60 
29.60 
29.65 
29.80 

10 ., 
11 a.m. 
12 noon 

I p.111 . 
2 t ,  

3 .. 

1'00333 

1.00705 
1.00563 

[ 
1.023761 

1 
I 

} 

I 
J 
1 , 
j 

~ 1 .  

1 
1 

I 

12 . 29.57 )98 . 34 . 38 

1 i 

1'02140 
1.02167 
1.02135 

1.02284 
I.OZ.~II 
1.02.325 

1.02314 
1.02283 
1~02235 

1.02295 

26.35 ( 

r.oz3Rgg 
1.oz3811 

27.18 

30.99 
20.93 
23.40 

20.82 
14.81 
9.11 
5 11 
3.53 
4'40 
4.40 

9.39 

! 
20.99 1 14.46 
20.87 , 14.38 
21.50 ' 14.81 
20.51 14.13 
79.20 , 13'22 

19.54 13.46 
1 . 4 4  I 
20.51 ! 14.13 
20 90 1 14.40 
21.17 14.58 
21'83 15'04 

6 ,, 
7 ,P 

8 9 ,  

9 7 ,  

10 ,, 
8 a.m. 

10 a.m. 
I 2  110011 

p.m 
4 p.m. 

28.80 
28.60 
28.95 , 

I 

27.95 
27.85 
28-00 

28.10 
28.25 
28.35 

28.95 

High water, 
9.28 p.111. 

High water, 
12.11 p.m. 

/LOW watrr, 
6.39 p.m., 

24.89 
16.81 

1 18.80 

16.73 
11.89 
7.29 
4.06 
2.78 
3'48 
3.48 

7'52 
6.70 

10.76 
25.554 

25.679 
25'571 
24.257 
23'022 

I 
1 
I 
I [AllcIioraqc.l i n  Mergui 1.022587 

17.15 
11-58 
12.95 

11.52 
8.19 
5.03 
2.81 
1.94 
2'42 
2.42 

5.18 
4.62 
7.41 

17.60 

17.69 
17.62 

; 16-71 
15-86 Harbour.] 

8.37 
13'41 1 
31.80 High water, 

I 9.11 a.m. 

1.017344 
I 017673 
I ~ I ~ Z Q  

31 96 
31.83 
30'19 
28.66 

30'39 
31.76 
32-29 

24.423 
25.524 
25.939 

1.oz14jo 

1'022741 
1.023769 

15.82 
1h.01 
15.78 

16.86 

22'957 
23.242 
22'907 

Low water, 
3.30 p.m. 

16.82 
17.58 
17.87 [ 

1.019028; 24'472 

29'06 High water, 
7.19 p.m. 

23.35 16.09 , 1.024156 

28.59 
28 93 
2851 

30'46 
1.019326 22758. 17.06 
1 . 0 1 ~ ~ ~ 2 '  24.912 17.16 J 1.019284, 24-19 17.08 
1.018931, 24'472/ 16-86 
1-018~2jlz).g61 16.51 

1'02173 

1.21 a.m. 

High\vatert 
7.36 a.m. 

30 82 
31.00 

30 .~7  
30.46 
29.82 

30.04 
_ 

I 

1.018843; 24.622 

Highwater? 
11.48 p.m. 

Lnwwatero 
5.53 a.m. 

-.A_- 

16.96 
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APPENDIX V. 

Daily observations of the temperature and salinity of the surface 
water, a t  or near High Tide, in the Mergui Archipelago, 

1913-14. 
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Date. 
1913. - 

POSITION. HYDROMETER 
READING. Time oi 

S. observa. 
tion. 

- 

28.48 11.0 a.m. 
29.11 11.15 a.m. 
10'90 6.30 a.m. 
27'01 1.20 a.m. 
27'03 2.45 a.m. 
30'05 5.15 a.m. 
16-29 6.50 a.m. 
31.00 12.20 a.m. 
30'90 . . 
30.84 1.15 a.m. 
30.41 2.15 a.m. 
28'37 2.55 a.m. 
29.05 5.40 a.m. 
28.91 8.0 p.m. 
28.53 7.0 a.m. 
29-78 8.40 p.m. 
30.46 10.0 p.m. 
31'33 11.0 p.m. 
31-00 11.0 p.m. 
30'79 2.45 am. 
31-55 11.25 p.nL 
31.83 1-10 p.m. 
32'34 5.7 p.m. 
31.26 6-20 p.m. 
31.04 7.19 p.m. 
31-47 8.6 p m. 
32-65 9.30 p.111. 
31-24 10.10 p.m. 
32-03 10.55 pa" 
31'02 I 1.40 p.m. 
31.18 12.15 p.nl. 
31-36 12.50 p.m. 
31-33 1.30 p.m. 
31.06 2.20 p.m. 
31.13 3.30 P."'. 
31-46 12.0 p.m. 
32'29 12.25 p.m. 
32-41 1.0 p.Il1. 

1 Long. E. 

I 
I 
I 

Sp. grav. 
- -- 

O C ~ .  I 5  
,, 16 
,, 18 
, 22 
,, 23 
,> 24 
9 ,  25 

Nov. I 

, 3 
4 

,, 5 
, 6 
1 .  7 
,. 8 
y 9  9 
,> 10 
,, 12 
,, 14 

., 20 
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Date. 

*Jar. 20 

* ,, 21 
* ,, 22 
* 8 ,  23 
* ,* 24 
* ,, 25 
* ,, 28 

,* 29 
9 9  30 

Feb. z 
8 ,  3 
9 4 
,, 5 
,, 6 
3 7 
,, 8 
8 ,  9 
,, 10 
,, 11 
,, 12 
8 ,  I 3  
,, I 4  
9 ,  I5 
,, 16 

POSITION. HYDROMETER 
READING. - St. 

- - - s4. 
Lat. N. I Long. E. I Sp. grav. 1 O C .  

9 8 .  2 7 .  Z I  { ( I  

Surface 
tempera- Density 

observa- of water 



- .  -- - - --- 
Nar. 31 ' 11'. 19'. 58" 1 98'. 29'. 52" , 1.0~5336 1 31.15 / 1.0~0425 
April I 11 . 24 . 10 98 . 27 . 50 1.025026 28.90 1 1.020926 
. 2 11 . 25 . 10 98 . 27 . 51 1.024914 29.50 1.020643 

1 I 32 0 0  9 8 .  3 9 .  40 
1.024978 29.45 1.020711 

9 .  4 1 )  1.024991 t 28-85 1 1.ozopo6 
I 

Time of SL. 

26.135 18.69 
26.845 18.49 
26.758 18.43 
26.801 18.46 
26.806 ' 18.47 

s4. 

HYDROMETER 
READING. Date. 

33.77 ( 12.30 a.m.1 . ., 

33.40 12-45 a.m. . . 
33.30 1.10 1.111. '  . . 
33.35 1.30 a.m.l I . 
33.36 1 2.20 a.m.1 I . '  I .' 

no 
POSITION. 

I tion. ture. qfwak1 
Lat. N. 1 Long. E. Sp. grav. I 'C. oc.  ln SI~U, 

C1. S. observa- """ 
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APPENDIX VI. 

Daily Observations on the Temperature and Salinity 
of the Surface-water of Nankauri Harbour 

at or near High 'Tide. 
1921-1922. 





TEMPERATURE Bc SALINITY OF COASTAL WATER OF ANDANAN SEA. 201 

_ _ - - -  __ _- -- - - -- -- -. - . - .- - - - 
- -- - -  - 

Hydrometer 
Sur- Air readiug. 

Date 1922. Time. face 3 CI. 6. ot 
Temp. Temp' 

'C. 1 Sp. grav. 1 

Feb. 6 

3 9 
,, 10 
,, 11 
, 3  I3 
,, I4 
3 ,  I5 
,, 16 
1, I7 
,, 18 
3 ,  I9 
,, 20 
,, 21 
9 ,  22 
9 ,  23 
,, 24 

OCt. 1g 
,* 20 
9 ,  22 
,, 23 
,, 25 
,, 27 
,, 30 

Mov. I 

3 
7 

,. 15 
,, 17 
>, 19 
,, 21 
t ,  23 
- 9  25 
,, 27 
,, 29 

Dec. 3 
5 
7 

,, 14 
, 16 
,, 18 
,, 20 

3-45 Pa". 
6- o p.m. 
6- o a.m. 
8- o a.m. 
8-30 a.m. 
9-30 ".In. 

10-35 a.m. 
II- o a.m. 
12-0 110011. 

12-30 p.m. 
I- o p.m. 
2- 0 p.m. 
3- 0 p.m. 
4- o p.m. 
6- o p.m. 
7-15 p.m. 
8- o a.m. 
8-45 a.m. 
8- o a.m. 
8-55 a.m. 

10-30 a.m. 
11- 0 a.111. 
12-0 noon. 

2-20 p.m. 
6- o p.m. 
8- o p.m. 
9- 0 p.m. 

I I -  5 a.m. 
6-45 p.111. 
8- o a.m. 
9-30 8.". 

10-25 a.m. 
11-40 a.m. 

1-50 p.1" 
4-30 p.111. 
6-30 p.m. 
8-40 p.111. 
9-50 a.m. 

11-10 8.111. 
6-30 p.m. 
7-40 3.111. 

9-20 a.m. 
10-30 a.m. 
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APPENDIX VI I .  

Observations on the Temperature and Salinity of the Surface-water 
a t  1-hourly intervals in Revello Chann.el, Nicobars, 

in March, 1925. 
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I Date. Surface Time. 
TeIIIP. Air Te~iip. Cl. I I 

- -- - - - _._I - - 

1925. "C. "C. March. 

8 a.m. 
I 

27'2 1 26.1 18.42 33.28 [ 12 noon 28.0 1 27.9 16.42 33.28 
5 p.m. 27.6 1 28.2 18.39 33.22 *'  8 p.m. 28.0 27.9 18.32 1 33'10 

12 11iid- .. .. j 18.42 33.28 
night. 

4 a.m. . . . . 18.43 33'30 1 1  8 a.m. 27'2 25.1 18-38 33.21 
1 12 110on 27.2 26.3 18.33 33.12 

,, 6 { 4 p.m. 27'4 26.9 18.35 33'15 
6 p.m. 27.0 26.6 78.33 33.12 I 

12 mid- . . . . 18.37 33'19 i night. 
,, 7 4 a.m. . . . . 18.32 33'10 

27'4 . . 18.21 32'90 
27'4 . . 18.13 32'75 
2 7'6 . . 18.16 1 32.87 
27.0 . . 18.20 1 32.88 

( 1  12 mid- . . . . 18.23 1 32.94 / night. 
4 a.m. . . . . 18.32 33.10 

27.0 27'3 18.32 33.10 
I 12 110011 27.6 28.6 18.24 32'95 

,, Io .( 8 p.m. 27.4 '78.0 18.25 32.97 
12 mid- . . . . 18.33 33'12 i night. 
4 a.m. . . . . 18.33 33.12 f 8 a.m. 27'4 27.6 18.30 33.06 

/ 12 no011 27.8 28.6 18.31 33'08 
27'4 28.7 18.33 33'12 
27'4 18.36 33'17 

12 mid- . . 27'9 
18.27 1 13.01 . . 

4 a.m. . . . . I 
18.35 ' 33'15 

, I 1 8 a.m. 27'6 28.3 18.12 / 32.74 
12 noon 28.0 29.1 18.09 32.68 

,, 13 12 mid- . . . . 18.13 32'75 
night. 

. . . . 18.27 33'01 
27.6 27'7 18.15 1 32.79 

IZ noon 28.0 28.8 18.17 32.83 
4 8 p.m. 27.6 26.0 18.19 32.86 

j tg;:: . . . . 18.20 32-88 

1 4 a.m. . . . . 18.20 32'88 f 8 a.m. 27.6 26.4 18.21 32'90 
28.6 28.9 18.22 32'92 

8 p.m. 27.6 26.4 18.29 33'04 I 
12 mid- . . . . 18.27 33.01 

[ l  night. 
4 a.m. . . . . 18-31 3.3.08 

,. 16 
I; ;;; 27.6 26.9 18.29 33'04 

28.0 zR=j 1 18.31 33.08 
I 

-~ 

'Jt 

21.38 
21'12 
21'41 
20.98 
. . 
. . 

21'32 
21.26 
21'22 
21'32 

. . 
21.03 
20.93 
20.90 
21.14 
. . 
. . 

21-31 
21'01 
21.08 . . 
. . 

21.15 
21.04 
21'20 

21'23 
. . 
. . 

20.84 
20.68 . . 

- 
State of 

Tide. 

-- 

. . 
L.W. 12.10 

~ . \ < ' 6 . ~ 0  . . 
L.W. 2.05 
H.W. 7.30 . . 
L.W. 1.35 . . 
H.W. 7.30 

L.\Y. 2.25 
H.W. 9.10 

. . 
1d.W. 3.25 
H.W. 9.25 . . 
L.W. 4.10 
H.W. 9.30 
I,.\C'. 3.45 
H.W. 9.50 

. . 
L.W. 4.45 
H.\v. 10.05 

. . 
L.W. 4.15 
H.\\'. 10.15 

. . 
L.\V. 5.15 . . 
H.W. 10.30 
H.\Y. 11.10 

. . I L.W. 6.05 

110011. 
21.07 L.117. 6.40 
. . H.W. 12.10 
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Date. 

- 

1925. 
March. 

,, 16 ( 
1 
i 

., 17 { 
1 

i 

Surface 
Temp. 

O C .  

27.8 
. . 

2;:6 
28.0 
28.2 
27.8 
. . 

28:o 
28.0 
2.7'6 . . 

- 

Time. 

8 p.m. 
12 mid- 

night. 
4 a.m. 
8 a.m. 

I2 noon 
4 P.m. 
8p.m. 

12 mid- 
eigbt. 

Air Temp. 

- 

"C. 

26-7 
. . 
. . 

26.9 
28.9 
28.7 
26.7 
. . 
. . 

26.9 
29.0 
26.0 
. . 

,, 19 

12 mid- 

. . 4 a.m.  
[ nigllt. 

State of 
Tide 

-- - 

18.24 

-- - -- 

CI. 

-- 

18.40 
18.31 

18.29 
18-21 
18.21 
18.29 
18.20 
18.24 

18.27 
18.22 
18.25 
18.27 
18 30 

- -- - - - 

-- 

32.95 

- -- 

g t  

- 

26-48 

33.24 
33'08 

33.04 
32.90 
32.90 
33.04 
32.88 
32'95 

33.01 
32.92 
32.97 
33.01 
33.06 

26.71 
26.58 

26.55 
26'43 
26.43 
26.55 
26.42 
20.48 

26.52 
26.45 
26.49 
26.52 
26.56 

21.16 I L.W. 7.20 . . , H.W. 12.55 

. . 
20.96 ( L.W. 7.25 
20.84 H.\T7. 1.30 
20.88 I 
20.89 / L.W. 8.25 
. . 1 H.\V. 2.05 

. . 
20.85 
20.89 
21.05 

L.W. 8 35 
H.\L7. 2-40 
L.\V. 9.50 

.. 1 
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V. TEMPERATURE AND SALINITY OF T H E  SURFACE-WATERS 01: 
THE BAY OF  BENGAL AND ANDAMAN SEA, WITH RIiFElIENCES 

TO T H E  LACCADIVE SEA. 

In the previous paper, No. 4 of this series, I have discussed tlie changes tlint 
liave been observed in the tenlperature and salinity of the coastal waters of tlie 
Andaman Sea, and I now propose to deal in a sinlilar niaiiner witli the various 
observations, taken by my predecessors on the " Iiivestigator " and tliose that  I liave 
been able to  make myself, on the open waters of tlie Iiidiaii seas away froin the 
influence of land. In  inany features the conditions existing in these two different 
areas, namely the open water and the coastal region, have been found to  present a 
noticeable contrast, and the results obtained indicate tliat in open ~ ~ a t e r s  the surface 
of the ocean is coiistaiitly exposed to outside influences tliat result it1 the productioil 
of a nuinber of extreinely interesting plienomeiia. I do iiot pretencl that  tlle 
conclusions, a t  wliicli I liave arrived, are in any way final. It w a s  only ~vlieii tlie 
" Investigator " was steaining froiii port to port or froin lier base to tlie survey-ground, 
wherever froin year to year that  iiiiglit be, tliat I was able to take observations, and 
there is a liiiiit to the ainount that  a single scientific officer can do in the way of 
researcli when a t  sea. I ail1 fully aware that  niore observations arc required hefore 
onc can safely assuine tliat iiiaiiy of the features, which al)pear to 1)e prese~it in these 
waters, have beell proved ; but I liave tliouglit it  advisable to  put oil record a11 t1i:it I 
have been able to achieve, in order tliat illy results inay serve as a guide to tliose who 
in thc future may be able to carry on tlic work, eitlier on boarcl the "Investigator" 
herself or in other ships tliat iliay in tlie future be engaged in oceanographic researcli 
in Indian waters. 

SEASONAL VARIA~ION I N  TIiE TEMPERATURE OF THE SURFACE-WATER I N  

INDIAN SEAS. 
Tlle suface-water tlirougliout the Bay of Bellgal and the Aiiclanlan Sea possesses 

a low salinity owing to tlie influx of large voluiiies of fresh-watcr froill the great 
rivers of India ancl Bur~iia, and this influx must also to soiile extent affect tlie 
tenlpcrature of the surface-water. We have already considered tlie alterations that  
occur in the general meteorological conditions over Iiidiail seas and froirl analogy we 
shoulcl expect to find n similar range of variation in tlle teinperature of tlie surface- 
water, not only a t  diifereiit tinies of the day hut also a t  different season5 of the year ; 
and in practice it is found that the temperature of the surface-water exhibits a sinall 
thougli regular ailnun1 variation in accordance witli the changing seasons. 

As I have already pointed out (vide supvu, 1). 57) the air-temperature over the 
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open waters of the Indian seas exhibits a clear double oscillatio~l in the course of the 
year, there being two maxima, one in April and the other in September-october, 
corresponding to the two clry hot seasons, and two ininilna during the periods of the 
south-west and north-east ~ilonsoons respectively. One would llaturally expect to 
find that  the teinpernture of tlie surface-water follows the same or at  least a similar 
course and also exhibits a double oscillation, and all tlie available evidence shows 
clearly that this is actually the case. As Kruininel (1907, p. 411) has pointed out, the 
temperature of the surface-water in the northern part of the Indian Oceall illcreases 
to a inaxiin~un in the inonth of May, when the temperature over the greater part of 
the Arabian Sea and the Bay of Bengal lies between 29.0" and 29.8"C, while in the 
Andanlan Sea and in ;I small area off the east coast of India it may reach to 30°C or 
over. At the coiililienceinent of the south-west inonsoon there is a distinct fall in the 
temperature of the surface-water, which Krummel gives as 2" to doc, in the Arabian 
Sea and I" to 2°C in the Bay of Bengal. During the subsequent part of the year 
tliere is a second oscillation in the surface-temperature : a t  the close of the south- 
west monsoon the temperature again rises, and i t  finally falls for a second time with 
the onset of the north-east monsoon and the incidence of the cold season, when the 
sun is a t  its maximum southerly declination. Broun (1906, p. 428) during a period 
of five years carried out observations on the temperature of the sea-water in his 
evaporating tanks a t  Trivandrum in the Madras Presideilcy (Lat. 3" 29' N.; Long. 
76" 56' E.) and his results show clearly that there is a distinct tendency for the 
temperature to exhibit a double oscillation during the course of the year; his 
results are given below in Table 37 and it is clear that the temperature in this area 
is lowest in the month of January; it then rises till April, after which it falls, as 
a result of the onset of the south-west monsoon, till July and then rises again till 
Noven~ber, after which month it again falls as a result of the onset of the cold weather 
and the comrnenceineiit of the north-east monsoon. Broun's observations, however, 
were carried out in artificial evaporating tanks and his results are not, therefore, 
coiiclusive as regards the conditions that exist over the open sea. 
- - -- . - - - -- -- - --- 

- - - - _ - - -- 

Table 37 ; showing the ar~ilual n~arch of the telnpernture at 'I'rival~drull~ (Hroull) :illd i l l  the 
Gulf of Mannnr (Pearsnn). 

An exactly similar double oscillatiotl during tile course of the year is, however, 
clearly evident in the temperature observations m;\de by Dr. J .  Pears011 (virde Marille 
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Biological Reports of the Ceylon Government, 1921 and 192.2) in the Gulf of M;tnnar 
and I have show11 both his and Broun's series graphically in Text-figure .j6. In  coni- 

puting the average for the Gulf of Mannar I liave made use of only those observatio~ls 
that were taken by Pearsoil in deep water of over ~ o o  fathoms ; in this series a t  the 
coinmence~nent of the year the temperature is low, being 26.06"C in January ; it  then 
steadily rises to zg.o3"C in April, but a t  the coininencelnent of the south-west 111011- 
soon the temperature falls till it  is as low as 25.61' in June, after which i t  again 
rises to 27'50°C in Noveniber and finally falls again till January. The annual range 
in the ~nonthly rilean temperature is thus 3.42'C; in the shallower waters near the 
shore the range is slightly greater, being 3.9"C, the monthly meall temperatures beine; 
somewhat higher in the hot ~nonths and lower durillg the winter and the inolisoon 
seasons. 

7 c x /  i t g  36 .Thnw1,1!~ / /1r  nrrntdal v n r ~ / r / r o n  I n  t h e  s ~ ~ r l o r c  & m p e r t r f h r t  n /  

T r e ~ n n d r t r m  a n d  111 t i ~ r  G a ( / o /  M n n n n r  

The observations that  have been take11 on board the " Investigator " fall within 
that part of the year that  constitutes the survey-season,  lamely from October to  May, 
and in the following tables j8A and 38B I liave given month by iiiontl the data derived 
from all observ~tioiis that  had beeu take11 prior to the conlinencernerlt of my own 
work as Surgeon-Naturalist in 1910; the period for which I have data extends from 
1884 to 1909 illclL~sive, tllus cc)vering :I period of 26 years. Throughout this period 
observations of the te1iil)crature of the surface-water were taken a t  irregular iiitervals 
and as a rule only wllell a deep-sea trawl was being carried out aiid in consequence 
these observations cailllot be regarded :IS strictly comparable to 11iy ow11 results, 
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which are based on observations taken a t  4-hourly intervals throughout the day. I 
have, therefore, kept the two series entirely separate. The actual number of observa- 
tions taken during this early period of work in the " Investigator " are 263 in the Bay 
of Bellgal axid 299 in the Andaman Sea and I have given the results of these two sets 
of observations separately. 

I 
"C 

Average temperature . . i 
I 

Highest recorded tern- 
perature. 

Lowest recorded tem- 
perature. 

1,Iaximurn range . . 
No. of observatiolls . . 

Table 38A ; the ~ e s u l t s  of observatiotls on the surface-temperature taken by the " Iuvestigator" i l l  

the  Bay of Bengal prior to 1010. 

I 1 
Highest recorded t e m p e r a t ~ ~ r e  . . 28.33 , 28.90 1 27'78 29.44 28'06 30'00 30.28 I 

Lowest recorded te~npcrnture . . 1 22.78 24.44 25.00 25.00 25 oo 20.10 25.56 

lCIaximum range . . 
No. of observations . . . . 37 57 69 40 25 I Total 299 

i 

I 
i I 

I .  
hIon th. < I .: " E  4 3  

I 

Table 38B ; the results of c,l,servatio~~s on the surface-temperature takerllhy the 'I I~~vestigator " ill 

the  Alldaman Sea prior t o  1910. 

I - - I  I 
" C . '  "C. 

It will be seen from the above data that the results obtained ill these two  areas 
exhibit inter sc considerable differences. In the first series, llamely from the Bay of 
Bengal, the average temperature is found to fall steadily from 27.j°C ill the rlloilth of 
October to 23'7°C in January ; it then rises equally steadily to zX.9OC in April and 
falls slightly in the month of May, but the number of observatiotls in this latter 
month are too few to be of any great value for the purpose of coinparisoll with the 
results obtained in other months. Again, the extrenle range of temperature, i.c., 

- 

"C. 

Average te~riperature . . 1 26.67 27.31 26.95 27-24 26 68 27'39 28.30 

- -- - - - -- 

"C. "C "C. "CI. 

- -- 
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between the highest and the lowest recorded temperatures, in each month rises from 
4.5°C in October to 6'45°C in December ; the data for January are too meagre to form a 
basis of comparison, but the range falls steadily from 5'5°C in February to 3'62°C in 
April. In the second series, from the Andaman Sea, the average surface-temperature 

a series of fluctuations; it rises from 26'7°C in October to 27.3r°C: in Novem- 
ber falls to 26.95"C in December, rises to 27.24"C in January, falls a second time 
to 26.68"C in February and finally rises steadily to 28.3"C in April. (It is probable 
that the average temperature given above for the motlth of Octoher is too low for 

few observatioils were available for this month.) 

Text - 1 5 ~ 3 7 .  S/cowl,,y tllr mcan rnorilhly avrrogr . ,  0;'nl.y obseruat~orzs  

011 ~/ze t e m p r r n l ~ ~ r c  of &Z s l~r~%ce  w a h r  Ln d ~ f i r e n l  r~yLon.5 

orpthr / r , ~ ? r n r ,  Sm.7 

A cornparis011 of the oscillations of the average monthly temperature during the 
winter months over the Andamail Sea in both the surface-water and the supernatant 
air reveals a close silllilarity in the changes that have been observed (vide Text-figures 
7 [p. 641 and 37). This double oscillation in the air-temperature I have already attri- 
buted to the itlfluence of the north-east inoilsooil and it seeills probable that the oscilla- 
tion i11 the surface-temperature is to be attributed to the same agency; as in the 
case of the air-temperature, the oscillatioil is ollly to be detected over the region of 
the Andaman Sea and possibly over the south-east part of the Bay of Bengal, and is 
absent from the greater part of the Bay area. 

The mean of the average monthly temperatures throughout the period from 
October to May is 27.02"C for the Bay of Bengal and 27.22"C for the Andaman Sea ; 
or for the whole width of this region 27.12"C. Krummel gives the mean average 
teml~ernture for the whole width of the Indian Ocean, lying between 1,at. roo and 20" N. 
as 27'3.1"C., which agrees very closely with the above figures, especially in view of the 
fact that for tlie   no st part these observatioils on the "Ii~vestigator" were taken 
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during the winter months and, therefore, tend to be lower than the figure given by 
Krummel, that is based on observations taken throughout the whole year. 

The observations taken by me on the " Investigator " during the survey-seasons 
of 1910 to 1914 and again froin 1921 to 1925 cover only that part of the year from 
October to May. The average moilthly temperatures recorded in each of these 
lnoilths in different parts of the Indian seas are given in Table 39 below, and I have 
shown them graphically in Text-fig. 37. 

Month. Audainan Sea. Ray of Bengal. Laccadive Sea. 

October . . 
November 
December 
January . . 
February 
March . . 
April . . 
May . . 

Table 39; the average temperature of the surface-water in different regions and in different 
months. 

In all cases there is a fall of temperature duriny the closing months of the year ; in 
the Laccadive Sea this appears to set in in November, while in the Andaman Sea it com- 
mences from October. The lowest temperature is reached in January and from then 
on it rises again to April, after which it appears to fall again. These results, there- 
fore, confirm the conclusion arrived a t  from a scrutiny of the data given by Broun and 
Pearson, to which I have referred above, namely that there is in these waters a double 
seasonal oscillation in the surface-temperature of the ocean exactly similar to the 
double oscillation in the temperature of the air. 

Froin year to year, however, conditions prevailing over Indian seas exhibit a 
very considerable range of variation and especially so during those months in which 
the temperature depends on the strength or otherwise of the monsoons. In 1921 and 
I922 a careful record of the sea-temperature was taken, at  four-hourly intervals, while 
crossing the Bay of Bengal from Ceylon to the Andamans. In  both years the passage 
was made in the month of October, in 1921 from October 18th to zznd and in 1922 

from October cjth to ~ ~ t h .  The results obtainetl in these two years are as follows :-- 

Average Averngc Averngr Range o[  Vvnr tcn~perntnrr. rnnximu~~~.  ~ n i n i ~ n u ~ ~ ~ .  te~npernture. 

I t  is obvious that very different contlitions existed in the surface-waters in these two 
years, and this difference is in all probability correlated with the difference in the 
strength of the south-west monsoon. I have discussctl this matter more fully later 



THE: SURFACE-WATERS OF THE BAY OF BENGAL A N D  ANDAMAN SEA. 213 

i lzfrn p. 271) when clealing witli tlie clifferenccs noted in the xa1init)- o f  tlie 
surface-water in these years ; suffice it to say here that  in 1921 tlie soutli-west mon- 
soon presented a slight defect arid in coilsequence the degree of cooling. of the surface 
during the monsoon and tlie rate of tlie rise of temperature, after the nionsoon hacl 
blown itself out, must have been correspondingly affected, the cooli~ig being diniinislied 
and the subsequent heating expedited, thus giving a high lncan temperature and high 
average inaxinluin : in 1922 on the other hand the south-west Inonsoon was in excess 
thus causing an increased lowering of the surface-temperature and a delay in its 
subsequent rise, aiid SO causing a low average teniperature and a low average 
maximum. 

Sir John Murray (1898) has publisliecl a cliart showing the annual range of 
temperature ill all tlie great oceans and he remarks (loc. cit.  p. 123) [' in the Indian 
Ocea~l a belt of small ralige (less than 10" Falir.) stretches across from tlie east coast 
of Africa (south of Cape Cruardafui and ~iortli of Madagascar) to tlie shores of the 
Malay Peninsula and Sumatra (and passing through tlie Arafura Sea into the Pacific), 
lying niostly to the 1iort11 of T,at.~o"S., and filling up the greater part of the Arabian 
Sea and of the Bay of Rengal. The observations within this Indian Ocean tropical 
area show a range of 72" to 87" Fahr. " Murray's cliart, however, is basecl on the 
extreme temperatures that  have been recorded in the two months of February ancl 
August and it, thei-efore, does not give us a true picture of tlie seasonal changes tliat 
are taking place in these Indian waters, since, owing to local conditions, there is in 
this area not a single but a double oscillation in the temperature, ancl, though February 
may be the coldest month, August is certainly not the hottest. 

Schott (1895, p. 15.1 and PI. X) has compiled a chart tliat shows the annual 
variation between the highest and lowest mean monthly temperatures and according 
to this chart throughout the whole belt between Ceylon on tlie west and tlie Anda- 
man Islands on the east, that  is to say along tlie route that  the "Investigator" 
traversed across the Bay of Bengal, the range of temperature is approximately 2.0°C. 

The true mean annual temperature, the mean range of temperature and the 
mean monthly temperature can only be arrived at  from a number of observations 
spread over nlany years but i t  is interesting to tiote that  the results of tlie observa- 
tioris on the " I~ivestigator " agree closely with the figures given by Schott. If we 
exclude from the data given above in Table 38 that  for the month of January, we get 
for the range of variation in tlie average niontlily temperatures a figure that  agrees 
closely witli Schott's, naniely 1.63"C for tlie range in the Andaman Sea and 2.77"C 
for the Bay of Bengal, or an average for the whole area of 2.z°C. On the other 
hand the maximu~n annual range of temperature, as given by the earlier " Investiga- 
tor" observations, is fro111 21.72OC to 30.60°C in tlie Ray of Bengal-a range of 8.88"C 
(or 16.0°F) and from 22.78"C to 30.28"C in the Andamail Sen-a range of 7.5"C 
(or 13'5j°F). These results, therefore, agree closely with the data given by Sir John 
Murray. In both instances, however, it is interesting to note that  the anllual range 
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is appreciably higher in the Bay of Bengal than in the Andaman Sea, and this raises 
a as to whether there is, in reality, any clear difference between these two 
areas, such as the above figures indicate. A study of the average monthly tempera- 
tures in each of these divisions of Indian waters, as calculated from the four-hourly 
records taken by me on the " Investigator" since 1914, shows that the annual range 
of the average monthly temperature of the surface-water in each area is as follows :-- 

Andanian Sea frorn ~ 7 ~ 6 1 ° C  to zg.ooGC = 1.39"C 
Ray of Bengal 27'15°C 29'25°C = 2'10°C 
Laccadive Sea 27'28°C 29.16"C = 1.88"C 

Here again we find that the annual range of the temperature of the surface-water, 
as deduced from the average monthly temperatures is considerably smaller in 
the Andaman Sea than in the Bay of Bengal. Finally, if we turn to the data given 
in the charts of surface-temperature, specific gravity, etc., of the Bay of Bengal and 
Andaman Sea (published by the Meteorological Department of the Government of 
India) we find that in a belt extending from Ceylon on the west to the coast of Burma 
on the east, between Lats. 6" and 8"N. there is clear evidence of a distinct fall in 
the annual range of temperature as deduced from the average surface-temperature of 
the four three-monthly periods, December-February, March-May, June-August and 
September-November. Dividing the whole belt into areas of 4" of Longitude we get 
the following annual variation in the surface water :- 

Between Long. 8o0-84"E. from 81°F to 85°F = 4°F (or 2~22°C) 

, I  , 84'-88"E. ,, 81°F ,, 87°F = 6°F (or 3'33°C) 
, ,, 88"-92"E. ,, 82°F ,, 87°F = 5°F (or 2-78°C) 

) I  ,, 92"-96"E. ,, 81°F ,, 85°F = 4°F (or 2.2z°C) 
,, 96"-1oo0E. ,, 82°F ,, 85°F = 3°F (or 1.67"C) 

I t  thus seeins clear that the annual range of temperature, whether we base our 
estimate on the extremes of temperature recorded during a series of years or on the 
average temperature recorded in each inonth or period of three months, is very 
considerably less in the Andntnan Sea area than in the Ray of Bengal and, moreober, 
that even in the latter area there is a steady increase in the annual range as we pass 
westwards. 

DAILY VARIATION IN THE TEMPERATURE OF THE SURFACE-WATER OF THE 

OPEN OCEAN IN INDIAN WATERS. 

On every occasion, from the year 1914, that I have been on board the " Investi- 
gator " it has been my custom to keep a four-hourly record of the temperature of the 
surface-water whenever the ship was steaming from port to port, and at the same 
time a sample of the water was collected and examined in order to determine its 
salinity. A study of these temperature records reveals several interesting features 
and shows that the daily variation of the surface-temperature differs considerabl~ 
at different titnes of the year. In Table 41 I have given tlie average surface- 
temperatures a t  different times of the day, as deduced froin my ohserv;~tinlls, in "I1 



THE SURFACE-WATERS OF THE BAY OF BENUAL AND ANDAMAN Ski!. d l 5  

the three great divisions of the Indian seas and for the purpose of reference and to  
help out the series I have included in the data for the Bay of Bengal the results 
obtained by the S.S. " Valdivia " during her passage across this region in the month 
of February, 1899. 

Month. TIME OV DAY. Range of 
, ,. - tempera- 

ture. 
4 A.M. 8 A.M. 12 Noon. 4 P.M. 8 I .  12 P.M. 

I. .4ndamnn Sea. "C "C "C "C "C "C "C 

October . . 27.72 27.97 28.82 28.72 28.67 27.89 1.46 

November .. 27'52 28.00 28.39 28.78 28.07 27'35 1.43 

December . . 27.47 27.61 27.78 27.83 27.67 27.32 0.51 

January .. 27-25 27'95 28-03 28.00 27-70 27'25 0.78 

February . . 27.50 28.00 29.00 28.05 28-00 27.70 1.50 

+April . . 27'50 29.02 29-73 30.83 28.89 28.05 3.33 

2 .  Bay of  Rengal. 

October .. 27-60 28.48 28.93 28.58 28.50 28.53 1.33 

January .. 26.66 27'13 27'40 27'34 27'34 27.01 0.86 

tFebruary .. 26.93 26'93 27'70 27'57 27'43 26.93 0.77 

March . . 26.66 27-87 28.90 28-60 28-10 27.75 2.24 

April . . 28.28 29.11 30'12 30.26 29.42 28.35 1.98 

3. Laccadive Sea. 

October .. 27.25 27-78 28.26 28-33 27.89 27.25 1-08 

November .. 27.09 27.98 28.75 28.78 28.43 27.99 1.69 

December .. 27.51 28.01 28.13 28-40 28.29 27.67 0.89 

February , .  27-23 27-81 28.08 28.15 27'71 27.37 0.93 

March . . 28.10 28.86 29'41 29'53 29'08 28-37 1.43 

April . . 28.31 29'23 29.G7 29.69 29.43 28.61 1.38 

May . -  27'94 28.45 29'37 29'40 28.79 28.44 1.4G 

Table 40; giving thc average-te~~~perature at different tinirs of the day a ~ ~ d  the average raripe 
of temprratnre cluriug the dav of the surface-water in the different parts of the I i ~ d i a i ~  seas. 

* This series refers to tlie passage i l l  1914 across the north-west part of the Auda~llau Sea fro111 Rangoon to Dullcall 
Passage. 

t This series was tnken bv thc S.S. " Valdivin " (vadc Schnlt, 1902). 

The data given above are more coinplete in certain regions than in others, but 
a comparison of the results in a11 three areas sliows that  in every case the lowest 
temperature is reached a t  about 4 a.m., while the highest temperature falls some- 
where between 12 noon and 4 p.m. Kruln~nel (1007, p. 38.3) has given a table, which 



I reproduce below, showing the average variation, above and below the inean 
temperature of the surface-water, a t  different times of the day in the open ocean :- 

Accordiilg to this table the surface-temperature reaches its highest point at 
about 2 p.111. and its lowest a t  from 4 to  6 a.m. I n  Table 41 I have giveii the 
average variation above and below the illean montlily teiiiperature of the teinperature 
of tlie surface-water a t  different times of the day in each month of the survey- 
season :- 

i\lonth. A.M. P.M. Range of 
,- -'- - A . Tempera- 
4 8 I Z  4 8 12 ture. 

October . . -o%g -0.13 0.49 0.37 0.18 -0.29 1.18 

No\rember . . -0.79 -0.11 0.48 0.69 0.16 -0.43 1.48 

December . . -0.32 0.01 0.15 0.3 I 0.18 -0.31 0.63 

J aciuary . . -0.47 o I Z  0.29 0.25 0.10 -0.30 0.76 

February . . -0'45 -0.09 "'59 0.25 0.04 -0.34 1.04 

hIarc11 . .  -0.77 -0.07 0.72 0.63 0.16 -0.38 1'49 

April . . -1 .11  -0.33 0 . 0 ~ )  I '  I I 0.10 -0.81 2-22 

lMay . . -0.77 -0'29 0.63 0.66 0'05 -0.30 1.43 

Table 41 ; givi l~g the osci l lat io~~ above and below the meall 111011thly temperature of the surface- 
te~liperature i l l  different montl~s  of the year. 

A comparison of the data for each month with the Table given by Kruinmel 
sliows clearly that  i t  is only in the niontli of December that  conditions in these 
waters agree with tlie average variation for the open ocean and that  throughout 
the whole period there is clear evidence of a seasonal variation froin the mean both 
as regards the daily range of teiilperature and the tiiile of day a t  which the nlaxiinunl 
teinperature is reached. 

Taking the daily range of teinperature first, the Table clearly shows that there 
is a very considerable variation from month to  month. C:oinmencing with a rallge 
of 1.18"c in October, this shows a slight increase to 1.48"C: in November; in 
December the range falls to a minimum ancl now only nverages 0.63"C; froin this 
point it steadily increases till it  reaches a maximum, so far as the period of the Year 
for which I have data is concerned, of 2.zz°CI. ill April, after which it appears to 
again fall, the average for the monthof May being 0111~7 1.43'C:; as, however, the 
number of observ:itions taken during this latter l~lollth is considerably less thall In  

the other months it is not safe to  place too llluch yeliallce on the avcrngc. I have 

previously called attention to  the fact that  tile meall daily variation, or tlle rallge, of 
the air-temperature over Indian seas exhibits a periodic oscillation during the course 
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of the year that  has two inaxinla in March and August and two ~ n i n i ~ n : ~  in June ant1 
November (vide supra, p. 67), and a study of the surface-temperatures clearly in- 
dicates that a similar oscillation can be traced in the daily range during, a t  any rate, 
the winter months and the following hot, dry senson, namely froill October to May. 
In Text-figure 38 I have shown 
graphically the average range of r $  temperature of the surface-water in 9 "ru 
each inoilth of the survey-season in 4 Q r s "  L '$ 
(a) Nankauri Harbour in the Nico- 

2 4 4 c g + z  
bars and (b) over the ope11 waters of 
the Indian seas. In  both series of 
observations the variation in the 
daily range follows the same course 
and it is interesting to  note that  the 
range of temperature is actually 
greater over the open sea than in 
the enclosed waters of Nankauri 
Harbour. In  both cases the range 
of variation increases froin October 
to November; it then falls rapidly 
in December ; steadily rises again 
till April, in which nlonth i t  appear5 
to attain its maximum ; and pro- 
bably falls again in May. I t  i5 un- 
fortunate that  I have no records for 
the renlaining nlonths of tlle year 
but it appears to be probable that 
the daily range of surface-tcnll)er:~- 
ture a to tll'Lt '7cxt 1 7 ~  38 . S / I ~ I W I I I ~ ~ / W  ~ S C U S O ~ ~ ~ J ~  I V ~ ~ ~ / / / I O ~ I  (11 t h  r a 1 7 y  

of the air-temperature and exhibits 01 a / / /  / < I (  (, t< , r11p ,1 /  ,?I///( I l l  

during the whole year a double ( ~ ) N / ~ r i k n r r r ~  / f ~ r b o u l ,  N ~ < m h r / / . \  

oscillation, the two inaximn being in ( / , )  O,ur/r writer* n f  I I I  J ~ U / <  S r n s  

April and October, that  is to say 
approxinlately a inonth later than the maxiinn in the range of variation in tlie air- 
temperature and correspoilding to the iliaxiinn in tlie clouble oscillation in the average 
telllperature ( v d c  s//Prrr, 1,. 57) Sinlilarly I have '~lrendy (vide suprcr, p. 66) 
shown that in tlie case of the air-te1nperatu1-c we can trace a distinct correlation 
between the mean inontlily temperature nild the ~ n a x i ~ n u ~ n  daily range of tempera- 
ture ; as I the11 remarked " the variation in the daily range of temperature shows an 
ulllnistnl<nble tentleilcy tow,~rd\ :I double oscillation during the year that  is very 
similar to hut docs not quite coincide wit11 the double owillation in the monthly 
llleilll air-tc1nl)ernture " I n  Text-figure 39 I have sliowil graphically the average 
telllperature and the inaxiiiium range of temperature of the surface-water of both the 



Bay of Bengal and the Andaman Sea, as shown in the earlier series of observations 
and it is of considerable interest to conlpare this result with the results ohtailled by 

the study of the air-temperature over the same two regions. In the case of the 
surface-water in these two areas, namely the Bay of Bellgal and the Andaman Sea, 
the correlation between the average temperature and the maximum range are the 
exact opposite of each other ; in the Bay of Bengal the maximum range appears to be 
greatest when the average temperature is lowest, whereas in the Andaman Sea the 
two sets of figures vary simultaneously and in the same direction and, if we admit, as 

Average TernprraL~~re - 
M u x r m u m  r a v e  - - - - - - 

Surface Temperature of the Suri'ace TernpcraLure ofthe. 

Andaman Sea .  Bay o f  B e y d  
TexL 39 Shnwing the rnonthcy average '/;?rnperalure oIPthe Surface w d e r  OF the  

A n d a r n a n s e a  and Bay ofBenyaL,&ring the Survey ~ ~ s o n ~ e r i o d  

I have pointed out above (vzde supra, p. 211) that the average teinperature is too 
low in the month of October, the parallel llature of the two series of variations 
becanes complete, a high average temperature being associated a high ~llaxilnum 
range. At first sight then it would appear that the relatioilships betweeii the daily 
range and the average nlonthly temperature are different in these two regioils, hut 
implicit reliance cannot be placed on these earlier observations, owing to the irrePlar 
time of day a t  which the records were taken. In my own observalio~~s, take11 sillce 
1914, comparison of the average n~onthly temperature and tlir average daily rallge 
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reveals clearly that  the two oscillate together, a high average temperature being as- 
sociated with a large range, and this is particularly well seen in the data for the 
Andaman Sea and the Lnccadive Sea (vide Text-fig. 40) : unfortunately I have 
no records of the surface coilditions in the Bay of Bellgal in the months of ~ o v e m b e r  

- =Average daily range of temperuizre . 
----- v l v e r a g ~  monthly temperature 

Text  -fig.l*O.Shnwzq the varidwn i n / d h n S e a s  of the aoerage nonthJy temperature and the euemaye aai+ 
ranye of temperature ine& month of the suruey seuson . 

and December. The evidence a t  our disposal then clearly indicates that  the 
conditions existing a t  the sea-surface during the course of the  year undergo the same 
or at least a siinilar variatioil to those of the air. 

TIME OF OCCURRENCE OF THE EPOCH OF MAXIMUM TEMPERATURE. 
The second interesting feature brought out by the study of the data given above 

lies in the difference, in different inoilths of the season, in the time of day a t  which the 
maximum temperature is reached. If we consider the average results for all three 
regions in whicli iilvestigations have been carried out (vide Table 41, p. 216), i t  is 
clear that the maxiilluln temperature is reached a t  about 12 noon in the month of 
October; the time of the epoch then becomes later, occurring about 4 p.m., in 
November and Decelnber ; it  ic then again earlier, a t  about 12 noon from January to  
March ; and finally gets Inter again in April and Mny. In  the following Table 42 
I have given the tillle of occurrerice of the epoch of maximum temperature in the 
surface-water in clifferent 111011th~ and in all three regions of the Indian seas 
5epar:ltely : - 
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Table 4 2 ;  giving the average time of occurrence of  the epoch of maximum temperature of the 

surface-water ilk different regions of Indian waters in  each month of the survey-season. 

Andaman Sea . . . . .. 13 15 16 12 , 12 . . 
Nanka~ir i  IInrbour . . . . 1 4  1 3  13 1 5 '  1s 15 

Note..-111 the above table the hours are given as reading from o to  24 throughout the day, and in 
the  average time the deci~nals must be nlultiplied hy 6 t o  convert the decimal into minutes. 

16 ' 
.. / 1 . .  . .  

I have previotlsly called attention (vide s c ~ p r a ,  p. 72) to the fact that the epoch 
of n~nxilnuin temperature of the air tends to occur a t  different times of the day in 

Ray of Bengnl . . . . . 12 . . I .. 13 I3 IZ 
1,accadive Sea . . . . I4 1 4 1  17 .. 1 1 5 1  14 
Average time of occurrence . . . . 13.3 14.0' 15.3 13.3 1 13 7 13.7 

I i 14.7 

different months of the year and I showed that this oscillntion in the time of occurrence 
could be detected in all parts of the Indian region md that though the cllanges in 
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time were not always simultaneous in the different regions, they always tended to fol- 
low the same general type of oscillatioil that  was clearly a seasonal one. The r;ame 

phenomenon appears to be present in the surface-temperature also and here again we 
can trace a distinct agreement between the variations in the average temperature, 
the range of temperature and the time of occurrence of the epoch of maximum 
temperature. 

In Text-figure 41 I have given the average time of day in each nloilth of the 
occurrence of maximum temperature of the surface-water aiid for coinparison the time 
of the epoch of maximuill air-temperature. This latter figure has been arrived a t  by 
taking the average time of occurrence in a11 parts of the Indian seas, the results of 
which are as follows :- 

A comparison of the two curves shows that  they both follow a remarkably similar 
course, but that  the changes in the time of occurrence of maximuin air-temperature 
follow exactly a month later than the corresponding changes in the sea-temperature. 

RELATIONSHIP BETWEEN THE TEMPERATURE OF THE SEA SURFACE AND THAT 

OF THE AIR. 
I have already (vide supra, p. 151) considered a t  some length the relationship 

between the temperature of the sea and that  of the air a t  different times of the year 
in Nankauri Harbour and the neiqhbourhood, and we have seen that  on the whole the 
relationship follows a course that  agrees in its general character with the relationship 
found by Buchaii (1889, p. 7 )  to be present in the North Atlantic Ocean. In  
individual months, however, we found that  there was a coilsiderable range of variation, 
the difference between the two teinperatures being greatest in the month of October 
and least in March, and that  it was in the latter month only that  the sea-temperature 
fell during the middle of the day to a lower level than the temperature of t l ~ e  air. It 
is of considerable interest to examine the relationship of the sea- and air-temperatures 
over the open waters of Illdial1 seas mid to see to what extent they confornl to or 
differ from the results obtained in inshore waters. It was, however, only during the 
last two years of my work as Surgeon-Naturalist that  the necessity became apparent 
of making a detailed study of the meteorological conditioils that  were present as well 
as a study of the sea-water itself and, therefore, in this respect my observations are by 
no means as complete as I could wish. 

The results obtained in Nankauri Harbour gave the following average relationship 
between the sea and air temperatures ; 
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Vear b a.m. 8 a.111. I a 12 Noon. 2 p.111. 4 p.111. b p.111. 8 
1922 2.06 1.26 0.59 0.28 0.64 0.80 1.25 1.66'C 
'g23 1.89 1.03 0.23 -0.05 -0'45 0'20 0.61 1'13°C 
Average 1.98 1.14 0.42 0.1 I 0.09 0.50 O.93 1'39°C 

I have also been able to make a similar series of observations in enclosed basins in 
other parts of the Indian seas and the combined results of all these observations give 
the following average difference between the sea and air temperatures at  different times 
of the day 

and from this we can calculate an approximate value for the difference at 12 midnight 
and 4 a.m. thus giving a complete range of difference between the two temperatures 
throughout the whole day, namely- 

4 a.m. 8 a.m. 12 Noon. 4 P.m. 8 p.m. 12 Midnight. 
1-83 0.98 0'33 0'54 1-19 xm88'C 

I have in Text-figure 42 given the results of both my series of observations and, for 
the purpose of comparison, the results obtained by the [' Challenger " in the N. Atlantic 

Tex L r i q  42 Sknvrny t h f  r c / n l ~ o r l s / r t ~ ,  orsea-and a~r.Tetrrprralur.r 
t n  / r r d / u r ~  CorLd wulcr-.s am4 r n  the N A / / m r r / r c  Ocean 

ocean. A comparison of the three curves shows clearly that, while they exhibit lllillor 
differences inter se, all three series follow the same typical course. If now we take the 
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average difference between the sea- and air-temperatures as observed by me in different 
areas of the Indian seas, but always when well away from land, we find that we get a 
very different result. My observations extend throughout the Bay of Bengal, the 
Andaman Sea and the Laccadive Sea during the months October to May inclusive, 
and in all cover a period of IOI days at  sea. The average of all these observations 
gives the following difference between the sea and the air temperature at  four-hourly 
intervals throughout the day:- 

4 xtn. 8 a.m. 12 Noon. 4 p.111. 8 p.m. 12 Midnight. 

0.64 0.54 0.46 0.53 0.64 0.42 

There is thus on the average but little difference between these two sets of temper- 
atures throughout the day;  invariably the sea-temperature is higher than the air- 
temperature, but instead of this difference being most marked during the early hours 

T e x t - i i g  e3. S h o w ~ r r ~  i h c  rclut~on.~hlp between LAP z"tnpern/ure o f f h ~  a L r  a n d  o f  

the sea-suri2ce t h r o u g h o u l   he day nrler t h e  n m wcr /rr.s ni' / I I ~  a n  Sctzs. P 
Thc Scale I S  r7ue t~rnes usgrrnt a s  thut L / L  the p r o c c d r n q  Texl, h9ure 

of the morning and but small or even absent altogether during the hottest part of the 
day, i.e., at about 2 p.m., it shows a distinct tendency towards a double oscillation, the 
maxima occurring at approximately 5 a.m. and 7 p.m. and the ininiina at  12 noon 
and 12 inidnight (vide Text-fig. 43). Unfortunately, I have no record: during the 
other inollths of the year, namely fro111 June to September, but there can, I think, be 
no doubt that in these open waters of the Indian seas the relationship of sea- and 
air-temperatures does not follow what has hitherto been regarded as the usual course 
and in the followillg pages I propose to consider this variation from the normal in some 
detail. 
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In the case of the N. Atlantic series of observations, it has been shown that the 
sea-temperature, taking the average of all observations, falls in the middle of the 

day to a fraction of a degree below the air-temperature. In  the case of my observa- 
tions, however, the results are very different. In  Indian seas the various occasions 
on which the average surface-temperature was found to be lower than the air- 
temperature are given below in tabular form :- 

Month and year.  Locality. 

March, I924 

April, 1923 
April, 1924 

October, 1922 . . Laccadive Sea 

Do. 
November, 1923 . . Do. 
January, 1924 . . R a y  of Bengal 

Do. 
Do. 
Do. 

. . Do. 
Do. 

. . Laccadive Sea 

. . Do. 
Do. 
Do. 
Do. 
Do. 
n o .  

April, I925 . . Bay of Bengal 
. . Laccadive Sea 

Ma)', 1923 . . DO. 
Do. 

Sea t en~pera tu re  ~ n i n u s  
air temperature. Til~ie of day. 

. . 4 p.m. 

. . 12 Midnigtlt. 

. . 4 a.m. 

. . 4 a.m. 

. . 8 a.m. 

. . 10 a.m. 

. . 10 p.m. 

. . 4 a.m. 

. . 10 p.m. 

. . IZ noon. 

.. 10 p.m. 

. . 12 Midnight. 

. . 4 p.m. 

.. 8 p.m. 

. . 12 Midnight. 

. . 4 a.m. 

. . 12 Midnight. 

. . 12 Midnight. 

.. 8a .m.  

. . TO p.m. 

A study of these data clearly reveals that out of a total of 20 observations, the 
sea-temperature is in 15 instances lower than the air-temperature between the hours 
of 10 p.m. and 10 a.m. and in only 5 cases does this occur between the hours of 

10 a.m. and 10 p.m. Moreover, the average amount below the air-temperature to which 
the sea-temperature falls is greatest a t  12 midnight and 4 a.m. and is least from 12 

no011 to 8 p.m. It seeins clear that,  whatever may be the condition in the N. Atlan- 
tic, in Indian seas the tendency is for the sea-temperature, when it becomes lower thall 
the air-temperature, to do so at  or about midnight, and since the temperature of the 
air normally falls more rapidly than that of the sea it would further seem probable 
that a t  this time of the day there is .some phenomenoll occurring which causes all 

abnormal lowering of tlie surface-temperature of the sea. In the following pages I 
have carefully compared the telnperatures of the sea-surface and the air at different 
times of the day in each of the mollths of the survey-season, namely October to Ma!' 
inclusive. In  this way I have attempted to determine the inanner and direction 
which their relationship over the open waters of Indian seas at  different times of the 
year and in different regions varies from what has hitherto been considered to be the 
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normal. As I shall show later, the alteration in the relationship of the two tetnpera- 
tures appears to depend ultimately on variation in the strength of the wind and I 
have therefore included all available data dealing with these changes. Wherever it 
has been possible, I have given the average strength of the wind, as observed on tlie 
R.I.M.S. "Investigator," during the same period and a t  the same time as that ill 

which my observations were made on the temperature of the air and of the surface- 
water, but in a few instances this has not been possible and I have then given the 
average deduced from all observations taken in the same month but regardless of the 
area in which the observations were made. 

October. 

For the month of October I have five series of observations covering all three 
main regions of the Indian seas. The average results of all five series are given 
below :- 

A.M. P.M. 
----Ap- ---A- - 
4 8 10 12 4 8 10 12 

Laccadive Sea. 

October, ~ q z z  Sea 
(3 i  d&sj Air 

Diff. 
October, 1923 Sea 

(5 days) -4ir 
Diff. 
Wind- 
force, 
B.S. 

Bay o/ Bengal. 

October, 1921 Sea 
(34 days) Air 

Diti. 

October, 1922 Sea 
(3) davs) 

.ii r 
])iff. 

-4 f ~ d a v i n ? ~  Sea. 

Octol>er, 1921-22 Sea 
(2 days) Air 

1)iff. 
Wind 1 
%:' J 

0ctol)er. 1921 \\iiud-l'orce 
(Ictober, 1022 Wind-force 

2.0,- . . . . 1.78 7 days. 
2.87 . . . . 1.62 8 davs .  

Table 43; Givi~ig the  average of observations on the  surface-temperature, air-temperature and 
wild-force a t  different tilnes of the day il l  various par ts  of the Indian seas in the  non nth of October 

Note.-In this and succeedi~lg tables the  strength of t he  wind is given ill Reaufort's notation. 

I have on~itted [rotn ~ n p  colc~~latiou oile rending a1 each of these times. as it  seems clear that we were in a cold 
current (vlde Appendix ~ 1 1 1 ,  p. 347). The figures benealh iu brackets give the average of all observations. 



Unfortunately I have only two series of observations in which I possess data for 
the strength of the wind taken simultaneousl~ with the observations on the temperature 
of the sea and air ;  for the other three series I have had to rely on the average 

strength of the wind observed in all the three areas combined. As I have remarked 
above, the observatiolls on the strength of the wind are those recorded by the ship's 
officers and are, as is usual in such cases, given in the Beaufort Scale. In Text-fig. 44 I 
have shown graphically the results obtained in the Bay of Bengal in October, 1921, and 
in the Laccadive Sea in October, 1922. Between these two series of observations 
there is a lnarked degree of similarity, the curve of the temperature-difference exhibit- 

- 
-A= Surface-&mpemLure msnw air - lunpsrolurr .  

A 

- - -'Sirength of Wind 
Text -fig 4 4  Showrnq t h  relahvnship betweemthe t-peralurcofihk surf- a n d o f t h u .  
tn. #kBlcyo,'BcrrgnL Odode~ 1921, and& LarradiveSea.l922,as comparcdw& & ~lnngd of t k  Wind 

ing in each case a clear double oscillation. A comparison of the times of occurrence 
of maximum and minimum differences between the temperatures of the sea and air 
(A =. Sea-temperature-air-temperature) shows clearly that in both cases these occur 
a t  almost identical times of the day;  but the first rnaxilnurn in the Hay of Lle~lgal ill 
1921, occurring at 8-30 a.111., is very much greater than the corresponding inaxirnum 
in the Laccadive Sea in 1922. 111 both CaCes, l1owever, the morning oscillatin~l of the 
temperature-difference is qreater thi111 the evening one. If now we compare the tern- 

perature-difference with the average wind-force in these two areas, we see that, while 
this latter follows the sanle general course in both years and shows clearly the double 
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oscillation to which I have referred above ( ~ ) j d r  srlfivn p. 79), in 1921 there is but little 
difference between the morning and evening oscillatioil in the strength of the wind, 
whereas in 1922 the morning oscillation in the wind-force is very much less than the 
evening one, and i t  seems clear that  the lesser variation in the temperature-difference 
in 1922 is associated with a diminished oscillation in the wind-force. Again, in both 

series i t  is interesting to  note that  the variation in the temperature-difference, while 
corresponding with the oscillation in the wiad-force, exhibits a distinct " lag " , the 
maximum temperature-difference occurring about 3 hours later than the maximum 
wind-force in the morning and from 2-5 hours later in the  evening. 

The data for the Laccadive Sea area in October, 1923 (v ide Text-figure 45) shows 
a similar double oscillation in the temperature-difference, in that  the morning maximum 
is considerably greater than the evening maximum ; the actual times of occurrence of 

T e x t - c g  4.5. S h o ~ , , ~ ~ L h r  rrlrrf~on.vhcp betweenthe s t r r f i c r ~ l r t r ~ p e r u / t t ~ ~ c  nndf / l e  nit.-fcmpertzft~rr dtxriru~ 

the day i/l / h ~ / , u c c n d i v ~  Sm 1r8 Or106~g 192.3 u s  conrpot*.d w ~ f h  fhr wrrrrl - / k c -  

these maxilna are, however, solnewhat differeilt from those in the preceding series 
and are now found a t  5 a.m. and 10 p.m. instead of a t  8 a.m and 8-30 p.m.; further- 
more, the mornint: oscillatioll in the wind-force is much greater than the evening one 
and this corresponds to the maxi~num difference in the temperature relationship. We 
again find a very distinct "lag" in the changes in the temperature-difference behind 
the variatioll in the willd-force, amounting to about I hour in the inorning and 5 hours 
in the evening. 

The last two series of observations in this month to  be collsidered are those taken 
in the Ray of Rengal in 1922 and in the Andainan Sea in 1921-22 (vide Text-fig. 46). 
I n  this latter series I have combined the observations taken in two consecutive years 
as the observations in each year cover only a single day. While differing somewhat 
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from the results that we have hitherto considered, these two series aqaill show the 
double diurnal oscillation in the temperature-difference, following on the variation in 
the wind-force, but in both cases, the evening maximull1 is considerably greater than 
the morning one, so much so that this latter appears in this instance as a colnparatively 
slight irregularity in an otherwise uniform curve. Here again there appears to be a 
distinct correlatioil between the range of the temperature-difference and the variation 
in the strength of the wind, the major oscillation in the wind-force being associated 
with the ~najor  variation in the temperature-difference. An interesting feature of the 
Alldaman Sea data is the great increase in the " lap;" of the morning niaxi~num of the 
temperature-diff erence, which occurs a t  I 1-30 a.m., be hind the corresponding oscillatioll 
of the wind-force a t  4 a.m.; in this case the " lag " is as great as 7& hours and during this 
titne the strength of the wind has fallen to a minimum at 8 and has again begun to rise. 

Text.fiy. 1.6 S h o w t n 9 / / ~ r  r-r?ol<on.slrif br lweemthp s u r . ~ ~ r ? - t r m / , r . ~ ( 1 ~ 1 1 ~ ~  and the air-femprrn.lurc 

doring?hr. duy t n  fhr /lnd,zrr,nn S~a,rn Oc~nh~r/.9%/~l?;:a.~com~ured1r~r~h thr wind-hrce 

Such a condition of affairs appears to indicate that the effect of the variation 
in the strength of the wind on the temperature-difference is not, at any rate entirely, 
a direct one : I shall, however, discuss this matter a t  some length later in this paper, 
but it may be as well to point out here that, if the variation in the temperature- 
difference is due to movements of water-masses induced by oscillations in the wind- 
force, each increase in the strength of the wind will set up laterally-moving surface 
currents that, owing to the inertia of the water-masses, may not commence for some 
time after the change in the wind-force has become noticeable but will tend to 
continue for some time after the wind-force has again dropped. 

November.--For the month of November 1 possess only two series of observa- 
tions, taken, respectively, in the Laccadive Sea ;rnd in the Andaman Sea. The 
average results of these two series are given below in Table 44. 
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A.M. P.M. 
, - - ,--- - 
4 8 I0 12 4 H I0 12 

Lnccadive Sea.  o c  o c  o c  o c  o c  0~ o c  oc 

November, 1923, (4 days.) Sea .. 27.08 27.98 28.38 28.75 28.78 28.43 28.12 22.99 
Air .. 27'41 26.63 26-62 27'54 27'66 27'71 27'22 27'15 
Diff. . . -0.33 1-35 1-76 1.21 1.12 0.72 0.90 0.84 
Wind-f0rceB.S. 2.1 2.3 1.7 1.9 2.0 1.9 2.2 2.0 

Anduwznn Sen. 

November, 1921-22, Sea . . 27.55 28.00 . . 27.85 28.53 28.03 . . 27'43 
.4ir . . 26.11 27.03 . . 26.41 26.59 26.50 . . 25.58 

(3 days.) Diff. . . 1'4.4 0.97 . . 1.44 1.94 1.53 . . 1.85 

Wind-force B.S. 2.75 1.12 . . 1.50 2.37 2.12 . . 2.25 

Table 44 ; giving the average of observatiol~s on the surface-temperature, air-temperature and 
wind-force a t  different times of the day in various parts of the 111dia11 seas in the molith of November. 

A comparison of the two series shows clearly that  there is a very considerable 
degree of difference between them. In the Andaillan Sea series, which is taken from 

Tex~-f~.+7. Showing the ~ e h i i o n s +  delwexnthe surfme-fernperdure and ihe a ir -  
t e m p e r h r e  during thC + in & Andaman Sea, in Noucmber.l921-22. 
as  compared w& the wind-ibrce. 

the combined results obtained in two successive years, 1921 atid 1a22, we find that  
the character of the rise alld fall of the temperature-difference differs considerably 
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from the type of variation that, as we have seen, was prevalent in both the Bay of 
Bellgal and the 1,accadive Sea in the preceding month of October in the same years 
(vidc Text-fig. 47 and c f .  Text-fig. 44). We again have a clear double oscillation, but 
in the present series the actual times of day a t  which the maximal differences between 
the two temperatures occur now correspond with the times of the minimal differences 
in the previous series. A fall in the wind-force is, as in the previous month, accom- 
panied by a decrease in the temperature-difference. In  the October series the oscilla- 
tion in the temperature-differences and the times of occurrence of the maxima 
exhibited a clear " lag " behind the corresponding oscillations in the wind-force ; but 

ill the present series, i.c., in the Andaman Sea in November, the afternoon inaxinla 
of temperature-difference and wind-force coincide a t  4 p.m., but the second rise in 
the temperature-difference, occurring a t  12 midnight, actually appears to anticipate 
the corresponding change in the wind-force by some two hours. In the case of the 
night maxima the temperature-difference is greatest a t  12 midnight and the wind- 
force does not reach its maximum till a little after z a.m. ; there is thus a "1%" 
of the wind-force bchiqtd the telnpernture-differel~ce nlnounti~~g to npl,roximatelJ' 
24 hours. 

I n  tllc series of observ;ltio~ls take11 in the I,acc;ldivc Sen in 192; (vI ' ( / (~ Text-fig. 
48) the relationsliil) of tlie tenlperature-differellce alld tllr wind-force is equally 
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otherwise be a single large oscillation having a maxiinun~ at about 4 a.m. and a 
mi~iimum a t  I p.m. A coinparison of tlle observed oscillations in the temperature- 
difference aiid ill the wind-force shows, however, that there is a quite distinct 
tendency for a rise in tlle wind-force to be accompailied by a rise in the temperature- 
difference, comparable to  the siinultaneous rise and fall that we have observed in 
various areas in preceding months, and in this instance there again appears to be a 
clear correlation between the extent of the variation in the wind-force and of the 
nccoinpanying change in the temperature-difference, the major oscillation of the 
wind-force between the hours of 10 p.m. and 10 a.m. being accompanied by the 
major variation in the temperature-difference. In  the Laccadive Sea region in this 
111011th in 1923 the wind-force exhibited a quadruple oscillation in the twenty-four hours 

TesL -1% 49. S h m i y t h e  reldimrsh-lp bdwcur thr surfmeteyerelure and au-temperahre d u e  t h  day 
in  thc ~ndaman. s e a  in ~ e c e d e r , 1 9 2 1 - 2 2 ;  os ronymred with fhc w i n d j h e .  

(luring the period in which my observations were conducted, and a comparison of 
this variation with the rise and fall of the temperature-difference, as recorded 
simultaneously, reveals that there is a inarked agreement between the two 
(11jde Text-fig. 50). In  this series the rise and fall of the wind-force is based on 
observations taken at two-hourly intervals throughout the day, and this reveals a 

small subsidiary oscillation at 6 p.m. which is by a similar varia- 

tion in the course of the temperature-difference, no observations on the tempern- 
tures having been taken at this hour of the day. I have already (vide supra 
p. 87) called attention to the presence of a triple osci]]ation in the wind-force 
In~liall seas in this month of the year and it is interesting to note that a similar 
triple oscillation in the wincl-force, acconlpanied by a correspondbg 
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triple variation in the temperature-difference, was also found to occur in the same 
region, na~llely the Laccadive Sea, during the preceding month of Novenlber (vide p. 230 
and Text-fig. 48). 

Text-fig. 50. Showing the reLtzonship de twrsn  Ihp surface-temperalure end air-tempernlure 

in the  Laccadive S e a  in December,  1923, a s  compared w i t h  the w ~ n d  -force. 

January. During the month of January I possess three sets of records taken 
respectively in different years in the Andaman Sea and the :Bay ofl Bengal. The 
averages of these records are given below in Table 46 :- 

A.M. 

4 8 10 12 

Bay of Bengal. "c "C "C "C 

January, 1923, (4 days). Sea . . 26.67 27-13 . . 7.7'30 
Air . . 25.72 26.76 . . 27-13 
Diff. . . 0.95 0'37 . . 0.17 
Wind-force R. S. 2 .21  2'50 . . 2.21 

P.M. 
, 

4 8 10 I2  

January, 1924, (4 days). Sea .. 26.63 27'13 27.19 27'50 27'43 27-48 27.15 27-18 
4ir .. 27'22 27.32 27'4" 27.22 27.28 27.39 27.36 27.15 
])iff, . . 0'59 o . 1 ~  0'2.3 0.28 0.15 0.09 0.21 0.03 
\Vintl-force 13. S. 2.70 2'70 2'70 3'20 2-80 2.90 3.30 

A ndarnalt Sea. 

ran l la r~ ,  1922, ( 3   day^). Sen . .  27'33 27.93 .. 28.03 28.00 27.77 .. 27.17 
!\ir . . 26.(17 27.20 . . 27'37 27.33 26.28 . . 26.67 
r)iff. . . 0.66 0.73 . . 0.66 0.67 1'49 . . 0.50 

\Vi~td-force R .  S. 2.50 3'00 . . 2-50 2.50 3.50 . . 2*5r, 

Table 46, showing the average of ohservatioils on the surface-temperature, air-temperature ant1 
wind-forre a t  differellt tittles of the day 111 various parts of the Illdial1 seas ill the tnonth of jancravy. 
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111 the case of the first two series, ilaillely tliose taken in the Andaman Sea in 
1922 (Text-fig. 51) and ill the Bay of 13ciigal ill 1923, (Text-fig. 52) the type of 

Tat-f9.51. Shnwiy  thc. rcZatwnshLp between. the surlhe-temperature a d t h e  air-temperalwe 
inthe A-nSea in Jmuary,192Z as compared with. the wind-force. 

Text -fig. .52. Showtrry the r r C n / ~ o n . c h p  bclwacnrhe su.r,Pace-tempera/rr,.p a n d l h e  n;r- 

Lentperuturr: zn the Hay ofBcngel in January,1923, a s  cornpored  with 
the w ~ n d  -force. 

oscillation is clearly a double diurnal one, similar to  that we have SO commonl~ 

met with ; and in both cases there is a fairly close agreement between the rise and 



THE SURFACE-WATERS OF 'THE BAY OF BENUAL AN11 ANDAMAN SEA 235 

fall of the wind-force and the oscillation of the temperature-difference. I n  both 

series the changes in the wind-force follow the same general trend, there being two 
maxima at  8 a.m. and p.m. respectively ; but in the case of the record for the 
Andaman Sea in 1922, the primary maximum occurs a t  8 p.m., whereas in the case 
of the Bay of Bengal in 1923 it i s  the morning rise, occurring a t  8 a.m., that  is the 
primary maximum. The oscillations of wind-force and temperature-difference during 
the eveiling rise, between 4 p.m. and 12 midnight, occur simultaileously in both 
series, but in both cases in the morning oscillation, between 1 2  midnight and 
4 p.m., there is a well inarked " lag,,' amounting to about 4 hours, in the change 
in the wind-force behind the variation in the temperature-difference. Both series of 
observatiolls show clearly that  the tnaximuin variation in the temperature-difference 

Text-fig. 53. Showinytk re lnl ioa~hip  bclwecn& surface--erature and U u  air-temperature 

in the Bay ofBengal  inJanuury , l 914  at ~ m p a r e d  4 the wind-force. 

coincides with the lnaxilnuln oscillation in the strength of the wind, though this 
occurs in the evening in the Allclalllail Sea in 1922 and in the morning in the Bay of 
Bellgal in 192.3. In  the series of observatioils taken in the Bay of Bengal in January 
1924, the double oscillatiol~ of the temperature-difference and the wind-force is 
rei~laced by a quadruple osciIlation. The variation of the wind-force, as given in 
Text-fig. 53, is taken froill tile two-l~ourly observatioi~s taken on the same days as 
time on whicl~ the tenlperature readings were taken ; and there can be no two 
ol~inions regardi~lg the very clear nlaii~~er in which the two series of oscillations 
coincitlc 1)otli :I, regards tililc :lrld tllc extent of the observetl fluctuntio~is. Throughout 
lhc w11ole t\\lciity-foul- ]lours tllc ch:r~lgc\ ill the teii~pernture-tlifferencc exhibit a 
sligl~t " lag " o f  : to 2 ]lours behind the corresponding variation in the wind-force. 



February. Here again I have only two series of observations, taken respectively 
in the Andaman Sea in 1922 and in the Laccadive Sea in 1923. The average results 
of these two series are given below in Table 47 :- 

Lnccndive Sen. 

February,* 1923, (7 days.) Sea . . 27 23 27'22 . . 27.83 27.96 27.43 . . 27.43 
Air . . 26-30 26.83 . . 27.30 27.69 26.72 . . ~ 6 . 6 ~  
Diff. . . 0.93 0.89 . . 0'53 o 27 0.71 . . 0.76 
Wind-force B.S. 1.92 1.70 . . 2-21 2-17 2.67 . . 1.83 

(2.10) 
+ This includes the last two days in January, 1923. 

A rrdaman Sea. 

February, 1922, (2 days.) Sea . . 27.50 28.00 . . 29.00 28-60 28-10 . . 27.70 
Air . . 26-11 27.33 . . 28.00 27-56 26.83 . . 26.67 
Diff. . . 1-39 0.67 . . 1.00 1.04 1-27 . . 1.03 

Wind-force B.S. 1-25 2.00 . . r o o  1.50 2.25 . . 1.00 

Table 47 ; giving the average of observations on the surface-temperature, air-temperature and 
wind-force at different times of the day in various parts of the Indian seas in the month of Febratary. 

x - 5 Showt t rg  17rr 1 .0 /nl1n,r .yhcp6rtwrr l ,  17,c j , r ~ r r - ( c r ~ c p r r ~ l ( u r c  ond l h c  f l l r -  

t e , , ~ p r m / u r i  it, i/cr ~ u L c ~ , ~ ~ , . ~  111 / ~ r u n , y , , ~ ~ ~ , o s r o , , c l ~ ~ ~ ~ d ~ ~ f ~ ~  f b f  w ~ l l d  ~ i l r f c  

In the case of the Laccadive Sea series Text-fig. 54) the relationship "I 
the surface-temperature and air-temperature again ;Ippears to tend toward a sing'e 
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oscillation and closely resembles the condition found to be present in the Andaman 
Sea in December, 1921-22 (vide Text-fig. 49). The temperature-difference reaches a 
primary maximum at, approximately, 6 a.m. : i t  then falls steadily till 3 p.m., after 
which it rises to a secondary maximum a t  10 p.m., and falls slightly again till about 
I a.m. The wind-force on the other hand exhibits an unequal double oscillation 
during the twenty-four hours, but reaches its primary maximum at  I p.m. and then 
appears to fall more or less steadily till I a.m. The average strenth of the wind a t  
8 p.m. as given in Table 47 above, namely 2.67, is probably too high ; this figure is 
the average of all the observations taken a t  this hour on six days, but on one day 
the wind-force a t  8 p.m. was logged as 5.5 B.S. ; a t  4 p.m., on the same day the 

force was 3 and at  1 2  midnight i t  was only 2.5. On all other days the force at  8 p.m. 
ranged from 2 to 2.5. Excluding this high reading and taking the average of the 
other observations the figure arrived at  is 2.10. On comparing the ten~perature- 
difference and the wind-force there seems to be a distinct telldellcy for the two to 
alternate with each other : the prilnary nlaxiinum of the temperature-difference at  
6 a.m. corresponds to the minimunl wind-force a t  8 a.m. and the minimum 
telnperature-difference at  3 p.m. clearly corresponds with the inaxirnum wind-force 
at I p.m. 

The observations taken in the Andaman Sea in 1922 (vide Text-fig. 55) also 
appear to me to indicate that there is a similar relationship between the temperature- 



238 R. B. S. SEWELL. 

difference and the wind-force, and that in this case, as in the data for the Laccadive 
Sea region that we have just considered, this relationship is the exact opposite of 

that which up till now has been commonly present. Here again the maximum 
wind-force, occurring a t  10 a.m., is clearly associate with the minimum temperature- 
difference a t  8 a.m. and, vice versa, the minimum wind-force a t  I a.m. corresponds with 

the maximum temperature-difference a t  4 a.m. Hitherto we have, as a rule, found 
that a rise in the wind force is accompanied or, after a "lag," is followed by a 
corresponding rise in the temperature-difference ; in this series, however, a rise in the 
wind-force is associated with a fall in the temperature-difference, and it seems 
probable that there is a t  this period of the year a change in the meteorological or 
other conditions that causes a complete reversal of the normal relationship. 

illnrch. I possess three series of observations taken during this month in the 
Laccadive Sea in 1923 and 1924 and in the Bay of Bengal in 1924. The averages of 
these observations is given below in Table 48 :- 

A.M. P.M. 
/ A . --. T 

4 8 10 I~ 4 8 10 12 

Lnccndive Sen. "c "C "C "C "C "C! "C "C 

March, 1923, (6  days.) Sea .. 28.07 28.82 29.03 29.24 29-39 29.02 28-46 28-24 
Air .. 27.22 28.29 28.65 28.67 27'70 27'59 27.64 27'59 
Diff. .. 0.85 0.53 0.38 0.57 1.69 1.43 0.82 0'65 
Wind-force B.S. 1.58 2.40 . . 2-20 2-41 2'58 . . 1-83 

XIarch, 1924, (4 days.) Sen .. 28.12 28.90 28.97 29'47 29.67 29.15 2 8 . ~ 0  28-50 
Air .. 28.05 28.47 28.61 28.88 28.25 28.64 28.35 28'19 
Diff. . . 0.07 0'43 0.36 0.59 1.42 0.51 0.15 0.31 
Wind-force B.S. 1.12 1.60 1-12 2-00 2.00 1'37 1'37 1.37 

Bny of Bengnl. 

hlarch, 1924, (34 days.) Sea .. 26.67 27.87 28.4.3 28.90 28-60 28.10 27-75 27'75 
Air .. 27.43 27.59 27.72 28.43 28.48 28.06 27'78 27'7' 
Diff. . . -0.76 0.28 0.71 0.47 0.12 0.04 -0'03 O'O4 

Wind-f0rceB.S. 1.25 1.00 I I 1.87 1.62 1.87 1.62 

Table 48 ; giving the average of observations 01, the surface-temperature, air-temperature and 
wind-force a t  different times of the day in various par ts  of the Indian Seas i n  the inonth of March. 

In  the case of the first snries of observations in the Laccadive Sea, namely those 
taken in 1923 (vide Text-fig. 56)) the correspondence between the oscillations of the 
strength of the wind and the variations in the temperature-difference is not very 
exact and it is in consequence somewhat difficult to decide whether the temperature- 
difference varies with the wind-force or against it. I believe that in this case the 
relationship of the two series of phenomena is similar to that which we found in the 
previous month and that a rise in the wind-force is -accompanied, or rather is followed 
after a " lag " of some hours, by a fall in the temperature-difference : this seems clearly 
to be the relationship during the earliest hours of the day, where the minilnuln wind- 
force a t  about 3 a.m. is followed at 4 a.m. by the first maxinlum of the temperature- 
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difference, and the first maximum of the wind force a t  q a.m. is followed by the 
~ninimum temperature-difference at 10 a.m. It is, however, possible that the tem- 

Text- fig. 56. Showing the. reZatwnship oft& surface -temperalure end air- temperahue 

int/LeLaccad~ue S e a ,  inMarch, l923,as  cornpared w i t h  the wind -force. 

W ~ n d  
force. 

B.S. 

2.6 

2.4 

2.2 

2.0 

1.8 

1.6 

2.4 

perature-difference was actually varying with the wind-force, but that this latter was 
exhibiting a " lag " of several hours : if this were so, then there is in the data a clear 

+ 
1.6 

1.4 

1.2 

1.0 

0.8 

0.6 

0.4 

0.2 

Text -fiy. 57. Showvtg tk rczaiionshLp o f t h e  sr~rface  - temperahre  end air-temperalure 

irctheLarrndwe Sen in Mardr,1924,ar compared with  the w i d  -force. 

agreement between the major oscillation of the wind-force between I p.m. and 3 a.m. 
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and the major variation in the temperature-difference between 12 noon and 12 mid- 
night. In  the Laccadive Sea area in the following year, 1924, both factors exhibit a 
triple oscillation, of which the middle variation is by far  the best marked: and on 
this occasion the nlanner in which a rise in the wind-force is accompanied by a rise in 

the temperature-difference is again very clearly seen (vide Text-fig. 57). I have previ- 
ously called attention to the fact that a triple oscillation in the wind-force during the 
twenty-four hours of the day can be detected in Indian waters in the month of March 
(vide szqbrn, p.87) and in the data from the Bay of Bengal area taken during this 
month in 1924 (Text-fig.58) this triple oscillation can be detected not only in the 
wind-force but  also in the temperature-difference, though on the whole this latter 
tends to follow a single major oscillation having its maximum at 10 a.m. and its 

Text-TLY 58 Showing che re la lronsAy o ~ ~ c h z  s u r h c e - t e m p c r a l t u e  and& a i r - t e m p e r o h r t  .'a 

Lhe Bay o fBenga l ,  in M a r & ,  1929, as c o n ~ p a r e d w r l h h k  w i n d  - / b rce .  

minimum a t  4 a.m., while the wind-force exhibits a tendency to a quadruple oscillation. 
A comparison of the oscillations in the wind-force and the temperature-difference 
appears to indicate that the two vary in opposite directions. The minimum wind- 
force a t  8 a.m. is followed after a " lag" of hours by the maximum temperature- 
difference and from this point till 5 p.m. the wind-force steadily rises and the 
temperature-difference falls ; between 5 p.m. and midnight, both series of data exhibit 
a small double oscillation ; and finally a t  4 a.m. the temperature-difference 
is accompatlied by a rise, though only a small one, in the wind-force. 

April.  For this month I possess four series of observations, three of which were 
taken in the Laccadive Sea and the fourth in the Bay of Bengal. The average 

results of these different series are given below in Table 49 :- 
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Laccadive Sea. 

April, 1923, (3  days.) Sea 28.53 29.20 29.15 29.37 29'33 29'05 28-33 28.33 
Air . . 27.69 28.48 28.60 29-40 29-21 28.11 28.06 27.87 
Diff. .. 0.84 o.;2 0.55 -0.03 0.12 0.94 0'27 0.46 
Wind-f0rceR.S. 4.67 3'67 4.00 4-33 4'50 5.00 5'25 4.3.7 

April, 1924, (7 davs.) Sea . .  28.86 29.64 29.77 30.20 30'26 29.86 28.86 28.86 
Air . .  28.75 29.37 29'55 29'77 29'64 29.57 29'37 29.37 
DiB. . .  0.11 0.27 0.22 0.43 0.62 0.29 -0'51 -051 
Wind-f0rceB.S. 2.00 1.53 1.75 I 2'29 1'87 1.81 2.08 

April, 1925, (3 days.) Sea . . 27'75 29.42 . . 29.65 29'72 29.62 . . 28.87 
Air . . 28.89 29.16 . . 29.r4 29.83 29.65 . . 29.72 
Diff. . . -1.14 0.26 . . 0.51 -0.11 -0.03 . . -0.85 
Wind-force B.S. 3.00 700 . . 3.62 3'37 3.50 . . 4'25 

Bay of Be ngal. 
April, 1925, (512 days.) Sea . . 28.42 29.32 . . 30'03 30'02 29.58 . . 28.00 

.Air . . 28.11 28'73 . . 29.65 29'91 29.32 . . 28.94 
Diff. . . 0.31 0.59 . . 0.38 0.11 0.26 . . -0.94 
Wind-force B.S. 2.00 1.67 . . 2.42 1'83 2-10  . . 2.50 

Table 49; giving the average of observatio~is on the surface-temperature, air-temperature and 
wind-force a t  different times of the day in various parts of the Indian seas in the  month of April. 

Of these four series of observations, those taken in theQLaccadive Sea in 1923 
and 1924 (vide Text-figs. 59 and 60) at first sight appear to be atypical, in that the 
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variation during the day in the wind-force exhibits a triple oscillation whereas the 
variation in the temperature-difference is a double one. In  the first series taken in 
1923, this apparent double oscillation of the' temperature-difference is almost certainly 
due to the fact that observations which are taken a t  4-hourly intervals may be too 
widely spaced to give a record of slight and temporary changes. In Text-fig, 59 
I have shown by a continuous line the oscillation of the temperature-difference as 
given by the actual readings and by a dotted line I have indicated the probable 
oscillation. A comparison of this latter with the variation of the wind-force suggests 
that both exhibit a triple oscillation and, furthermore, it seems more than probable 
that the two sets of oscillations are related to each other and vary in opposite 

V 

Tcxl-f ig  60. Shuw~ng t h e  r e l u l ~ o n s h ~ p  afthe surface-icmperaturee and au-lemperalurc 

mthe L m a d L u e S e a .  ~ n A p r ~ 1 , ] 9 2 4 :  as compared w i ~ h  the wind - h e  

directions, a fall in the wind-force being associated, after a " lag " of some 1-2 hours, 
with a rise in the temperature-difference. In  the 1924 series, we again seem to get an 
indication of the same type of relationship, though in this case it is not quite so clear. 
The wind-force and the temperature-difference appear to oscillate in opposite directions, 
a rise in the wind-force being accompanied by a fall in the temperature-difference; 
and this is clearly indicated during the early part of the day from 2 a.m. to 12 noon, 
but between noon and 9 p.m. we qet a rise and fall in the wind-force that is 
unaccompanied by any corresponding change in the temperature-difference. In the 
Laccadive Sea in the month of April, 1925 (Text-fig. 61) the conditions present and the 
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Text -fig. 61. Showing t h  rehlwnsh5p o f  thp suriace- l empcrdure  enn!Uze air-&rnperdure 

inrheLaaedivr Sea inApril .l92.5.as compared w i t h  L h e  wind - b r c e  
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oscillations of the temperature-difference and the wind-force appear on the whole to 
exhibit the same relationship, namely, a fall in the wind-force being accompanied by 

a rise in the temperature-difference and vice versa. In this series both changes 
exhibit a double oscillation, and there is a considerable "lag" amounting to 4 to 6 
hours in the changes in the temperature-difference behind the variation in the wind- 
force ; but it is clear that in both cases the primary oscillation occurs between midnight 
and noon, so that the maximum variation in the wind-force is followed by the 
maximum variation in the teinperature-difference. 

In  the results of the observations taken in the Bay of Bengal in 1925 (vide Text- 
fig. 62) me have the clearest indication that the wind-force and temperature-difference 
are correlated and that in this area in the month of April the oscillation of the two 
occur in opposite directions : and furthermore in this series the " lag" of the change 
in temperature-difference behind that of the wind-force is but small. 

M a y .  In  this month I possess only a single set of observations, which are given 
below in Table 50 :- 

A.M. P.M. 
C A P  - 7---7 

4 8 10 12 4 8 ro 12 

Laccadive Sen. "C "C "C "C  ' C  O C  "C O C  

lIay, 1923, (3$ days.) Sea .. 28.03 28.09 zg.?o 29.38 29.40 28.57 28.08 28.33 
Air . . 27.69 28 24 28.80 28.49 28-89 28.33 28.15 28.24 
Diff. . - 0'34 0.16 0.50 0.89 0.51 0.24 0.07 0.09 

Wind-force B.S. 4.6 5.0 4.0 4.7 4.5 5 .0  5'3 5'0 

Tnhle 50;  giving the average of observations on the surface temperature, air temperature and 
wind-force at different times of the day in the Laccadive Sea in the month of ll!fay. 

In  this series there is again a very clear relationship between the temperature- 
difference and the wind-force; throughout the whole twenty-four hours the oscilla- 
tions of the two series of observations coincide in a particularly striking manner. 
Illvariably a rise in the wind-force is accolnpanied by a fall in the temperature-difference 
(vcde Text-fig. 63), and the extent of the variations agree remarkably closely. 

A survey of all these various results in the different months of the survey-season, 
from October to May inclusive, appears to me to indicate that there is throughout 
this whole period distinct evidence of correlation between the wind-force and the 
temperature-difference, and that the relationsliip differs at  different periods of the 
year. During the early part of the season, from October to January or sometimes 
even later, a rise in the wind-force is accolnpanied by a rise in the temperature- 
difference, but during subsequent months this relationship becomes cha11gt.d and in 
b r i l  and May we get, as a rule, a rise in the wind-force accompanied by a fall in the 
temperature-difference. The actual tinie of year at  which the change from the first 
to the second type takes place probably varies from year to year, and lnay even vary 
in different localities ; thus it could he detected in the lnonth of February in 1922 
both the Andaman Sea and I,accadive Sen regions, but it appears to become fully 
established only at  a later date, usually ill the of April. I t  also seems probable 



THE SURFACE-WATERS OF THE BAY OF BENOAL AND ANDARlAN SEA. 245 

that the degrec of variation in the teinpcrature-difference is related io tlw crttcllt of 
variation in the strength of the wind. As a rule this oscillation, of hot11 tenll~er:lt,ure- 
difference and wind-force, is a double one d u r i ~ ~ g  the twenty-four hours, but  in certai l~ 
lllonths this may, as we have seen', be replaced by a triple or even a quadruple vari- 
ation. That this connection between the temperature-difference and the wind-force 
is not a simple one is indicated by the facts ( I )  that  there is during the year a complete 
reversal of the relationship, and (2)  that whereas in some cases there is a "lag " in 
the changes of the temperature-difference behind the corresponding variation in the 
strength of the wind, in other instances the temperature-difference appears to  anticipate 
the change in the wind-force. Although the variation in the strength of the wind is 
a simple one, involving changes in only one factor, a change in the temperature- 

Tex L-flg 63 S / , o w l r ~ . 7  I ~ P  r ~ l a  Iron shrp of IJtr stlrfmce -tcmperaLure and ihr arr-irmperature 

~n I/,,, Lncrrrdcvr S r a  1nMay.lY2.S. r1.5 ron~pnredwrlh~hr wind hrce  

difference between the surface of the sea and the supernatant atmosphere lnay be 
brought about by alterations in the temperature of either medium. As we h,~ve already 
seen, in Inclia~l waters the surface-temperature is normally higher than the air 
temperature a t  all times of the day, and a fall in the temperature-difference may be 
due to either (I) a fall in the telnperature of the surface-water, (2) a rise in the air 
temperature or (3) to ul~equnl chailges in both sea and air ; and i t  is in consequence 
a n~atter  of extrellle difficulty to arrive a t  any definite conclusion regarding the 
observed challges. There seems little doubt that  in the altered relationship of the 
strength of the wind ancl the difference in the temperature of the air and of the sea- 
surface we are dealing wit11 the results of tnore than one phenomenon. The first 
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factor that occurs to one is the cooliilg effect of the wind on the surface of the ocean. 
Eliot (1898. p. 174) has shown that during certain parts of the year there is at 
Trivalldrutn a double diurnal oscillation in the rate of evaporation of salt-water and 
i t  is inore than probable that the same holds good over the open water of Indian seas. 
The times of inaxitnunl and minimum epochs of the rate of evaporation in the open 
differ in certain months of the year, the average times, as given by Eliot (loc. tit. 
Table ccx.), being as follows :- 

MONTH. . . . . Minimum. Maximum. Minimum. Maximum. 
October-November . . . . 8-0 a.m. 2-0 p.m. 10-0 p.m. 11-30 p.m. 
December-February . . . . 9-0 :. 3-0 ,, 10-0 ,, 12-0 Midnt. 
March-May . . . . . . 8-0 ,, 3-0 ,, 10-0 ,, 11-0 p.m. 

Eliot has also shown that an increased rate of evaporation causes a marked lower- 
ing of the temperature of the sea-water (loc. cit., p. 164) and if this occurs, as I 
think one may assuIne, over the open waters in a manner similar to that found to be 
present a t  Trivandrum, it would account for a lowering of the temperature of the sea- 
water and would thus cause a diminution in the temperature-difference between the 
sea and the air a t  or near the times given above, namely a t  2-0 to 3-0 p.m. and 
again a t  11-0 p.m. daily in each month of the Survey season, viz . ,  during the 
months of October to May. 

A study of the times of day a t  which the minimum temperature-differences exist 
certainly indicates that there is a distinct tendency for them to occur at two periods 
of the day more frequently than a t  other times. I give below the actual number of 
instances in which in the course of my observations the minimal difference has been 
found to occur in the course of the day a t  the times stated and, as my observations 
are but few, I have divided the day into intervals of four hours: 

A.M. P.M. 

--Ap7 --------7 

Time of day. 12.4 4-8 8-12 12-4 4-8 8-12 
No. of instances of occurrence of 

minimum temperature-difference. 12 5 6 10 6 9 

If now we plot these figures in the form of a curve, it is clear that the minimum 
temperature-difference tends to occur most frequently at  1 a.m. and 2 p.m., that is, at 
times which agree fairly closely with those given by Eliot, and from this it seems clear 
that one of the factors involved in the double diurnal oscillation of the temperature- 
difference is the rate of evaporation that is going on from the surface of the sea, 
increased evaporation causing a lowered temperature-difference (vide Text fig. 64). 

The rate of evaporation from the sea surface depends on several factofi, 
namely :- 

( I )  The temperature of the air and sea, 
( 2 )  The humidity of the atmosphere, 
(3) The amount of barometric pressure, and 
(4) The velocity of the wind 
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and it is probable that  of these the velocity of tlie wind is the most potent factor. I n  
the coastal region, as I have already pointed out (vide s z ~ p r a ,  p. 79 ct seq) ,  there is in 
most areas a quite distinct double diurnal oscillatioil in the strength of the wind due to 
the alternating influence of the lalid and sea breezes, and over the open sea we also 
find evidence of a similar double oscillation that  appears to  be dependent on the rise 
and fall of the barometric pressure. It is not surprising, therefore, that  one can detect 
a double oscillation in the relatioilship of the teinperature of the sea and air. 
If, however, this were the oilly factor involved and the oscillation were clue solely to 
increased evaporation, we should expect to find that  the type of relationship between 
the strength of the wind and the temperature-difference would be uniforin throughout 
the year, but we have already seen that  this is by no meails the case. I n  the following 
Table 51 I have given the average temperature-difference and the strength of the wind, 
as well as the average range of each, during the nlonths of the survey season. 

Month. 

October 
November 
December 
January 
February 
March 
April 

May 

Average wind- 
force R.S. 

Average temperature- 
difference Sea-Air. 

Average range of 
wind-force. 

Average d iu r~ ia l  range 
of temperature- 

difference. 
"C 
1'22 

1'53 

1'51 

0.86 
0.69 
1'38 
1'32 
1.05 

Table 51 ; !givillg t h e  average temperature-difference and wind-force, and t h e  daily range in 
different months of the  survey season. 

There appears to be little or no correlation between tlie temperature-difference and 
the wind-force. The average wind-force exhibits a double seasonal oscillation. I n  
October the wind-force is low; it exhibits a first niaxim~un in November and 
then falls somewhat irregularly till March and April, after which it rises rapidly in 
May. The temperature-difference on the other hand rises rapidly froin October to 
November aiid tlien falls sharply in December and January ; it  rises again to a second 
inaxilnuln in February alld the11 falls again in March and April. and rises once inore 
slightly in May. There is thus a not very clearly marked tendency for the curves of 
wind-force and temperature-differei~ce to alternate with each other though, on the 
whole, it seeins probable that tlle temperature-difference tends to be greatest when the 
wind-force is least and is least wheil the wind-force is greatest. Tlie relationship 
between the temperature-clifferelice and the average daily range of the wind-force is, 
however, much more clearly shown; and both temperature-difference and range of 
wind-force vary in tlie same direction t l~rougl~out the whole Survey season. They both 
are high in November, fall in December and January, rise again in February, fall till 
April a i d  then rise again il l  May. This appears to be due, at  least ill part, to the 
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cooling effect of the wind on the surface of the water: with a strong wind there is 
increased evaporation and a consequent decrease in the surface-temperature, and in the 
absence of any wind the sea-surface becomes heated more than the overlying 
atmosphere, and, therefore, the temperature-difference tends at  such times to be 
high. 

Tliere appears to be little evidence of any direct relationship between the 
average daily variation in the strength of the wind and the average daily range of the 
temperature-difference, such as one would expect were the changes in the temperature- 
difference due solely to the action of the wind-force. The range of the temperature- 
difference exhibits a clear double oscillation during the survey season : it rises rapidly 
from October to November, remains high in December and then falls rapidly till Feb- 
ruary, after which it rises again in March and April and falls in May; on the other 
hand the average diurnal range of the wind-force is high in October, falls rapidly in 
November and then steadily increases again till May. 

It is, however, also possible that the changes in the temperature-difference are 
due less to the actual variation in the strength of the wind than to the cooling effect 
of rainfall during the north-east moilsoon months of December and January and to 
occasional storms that precede the south-west monsoon in April and May. I have 
previously called attention to the fact that in India there seems to be clear evidellce 
of a double diurnal oscillation in the rainfall (vide s~qt~rti, p. 99, et seq). In Calcutta rain- 
storills are most frequent a t  or near 2-6 a.m. and 6-9 p.m. and least frequent at 
12-2 a.m. and 12 noon. The effect of such storms is to cause a marked fall in the air- 
temperature and a corresponding but much less fall in the sea-temperature. 

Sea-temperature. - A 

Before rain. After rain. Diff. 
"C "C "C 

28.0 26.5 1.50 
29'3.5 29.00 0'33 
29.17 29.00 0.17 
27'78 26.94 0.84 
28.5 29.0 -0.50 
29.3 29'5 -0'20 

Average 0.36 

Air-temperature. . , . 
Before rain. After rain. Diff. 

"C "C "C 
26.66 24'94 1.72 

27'50 26.56 0'94 
28 72 27 78 0'94 
27.50 zg.00 2.5" 
28.61 26.39 2.22 

28.89 27.22 1.67 
1-67 

Table 5 2 ;  showir~g the effect of rain-storl~ls on sea- and air-temperature. 

In Table 52 I have given the data of six observatiolls regarding the effect of 
raill-stor1lls on the temperature and it is clear that the air is cooled by such to a n1ucl1 
greater extent than the sea. A rain-storm will, therefore, cause a marked increas 
in the temperature-difference atid we should, if these storms are responsible for causing 
the double oscillation in the temperature-difference, expect to find at least o*le 
evidence of agreement between the usual times of occurreiice of the epochs of mall- 

mum tetnperature-difference and the frequency of rain-storms. I give below 
frequency of occurreiice of the nlaximal teinperature-differe~~ce in each 4-110ur1y 
period throughout the day. 
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A . ~ I .  17.nl. 
- - -  - - 

Time of day. I -  4-8 8-12 12-4 4-8 8-12 

No. of instances of occurrence o[ 

maximum temperature-diflerence. G 12 5 6 1 I 10 

By plotting these figures (vidc Text-fig.64) i t  appears tliat tlle epoch of ii~axinluii~ 
temperature-difference 'tends to occur most frequently a t  6 a.m. and 8 p.m., tilnes 
which agree quite closely with the times a t  which rain-storms are most frequent. 

During those months in which the daily changes in the temperature-difference 
and the wind-force oscillate in opposite directions, namely in April and May, it is 

Texl  - I " I ~  6'P S / IUI ,  crly f h e f i q u q  o f  o c c u r r e m r  at d ~ f f e r ~ d  tune5 of IJW, 

Arty O ~ / / I C  ~jl30chs of 1t1 a x ~ m m  and m L n L m r L m  Fempcraf u r . c  - 
d ~ f / a r e n c r  brtween Llre Azr  d the s u r f a c e  w a t e r  

probable that this is, a t  least in part, due to increased evaporation. but during 
the other months of the year, fro111 October to February, the relationship is the 
exact opposite of this, the temperature-difference increasing with the wind-force, 
and it would appear that  we are here faced with the effect of some other factor. 
I have already called attelltiol~ to the fact that in Indian coastal waters, as well 
as in the region of the Nortli Atlantic Oceaii (vide supra, p. 222) the tempera- 
ture-difference exhibits only a siligle oscillation during the course of the day, and 
this I believe to be the llorlllal relatioi~ship. Whatever nlny be the cause of the 
difference betweell the telllperature relatioiisliip of (I)  the sea and air in Indian 
illshore waters, which as we llave see11 agrees with the observations made on the 
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"Challenger" in the North Atlantic Ocean and (2) that found to be present in the 
open waters of the Indian seas, there can be no doubt regarding the actuality of the 
difference itself. If now we subtract the " normal " temperature-difference (A)  from 
the observed temperature-difference (A') between the sea and the air over the open 
waters of Indian seas we find that the discrepancy between the two sets of 
observations invariably follows a single daily oscillation, which reaches its lowest 
poillt a t  or near 12 midnight to 4 a.m., and its highest point at  or near 12 noon 
to  4 p.m. In the following Table 53 I have given the observed difference, which I 
term the " normal," between the sea-and air-temperatures over the inshore regions 
(A)  and the average difference from this iiorinal (A ' -0)  in each month over the 
open waters :- 

A.M. P.M. -- r h . 
4 8 12 4 8 12 Range of 

Normal Diff. ( A ) . . 
October ( A -  A) . . 
November ., . . 
December ,, . . 
January . . 
February ,, . . 
March . . 
April , , . . 
May . . 
Average (A' - A) . . 

Table 5 3 ;  showing the  discrepancy in each month of the  survey season between the normal 
temperature-difference and the  observed temperature-difference over the open waters of Indian seas 
(A'- A). 

In  Text-fig. 65 I have shown graphically this discrepancy between the normal 
temperature-diff erence and the observed temperature-difference in each month, and 
it seems clear that there is some factor that iilfluences the temperature-difference 
between the sea and the air over the open waters and causes a inarked alteration of 
this difference during the night hours. It is not always an easy matter when consi- 
dering the relationship of two series of data to decide whether any change in the 
normal relationship is due to abnornialities in the one series or the other, or even to 
changes in both ; but ill the present case it appears almost that any variation 
froin the normal must be due to some factor that is illfluencing the sea-temperature. 
If this be admitted, then it appears that there is ill these open waters of the Indian 
seas some agent that causes a lowering of the telnperature of the surface-water below 
that to which it would normally fall by reason of the llsual night cooling, and it seems 
probable that we have here evidence of the effect of the " change over" that takes 
place between the surface-water slid the water of a deeper stratum as a result the 

evaporation and consequence increase in s ; l l i ~ ~ i t ~  of the surface-water durillp, the day, 
The vertical currents set up in the upper levels of the sea, as a result of the increased 
saliility due to evaporatioii during the day, tile rise in specific-gravity caused by 
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cooling during the night, will result in the appearance on the surface during the night 
or early hours of the inorning of water that  has conle froin soinedepth below the 
surface and therefore inay possess a solnewhat lower temperature than the actual 
surface water, thus producing the loweriilg of the temperature-difference between the 
sea and the air. If this be the cause of the variation from the normal that  we have 

A.M. 4 8 1ZNwn. 4P.M. 8 12 MdnL 

TcxL f ig  65. Showmnythc n v r r q r  d / / i r / r ~ r r r  In rar/r ~nonL/~of /hc  odrcrved Ie~npcrnlirre 
d~i'irr c ~ r n ,  O V E I  / / I P  OJ)CIL .)PO In l n d ~ a r ~  waters  iiwm the normal fcmperalure 
d(t"frrc/tre ( A  - A') 

been consideril~~, we should expect to find that this variatioil exhibited a seasonal 
change in accordallce the conditiolls present from inoiith to  non nth in the water 
of the surface layer; ill those months in which the weather is fine and the surface 
temperature is high tile amount of evaporation will be great and the strength of 
the convection current also will be proportionately high and, furthermore, in those 
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lllollths in which the range of temperature of the sea and air is large the increase in the 
specific-gravity of the surface-water caused by great coolillg will be increased and 

collsequently the extent of the coilvectio~l current will also be increased. We have 
already seen (vide sztprcr, p. 207) that the average temperature of the sea and air rises 
from October to November, then falls to January or February, rises again till April and 
finally falls in May ; we have also seen that the average range of the surface-tern- 
perature increases from October to November, falls rapidly to December, rises again 
till April and finally falls in May. In Text-fig. 66 I have shown the average range 
of the surface-temperature in each inonth of the survey-season and the extent of the 

vnriation from the normal of the temperature-clifferel~ce between the sea 
atla the air and the manner in which these two vary ~ ~ n c h r o n o u ~ l y  and ill the 
same direction leaves little room for doubt that the one is collnected with the other. 
The double effect then of (I) the daily fall and rise ill the temperature-difference bet- 
ween the sea and the air under the influence of the sun's heatillg in the day and the 
subsequent night cooling and ( 2 )  the coolillg of the surface water by the 11pwelling of 

deeper water from below under the influence of convection currents, is sufficiellt of 

itself to l~roduce a double oscillation ill the temperatllre-cliffere~~~e between the 
face and the supernatant air during the 24 llours. 
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If, now we take the results obtained in each mont l~  a ~ l d  coinpare tliese wit11 
the average of the wliole series of calculatioils, we arrive a t  a figure which we 
may take to be a variation fro111 the nor~nal effect of the convection current on 
the claily heating and cooling of the sea and air by means of the sun's action. 
In Table 54 I 11ave give11 the average discrepallcy cluring the whole survey-season 
between the clifference of sea- and air-temperatures as found in inshore waters and 
as observed over the open ocean (A ' -0)  and the variation in each month from 
this average. I have already pointed out that this average difference between the 
data derived from observations in the two areas i.e., the coastal waters and the 
open sea, is probably due to the effect of the upwelling of water from below 
under the influence of convectio~i currents; and the variation in each inonth from 
this average figure will be an indication of some other influence that  is affecting 
this relationship between the increased density of the surface-water and the conse- 
quent convectiou current. 

A.M. P . ~ I .  . , \ 
4 8 12 4 8 12 

Average diff. of normal and observed 
temperature-difierence in open waters 
( A ' - A )  .. . . . . - 1'32 - 0.29 +O'4I + 0'22 -0'34 - 1'33 

October . . . . . . +O. I I  +o.51 -0.03 -0.18 +o.19 +o.r_s 
November . . . . . . + 0.05 +0.47 +0.59 f 0 . 7 9  +o.28 +0.83 
December . . . . . . +o'26 - 0.03 -0.44 - o 36 -0.21 - 0.16 
January . . . . . . 0.00 -0.14 -0.18 - 0.22 + 0'37 + o q  
February . . . . . . + 0.65 +0.59 +0.53 +0.40 ~ 0 . 6 4  +0'75 
March . . . . . . -0.46 -0.28 -0.20 + o  32 - 0'1s) -0 '22 

April . . . . .. -0'43 -0.26 - 0.40 -0.49 -0'51 - 1.05 
May . . . . . . -0.17 -0.85 +O.IS - 0.25 -0.61 -0.46 

Table 5 4 ;  showing the a\rerage discrepancy between the normal and the obselved tell;pernture- 
difference and the lnonthly variation from this average. 

The average wind-force, given in the Beaufort Scale, as deduced from observations 
taken simultaneously wit11 the temperature observatioris a t  four-hourly intervals in 
the different months is as follows :- 

A . M .  P.M. ,. 
/ A 

4 8 12 4 8 12 

October . . . . .. 1.98 1-50 1'65 1'95 1.85 I 41 
Novemher . . . . . . 2.31 1'4.3 I .68 2.18 1'99 2'12 

December . . . . . . 3'45 3'31 3'25 3.2 r 3'19 %. :7 
January . . . . . . 2'47 2.64 2'43 2.89 2.68 
February . . . . . . 1'99 1.89 " 2-35 2.28 2'73 1'97 
March , .  . . . . 1'32 1.67 1'79 2.09 1.86 1.61 
April . . . . . , 2.73 2.28 2.76 2.66 2.87 3 05 
May . . . . . . 4.60 5.00 4'70 4'50 5.00 5.00 

I t  appears more than likely that  the factor that  is producing this variation from 
the normal temperature relationship is the wind-force. If this be so, then we should 
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be able to trace a distinct relationship betweell the strength of the wind and the 
degree of variation from the normal ; ill Text-fig. 67 I have shown graphically the 
variation from the normal and the average wind-force a t  four-hourly intervals 
throughout the day in each month of the survey season. 

A comparison of these with each other clearly reveals the fact that there is a 

very close relationship between these two phenomena, though the actual 
varies with the season of the year. During the early part of the survey-season in the 
month of October the variation from the average clearly varies in the opposite direc- 
tion to the wind-force, a rise in the strength of the wind being accompanied by a fall 
in the variation from the normal and a very similar result is seen in the month of 
November, thouqh in this case there is a marked advance in the change of the tern- 
perature curve in front of that of the wind-force and especially so during the after- 
noon change. In  the following month of December the relationship of the two factors 
has completely altered and a rise in the wind-force is now accompanied by a rise in 
the temperature variation, both exhibiting a single oscillation only in the twenty-four 
hours ; during the next two months there is on the whole the same tendency, namely 
for the wind-force and the temperature-variation to coincide, though the agreement 
is not so clear as in the month of December ; but in the month of March we again get 
a clear correspondence of the two, a rise in the wind-force being clearly accompanied 
by a rise in the temperature-variation. In  April we again get a reversal of this 
relationship and a return to the condition that was present in October and there is 
now :I clear tendency for the wind-force and the temperature-variation to oscillate in 
opposite directions, and this condition reaches its clearest agreement in the month of 
May, in which the relationship of the two factors is once more exactly as it was in the 
month of October. There is, I think, little doubt that we have here evidence of a 

seasonal change ; in both October and November the weather is as a rule fine, and the 
temperature of the sea and air is high ; in the months of December to   arch we get 
the effect of the north-east monsoon and the temperature of the sea and air is consi- 
derably reduced, while the high winds and the comparatively irregular manner in 
which they blow will naturally tend to obscure any relationship between them and the 
sea-temperature. In  the months of April and May we again get a return to the warm 

weather conditions, similar to the condition that was present in the month of ~ctober. 

As Helland Hansen and Nansen (1909, p. 105 p. 98 et seq. and footnote) have 
pointed out when summing up their observations on the mid-water strata of the Nor- 
wegian Sea, an increase in the lateral movement of the surface strata of the sea will 
tend to stretch these strata and so to cause a diminution of their thickness; if the 
affected stratum be the suface-layer, any thinning of this, owing to increased movement 
by reason of an increased wind-force, will cause the deeper stratum to approach nearer 
the surface, and by the effect of the waves, the height of which will ~imultaneousl~ be 
increased, this deeper stratum may become actually mixed with the surface-water, and 
so affect both the temperature and salinity of the surface and modify the llormal re]?- 
tionship between the sea- and air-temperature. I f ,  now, this variation ill the norma' 
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T a t  - f i .  67 Showing t h e  V a r ~ n t i o n ,  between fhc nornral, cfhcL of con,vccLLon c u r r e n t s  and Chu. 

a v e r a g e  observed dfect L ~ L  diffcrenl ~ n o n  Lhs. 
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relationship of the tenlperatnres of the sea and air is correlated with and actually due 
to an upwelling of water from below, caused by the surface-stratum being blown away 
a t  periodic intervals, we should find that the resulting effect on the telnperature differ- 
rellce will depend on whether the deeper stratum of water possesses a lower or a 

higher temperature than the surface-water. If the temperature of the lower stratum 
is, as it usually would be, lower than the temperature of the s ~ r f a c e - ~ ~ t ~ ~ ,  any up- 
welling will tend to cause a lowering of the surface-temperature alld so will cause a 
diminution in the difference between the sea- and the air-temperatures ; whereas, on 
the other hand, if the lower stratum possesses a higher temperature, upwelling 
tend to cause an increase in the temperature-difference. 

Uilfortunately the evidence a t  my disposal regarding the temperature of the water 
in the various upper levels of the Indian Ocean a t  different times of the year is some- 
what scanty. It has been shown that in European waters during the summer months 
the surface-temperature is higher than that of the water at  a depth of 10 to 30 fathoms, 
whereas during the winter ~noilths the surface-layers are colder than those immediately 
beneath (vide Krummel, 1907, p. 444 and 473) and one would naturally expect that a 
siniilar change might occur in Indian waters with the changing seasons. In India there 
are two periods of hot weather, occurriilg just before and just after the south-west 
monsoon, and correspondingly, two cold seasons during the periods of the south-west 
inonsoon in July and August and in the winter months of January and ~ecember 
respectively ; of these the latter is the colder. We should, therefore, expect that in 

October and possibly in November and again in April and May the upper layers of 
the water in the ocean would be warmer than those at  a depth of a few metres, and 
that in the cold periods the exact opposite might be the case. Krulnlnel (1907, ~ 4 7 4 )  
gives a table, showing the manner in which the wariner waters of the Gulf of Aden 
call be traced flowing ilorthwards over the surface of the Red Sea. This table also 

indicates that a t  certain seasons of the year the relative temperatures of the water at 
the surface and a t  10 metres depth become reversed. The data that he gives are as 

follows :- 

I 
Station. I r 8 314 

I 

Date. 26.X.95 26.X.97 
I 

Metres. "C "C 
0 27'3 
10 27.1 p . 4  
20 27.0 1 30.2 
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From the above i t  is clear that in October, 1895, the surface-temperature is higher 
than that a t  a depth of ten metres, whereas by the inonth of December this conditioti 
has been reversed and the temperature a t  3 depth of tell metres is higher t h a ~ l  that  a t  
the surface. That a similar state of affairs is a t  least possible durir~g the hot seasou, i l l  

the month of April and the early part of May, in the soutlleril part of the Hay OI 
Bengal is indicated by the data in the Table below, which I have extracted froill the 
List of Oceanic Depths (I~IO), published by the Admiralty, London. 

Fathoms. "C 
o 29.11 
5 I 29'44 

10 29'33 
I5 29.00 
25 27'39 

In this series Nos. I ,  z and 6 reveal a higher temperature a t  a depth of 5 to 10 

fathoms than a t  the surface, while No. 4 shows a fall in tenlperature from the 
5 fathom level to the depth of 10 fnthomq followed by a rise a t  15 fathotns and Nos. 3,7 
and 8 indicate a steady fall tliroughout the series fro111 the surface to r5 fathoms. It 
appears probable that at  this time of the year the coilditioils i l l  this area are clue 
to a surface-currellt, flowing down the east coast of India fro111 the Ray of Reugal 
and rouilcl the south side of Ceylon, that has a lower tenlperature tlian the water 
imillediately subjacent to it. 

I t  111ust be borne in inind that owing to the changes ill tenlperature which the 
surface-water urlrlergoes duri~ig the course of the day, these diurnal changes inap 
mask ally seasonal cllnnge, sillce in the middle of the day, even in the ino~lths of 
November to January, the surface-water inay becoine slightly warmer than the under- 
lying stratunl. In order, therefore, to arrive a t  a definite conclusion regarding the 
seasonal changes it is necessary to take the average of a nuiliber of observations a t  
different tiines of the day and night; and here again we are handicapped by the fact 
that night observatioilb are much fewer than day ones ancl in consequence the 
average of all observations is likely to give too high a reading for the surface 
layer. 

Thanks to Dr. J .  Pearson, the Director of the Colon~bo Museum, and Mr. A. H. 
Malpas, Marine Biologi!,t to the Goverrlinent of Ceylon, I am able to give the results 
of 3 series of investigations regardiilq the temperature of the water a t  different levels 
and at  different seasons of the year in the Gulf of Mannar. Unfortunately, they 



have given in only a few cases data regarding the levels between the surface and a 
depth of 50 metres; their observations are published 212 extemo in the Reports on 
&rille Biology in the Ceylon Administration Reports for the years concerned. 

A study of the temperatures recorded in this area in the month of October, lpIj, 
shows that the average surface-temperature is higher than that found at a deptll of 

sollle 20 metres, though in three cases it is exactly the same. The actual data are 
given below in Table 55 : 

I I 
Date. 10.5.13 Z O . ~ . I ~  / 21.S.13 I 21.X.13 j 22.x.13 ! Z ~ . ~ . I ~  / 23x.13 

I I 
I - _ I _ _ -  - I I 

1 

8"18' 8'46' 7.46' 7O.57' 1 7'30' 
I 

Positiol~ 
I 

Long. E 7g015' ( 79'08' / 78.4" 1 78.44' , 78'37' 79O14' 79.16 
, -- - 
I 
' "C 

Surface . . 
18 Metres 26.6 
92 ,, 24.4 

183 9 ,  21'1 

I 
6-50 3-15 I ro-o 1-0 r-o 

I 1 A.M. I 

'l'nble 55 ; showing the teniperature a t  different depths in the Gulf of Mennar in October, 1913. 

During the hottest part of the day, namely about 2 p.m., we should expect to 
fincl that the surface-water is considerably warmer than that below, but this series 
certainly appears to indicate that in the early hours of the morning there is but little 
clifferelice in the temperature of the water a t  the surface and at a depth of 
18 metres. The average for the whole series is 27.17'C for the surface and 26.84'C 
ior the 18-nietre depth level. In the data for later years Dr. Pearson has collfine(1 
his observations to the levels of the surface, 50, 100, 200 and 300 metres. A study 
of the temperatures at  these levels in the different llloliths of the year reveals several 
interesting feature.. . In Table 56 I have reproduced the results obtained at eight 
statiolls in the month of October, 1920. 
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! I 

16.Y.20 , r7.S.20 ' 17.S.20 ? ? 
- -  

8'46' 1 8'18 ' 7'46' 7'30' 7'57 

78O44' i 7 8 3 4 ~ '  78'13' 79'14' 7 9 ° 1 ~ '  
.------- 

"C "C "C "C "C 
26.75 2 6 9  26.15 26.25 ' 27.05 
23.56 2g.11 1 23.21 , 24.41 24 17 
21.26 Z4':37 19'30 21'41 22'07 
14'55 16.00 / 15.15 14.97 15.44 
11.28 i 12.58 12.19 ; 11.92 . . 
---- 1 

I 
10 o ( 9-37 ! 10-22 5-5 8-15 

Date. 16X.20 169 .20  rh.X.20 
----- - 1-1 

Lat. N. . . 8"01' ; 8'09' 8"49' 
Position 

L O I I ~ .  E.. . 7g008' 7903920u 79"5Rr 
- _ _ . - _ _ _  

"C ; "C+ "C 
Surface . . 26.15* I 26.55 27.15 
50 Metres . . 26.50 26.48 25.61 

I00 ., . . 23.10 22.86 , 22.67 
200 ., . . 15.36 1 0  16.35 
300 , . . 12.12 I . . 14.94 - - --I 

Time of day From I 1-37 6-18 ' 4-10 1 TO . 3-20 
i 4 . M .  
1 

7-15 , 5-25 11-9 10-40 11-37 6-0 10-10 

A.I .  . 1 P.31. j A.M. P.M. I A . M .  P.N. 

- . --- -- - .- - - - . - 

Table 56 ;  showing the temperature a t  different depths in the Gulf of Mannar in October, 1920. 

With the single exception of the first series," in which the surface-temperature 
is slightly lower than that  a t  50 metres, due almost certainly to the fact that  the 
observation was taken in the ear1.y hours of the morning when the temperature of 
the surface-water is a t  its lowest, the surface-temperature is throughout considerably 
higher than that  a t  the lower levels. The results obtained in the same area in the 
inonth of November, 1921, are given in the Table 57: 

- . - -. - - - - -- - - - - --- 

I I 
Date. I j X 1 . 1  i 18.X1.21 l~g.XI.zr zr.XI.21 2 7 . ~ 1 . 2 1  

I 
7--- --A- 7 I I --A- - 

Position 

303 3 .  --- 
Mid- 

night. 
i - ._ -. . - .  - - -- ~~ 

Table 57 ;  showing the temperatures a t  different depths iu the Gulf of N a ~ ~ n a r  ill November, 1921. 

In  this inonth it is seen that in the very great majority of cases* the surface- 
temperature is lower than the temperature recorded a t  a depth of 50 metres; this is 
the case in no less than eight out of the eleven serial observations. That this is not 
due merely to the lleating-up of the water during tlle day and its more rapid cooling 
O11 the surface a t  night is shown by the very different time of the day a t  which the 
~bservations were taken. Thus the surface-temperature was found to be lower in 
different series of records a t  6-25 a m .  and a t  12-10. 3-15, 4-55, 5-0, 5-30, 6-45 p.m. 
and at  midnight. The average of the whole series of observations is 27.73OC a t  the 
surface and 27'79°C a t  a depth of so metres. 

In t he  following year, 1922, however, conditions were very different. The 
temperatures: in this year are considerably lower as regards tlle deeper levels than ill 
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the preceding year the average being 24.810°C as compared with 27785°C at the 50 

metre level and 20'5.3-1~C as coinpared with 25'584OC a t  the roo metre level. The 
details of the observ:ltions in 1922 are give11 below in Table 58 and it will be observed 
that in consequence of this lowering of the temperature in the deeper levels the surface 
temperature is throughout higher than the temperature a t  a depth of 50 metres. 

Table 58 ; showing the temperatures at different depths in the Gulf of Mannar in November, 1921. 

-- - -. . - -- -. -- 

It seems clear then that in this month of November conditions may differ very 

I 
Date. 19.XI.z3 zo.XI.22 21.XI.22 

- -- - 
' . . - C - - . - * -  - -  

considerably from year to year; in certain years the surface-temperature is higher 
than that a t  a depth of 50 metres, whereas in other years the reverse may be the 

- 
22.XI.22 

--A- 

case. 
An examination of the results obtained in the month of January, 1921, shows 

that a very similar state of affairs existed in that month to what was found to be 
present in November, 1921. The results of Dr. Pearson's observatiolls are given 
below in Table 59. 

- .. - . . - - - - -I 
I 

Position 

Surface 
50 Metres 

1 0 0  .. 
200 .. . . 
,300 .. 

- - - -  . - - - - - - 

Date. 5. I .  Z I  

I 

I'nsitioi~ I 
I "at. ". 

(Long.  E. i 
I 

Surface .. 1 

50 metreg 
TOO , , 
200 ,, 
300 , . . 

I I 
790°8' 7 9 ° ~ ' 3 0 "  79'42'30' 79'15' 1 78'44' 78'42' / 78'37 

--- 
i 

"C I "C OC "C "C "C , 'C 
25.66 20a35* 26 oh* z 7 7 5  ~ 5 . ~ 7 6  26.05* 25.36' 
25'27 26.54 2O.27 25.56 25'33 26.47 25'40 
23' 3 1  20.97 11.99 i 23.71 22.11 23.43 22.12 
14.18 14 01 1fl'o() 17.84 15.00 17'99 15'74 
12  83 , 11.95 . . 12 67 12.03 / 12-53 12.52 

- . . - - - - - - I 1 , - 

2-40 1 I 5-30 5-5' 
4-5 9-35 7-45 .. 1 . .  I . .  6-15 5-45 

T1.RI. P.M. A 
/ 

- - 

Table 59;  showi~ig the temperature at different depths in the Gulf of Mannar i l l  January# 1921' 
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Here again one sees that in five instances (*) out of eight the surface-temperature 
is lower than the temperature at  a depth of 50 metres and again this occurs a t  ally time 
of the day, so that it does not depend on the greater cooling of the surface-water during 
the night. It would appear, then, that the surface-water in the Gulf of Mannar during the 
winter months may and, in all probability, usually does possess a lower temperature than 
that at a depth of 50 metres, but it would not be safe on the evidence that we at 
present possess to assume that this is a normal condition throughout the whole area 
under review. It must be remembered that during those months in which this con- 
dition has been observed in the Gulf of Mannar, the north-east inonsoon wind is 
blowing steadily and that this causes a surface-current of water to flow from the 
Bay of Bengal through the Palk Straits into the northern end of the Gulf. Pearson 
has remarked that the effect of this current -s to cause a distinct lowering of the 
salinity of the surface-water in that part of the Gulf that lies to  the north, and it 
is possible that this lowerinq of the temperahre of the surface-layer is due to the 
same phenomenon; but this will not account for the great difference in the actual 
temperatures recorded at the so-metre level in the months of November, 1921 and 
1922, and it seems more probable that this is due to a differenze in the two years 
in the amount of heating up of the surface-water during the preceding months of 
September and October following on the cessation of the south-west monsoon and 
the gradual sinking of the inore dense surface-water as the season becomes cooler, 
a phenomenon that, as I shall have occasion to show later, causes a clear reversal 
of the seasons in the deeper layers of water in the coastal area of the Indian seas. 

In the months of March and April the surface-water, as one would expect, is 
invariably warmer than the water at  a depth of 50 metres, as is shown by the data 
given below in Tables 60-62. 

- - -- - - - , 

I ) -  I 
- - 

Date. IV. 20 1 4. IV. 20 , 4. IV. 20 4. IV. 20 4. IV. 20 5. IV. 20 
I 

- -- -- -- - 

Lat. N. 8'49' 
Position 

Long. E. , 79'15' 
I 

I 
I "C 

Surface . 29.81 
501netres . .  28.18 

IoO ,, . . 24'04 
200 , ,  . . 14.61 
300 ,, . . . . 

Time of day 1 ;rrn 6-18 . . 7-22 
A.M. 

! 

11-10 3-37 9-50 5-18 
12-40 5-0 11-20 6-20 

A.M. A.M. P.M. 

10-10 2-28 
11-00 3-28 
P.M. 1 A.M. 

Table 60; showing the temperatures at different depths in  the Gulf of M a ~ ~ n a r  in the mo11l:h of 
April, 1920. 
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-- . - 

I - 
Lat. N 8'49' i 8 8 8 1 8 1 7 5 7  7 ° 3 0 3 0  70131 7 0 3 0  7146, posit ion 1 
~ 0 n . g . ~ .  79*15' 7 8 4 4 ' j  78"42' 79'08' 79'39'30" 7 9 0 1 4 ' ;  79043' 7 9 0 ~ 5 ,  - - I - - - _ _ -  

'C "C 
Surface 

1 0 0  .. 
2 0 0  .. 

--- 

P.M. A.M. A.M. j R M .  A.M. LM. 

I 

Table 61 ; showing the temperatures a t  different depths in the Gulf o l  Mannar in the m o l l t c i f  

March and April, 1921. 
- - - -- - - -- - -- -- - -- -- 

Date. 28. IV. 22 29. IV. 22 30. IV. 22 

--A.- 7 ----.*--.- 
I 

Position 

2 0 0  .. 14'23 14 1 6  14.45 15.01 14'58 
300 .. 11.59 11.24 12.04 13.21 11.76 -- 

. -. . - - p- -~ - - - -- . -. -- - -- - . . -- 

Tahle 62 ; showing the temperatures a t  different depths in the Gulf of Mannar in the month of 
April, 1922. 

From the above tables it is clear that even as late as April the temperature 
of the surface-water may fall during the early hours of the morning to such an 
extent that  it is but little warmer than that a t  50 metres and in one case (*, 1922 

a t  10.55 p.m.) it was even slightly colder than the water a t  this depth ; on the whole, 
however, the surface-water is decidedly warmer. 

The above evidence certainly indicates that during the winter months the surface- 
water of Indian seas, or a t  any rate of certain areas, may be colder than that lying 
at a depth of some 20--50 metres and, furthermore, that this condition is specially 
likely to be present during the night and early-morning hours. An increase in 

the wind-force a t  such times may still further cool the surface by increasing the 
rate of evaporation that is going on, but it will simultaneously cause a thinning of the 
surface-layer and by an increase in the amplitude of the waves will set UP an 
increased admixture of the s u r f a c e - ~ ~ t ~ r  and that lying a t  some depth below We 
should, as a result of these various changes, expect to find that an increase in the 
wind-force may be followed by an alteration in the normal temperature relationship 
of the air and of the sea-surface, resulting in an increase in the 

Date. 

- -  

29. 111. 21 

- A  

30. 111. 2 1  

--.- A ---- ------- 
- ~ p -  -. . - -  - 

2.  IV. 21 3. IV. a1 
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ence. On the other hand, during the hot dry months of October and again in April 
and May an increase in the wind-force will cause a lowering of the surface-temperature 
and at the same time will give rise to an admixture with the surface-water of water 
from some depth below, that at  this time of the year has a considerably lower 
temperature; both factors thus tend to cause a loweri~lg of the surface-temperature 
and a consequent decrease of the temperature-difference between sea and air, so 
that in these months the wind-force and temperature-difference will tend to vary 
in opposite directions. A comparison of the various curves given above in Text- 
fig. 67 shows that the observed results agree with what I have noted above and 
at least indicate the possible existence of a double diurnal upwelling of water from 
some depth below towards, or even actually to, the surface. 

On seven occasions I have been able to carry out a series of observations on the 
surface-waters of the mouth of the Bay of Bengal from the southern extremity of 
Ceylon in Longitude 80°E to Duncan Passage, between South Andaman and Little 
Andaman Islands in Longitude 93"E. Water-samples were taken and the tempera- 
ture of the surface-water was noted every four hours: during the day these samples 
were taken and the observations made by me personally, while those a t  12 midnight 
and 4 a.m. were carried out by the various officers of the watch, to whom my thanks 
are due. In 1914 and again in 1921 the density of the water was carefully tested by 
means of a ' Buchanan ' Hydrometer, but in 1922 I adopted the titration method and 
since that year all salinities, densities and specific gravities have been calculated by 
means of Knudsen's tables from the halogen-content. 

The various times of the year when these observations were made and the 
direction of the passage across the Bay were as follows :- 

(a) 1914, April 18th to ~ 2 n d :  Andamans to Ceylon. 
( b )  1921, October 18th to ~ 2 n d :  Ceylon to Andamans. 
(c) 1922, October 9th to 13th : Ceylon to Andamans. 
( d )  1923, January 23rd to 26th: Andamans to Ceylon. 
(e) 1924, January 3rd to 7th: Ceylon to Andamans. 
(1) 1924, March 4th to 8th: Andamans to Ceylon. 
(g) 1925, April 17th to 24th: Andamans to Ceylon. 

In an area, such as the Bay, that is exposed at different times of the year to 
~uch  opposite influences as the south-west and north-east monsoons, and into which 
most of the large rivers of India pour their water, one would naturally expect to find 
that the conditions present in the surface-waters would show a considerable range of 
variation both as regards the salinity of the water and its temperature. The results 
obtained by me during the seven voyages I have given ZIZ extenso in Appendix VIII 
and they are shown graphically in the accompanying charts (Text-figs. 68 to 74). 
These results exhibit inter se a considerable range of variation, which I attribute 
largely to the different seasons of the year, in which the observations were made. 
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Text- fLg.G8.  The sd~rnity and tcmpcraLure o f  ~ h c  surface water mas-r 

the Bay o f B e n g a l  in Aprd,1914, fiornE Lo w. 
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Text-fry. 69. The salinity nmd Zcrn~cr~rlz~re of t h e  surface wnLeracross 

th.eBuy ofBenyaC in OcLoher, 1921 / i o n  W. t o  E .  
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T c x L - ~ ? . ~ ~ .  The s a l i n ~ 4 ~  and temperature of l/re surface water UZ~DSS &~a~ofBenfa~ 

inOctober,1922, f i o n  W. LO E . 
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January.  2 3  ZQ. 2 5 2 6  27 
I AM. P.M. 1 AM. P.M. I A.M. P.M. I A.M. P.M. I A.M. . - . - . - ------ 

Text-fig. 71. Thesalinity and tem/,eralure ofL/re s u r f a c ~  water of& 

BayofBenyaL inJcrnuar5l923, fromE. l o  W .  
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Text-f~ 72 The sabncty and Lenperaiurc oft%* surfme w&r acrass fh 
Bay ofBenya2 in January, 1924, f r o m  W. to E 

5 6 
JoruLtryA,M.3 P.M. 1 A.M. ' P M  I A.M. P.M. 1 AM P.M. I A.M 

7 

, - - - - - - A .+- 
7" 
Oc 

28 

27 

L 2 6  

S 

3 4.5 - 

34.0 - 

33.5 

33.0.- 

I 

- -  

I I 

-7 . 
I I , I 
I I I I 

, *.-: 
: ,..*. 
I ,  
. j  
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Text-f~y. 73. The snlmdyand fernperahre oft& surhce wa.ier a c r o s s  

iJr Day o,"BengaL I" Mar&, 192 +, frorn E. lo W. 
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The average specific gravity (a,,) ,  the density in situ ( a , )  and the surface tempera- 
ture obtained during each voyage are given in Table 63 below. 

Time of year. 
Surface 

Specific gravity Density ilz salu Temperature 
(00 ) (at.) OC 

October 18 to 22, 1921 . . 27.265 21.383 28.69 
October 9 to 13, 1922 . . 26.176 21.578 27-65 
January 23 to 26, 1923 . . 26.970 2 I .649 27'07 
Januarv 3 to 7, 1924 . . 27.017 21'775 27'18 
March 4 to 8, 1924 . . 27.024 21-41 I 27'93 
April 18 to 22, I914 . . 26.357 20'353 29.26 
April 17 to 24, 1925 . . 27''75 21.097 29-28 

Table 63 ; giving the average density,~sperific gravity and temperature of the surface water of the 
Bay of Bengal in each series of observations. 

Although the number of observations is too small to enable one to draw any 
definite conclusions on the subject, the re~ul ts  obtained serve to indicate the great 
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variation that  may be found from season to  season ancl from year t o  year. With the 

,-hanging seasons the salinity of the surface-water increases during the later months 
of the year and falls in the spring; thus the average specific gravity (ao) in October is 
26.720, in January the average has risen to  26.993, while in March, in the only 
year in which I was able to  take observations, i t  was 27'024 and, finally, the 
average of two years in April is 26.766. The density in situ (a,) of the water 
also apparently increases during the cold winter months and falls again in the 
spring and this latter fall is much more marked than the preceding rise. The 
average temperature, on the other hand, falls from October t o  January or February 
and later rises again in April, thus serving to auglneilt the effect of the change 
in salinity on the surface-density in situ. A comparison of the average salinity 
in the same month but in different years reveals a great range of variation, 
and the first two series of observation, namely those taken in the month of 
October in 1921 and 1922, show how greatly conditions may vary from year 
to year. I n  1921 the average specific gravity (a,,) of the water and the surface- 
temperature were both considerably higher than in 1922. The higher temperature 
however, more than counterbalances the higher specific gravity (a,) so that  
the average density ilz situ (=,) is slightly lower in 1921 than in 1922. This 
difference in the two years is uildoubtedly correlated with the different conditions of 
the south-west monsoon. Owing to the geographical configuration of India the 
greater number of the rivers of India, includillg such large rivers as the Ganges and 
the Bramaputra, open into the Bay of Bengal either directly or through the Andaman 
Sea and in consequence the inajor portion of the rainfall over not only the Indian 
Peninsula but also the region lying t o  the north, finds its way eventually into 
the Bay, though this will, of necessity, take some time, depending on the length 
of the river. The salinity in the Bay in October will, therefore, be influenced 
to a large extent by the rainfall of the preceding south-west lnonsoon in July and 
August. In  any one year the effect of the lnonsoon iilay vary very considerably in 
different parts of India, the rainfall being in excess in certain areas and below normal 
in others; thus the "Summary of the weather conditions in India" issued by the 
Meteorological Department, records that  in 1921 " the aggregate rainfall of the season 
was in slight excess in Orissa, Chota Nagpur and Malabar, about normal in Burma, 
Assam, Rengal, Hihar and south-east Madras and below normal elsewhere." I have, 
therefore, extracted from the detailed summary the weather conditions of those 
Parts of India, whose main rivers flow directly or indirectly into the Bay of Bengal 
and in which excess or deficit of rainfall is likely to p r o d ~ ~ c e  an effect on the density 
of the surface-water of the Bay, and the data are given ill Tables 64 and 65. 
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District 

Burma 
Assam 
Benp,al 
Ril~ar and Orissa 
U ~ ~ i t r d  l'rovinces 
Central 111tlia 
Central Provi~~ces  
Hyderabad 
M ysore 
Madras 

RAINFALL DURING S. W. MONSOON, 1921. 

Actual 
Inches 
59'2 
63'3 
55'4 
45'5 
28.5 
24'8 
27'9 
14'5 
19.7 
28.2 

Normal 
Inches 

59'8 
64'3 
54'7 
42.1 
33'4 
31'4 
39'8 
26.7 
22.4 
28.2 

Difference 
Incl~es 

-0.6 
-1'0 

+ 0.7 
+ 3'4 
-4'9 
-6 6 

-11.9 
-12'2 
-2.7 

0 

Difference in average 
temperature from 

the Normal. 

Degrees F, 
0 5 

-0'1 + 0.4 + 0.4 + 0.5 
-0.3 
+ 0.7 + 1.9 + 0.4 + 0.6 

Total . . 367'0 402.8 -35'8 + 6'5 

Table 64 ; giving the rainfall over India during the south-west Monsoon in 1921. 

There was, therefore, in 1921 a deficiency of rainfall during the south-west 
monsoon, in the areas that will affect the Bay of Bengal, of 35'8 inches of rain below 
the normal and a t  the same time the average temperature, recorded over the same 
area, was 0'5°F above normal. 

In  the following year, 1922, the conditions experienced were the exact opposite 
of this. The " Summary of the Weather Conditions in India1' of this year reports 
that " the total rainfall of the period (of the south-west Monsoon) was above normal 
by about 15" or 44 per cent. in the United Provinces East, 15.5'' or 38 per cent. 
in Bihar, 12.3'' or 22 per cent. in Bengal, 10.4'' or 32 per cent. in the United Provinces 
West and 10.1" or 24 per cent. in Chota Nagpur. It was in excess by 10 to 20 per 
cent. in Orissa, the North-West Frontier Province, Rajputana East, Central India and 
Malabar. About the normal amount was received in the Bay Islands, Burma, 
Assam, the Punjab, Kashmir, Rajputana West, Gujarat, the Central Provinces and 
the Konkan. Elsewhere rainfall was in deficit." 

Taking again those areas that are likely to affect the Bay of Bengal we find that 
during this year the rainfall and the average temperature during the south-west 
monsoon season were as follows :- 

District 

Burma 
Assam 
Bengal 
Elihar and Orissa 
United Provinces 
Central India 
Central Provinces 
Hydcrabad 
Mysore 
Madras 

Difference in average 
RAINFALL DURING THE S. W. MONSOON, 1922. temperature from 

the Normal. 
Actual 
Inches 

. . 62.2 

. . 61.0 

. . 67 5 

. . 54.1 

. . 45 9 

. . 35'1 

. . 39'9 

. . 20.3 

. . 15'7 . . 27'9 

Normal 
Inches 
60.1 

64'4 
55'2 
42'1 
33'5 
31.0 
39'9 
26.5 
22.4 
28.3 

Difference 
Inches 
+z.r  
-3'4 + 12.3 

+ 12'0 
+ 12'4 + 4'1 

0 
-6.2 
-6-7 
-0.4 

Total . . 429'6 403'4 + 26.2 -0.37 

Table 65 ; giving the rainfall over India during the south-west Monsoon in r922- 
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In contrast to 1921, there was thus in 1922 an excess of rainfall in the area 
concerned, amounting to 26.2 inches above the normal, while the average temperature 
was 0.37OF below normal. Between these two years, therefore, there was a difference 
in rainfall of 62 inches and a difference in the average temperature of 0*87"F, 
the rainfall being the greater and the average temperature the less in 1922. In the 
accompanying Text-Iiqure 75 I have given the average specific gravity (0 , )  of the 
surface-water of the Bay of Bengal and the variation in the rainfall above or below 
normal in the area that drains into the Bay of Bengal for the two years and 
this shows clearly the way in which the two are related to  each other. 

Tcx/ 1 ~ 1 ~  75 S / I O I V I ~ ~ / I I ~  overoqe ~ ~ e r r h c  y r a v r t y  o ~ ~ r k c  

sur/bce water rtr rlrr Buyo/Benyalm thr moni11 

n, / I r / n h e r n r r d  (h ,  ~ n r r o t r n n  from zhenormnlof  

t h c  ,or,, i n l ~ n / c r / n d ~ o  dur111~ ~ h c  Soullr- Wesl 

Mn,rrovn r n  /9r!lnnd 1922 

The difference in the average salinity of the Bay of Bengal in the month of 
January in the years 1923 and 1924 is again amply accounted for by the difference in 
the rainfall over Peninsular India and the country to  the north and east of the Bay. 
In 1922 (vide Indian Weather Report, 1922) "the main features of the weather 
of the period October to December were an early retreat of the monsoon from 
north-east India and its vigorous activity in the south and centre of the Bay." In 
the following month of January there was a recrudescence of the monsoon in the south 
of the Bay accompanied by abundant rain in the south-east of the Peninsula. In  
December, 1923, according to the Indian Weather Review (1923), " the activity of the 
monsoon was chiefly displayed in the extreme south-east of the Peninsula ; heavy rain, 
followed by disastrous floods, occurred in the Tinnevelly district about the middle of 
the month. The striking feature in northern India a t  this time was the occurrence of 
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unusually early and heavy winter rains in the Punjab and the United Provinces." 
This was followed by a temporary revival of the north-east monsoon in the first week 
of January (vide Indian Weather Report, 1924). In  Tables 66 and 67 I have given the 
rainfall during the preceding months of October to  December in these two years, and 
from these i t  is clear that, whereas during the closing three months of 1922 the rain- 
fall over this area was in excess of the normal by 5.56 inches and the average specific 
gravity of the surface-water of the Bay in the month of January was 26.97 ( S ~ 3 3 . ~ ~ )  ; 
during the corresponding period of I923 there was a deficiency of 17.92 inches and 
the specific gravity in January was 27.02 (S = 33-62), 

District. 

Burma . . 
Assam . . 
Bengal . . 
Bihar and Orissa 
United Provinces 
Central India 
Central Provinces 
Hyderabad . . 
Mysore . . 
Madras . . 

RAINFALL DURING OCTOBER TO 
DECEMBER, 1922. 

Actual. Normal. Difference. 
Inches. Inches. Inches. 

Table 6 6 ;  giving the rainfall over India during the later months of the year and the commence- 
ment of the North-East Monsoon in 1922. 

District. 
Actual. Normal. Difference. 
Inches. Inches. It~ches. 

Burma . . . . . . 8.48 9'23 - 0'75 
Assam . . . . . . 5'37 0.96 - 1'59 
Bengal . . . . . . 3'83 6.07 - 2.24 
Bihar and Orissa . . . . 4-20 3'90 + 0'30 
United Provinces . . . . 3-32 1-21 + 21.1 
Central India . . . . 0.71 2.56 - 1-85 
Centlal Provinces . . . . 1.16 2-77 - 1.61 
Hyderabad . . . . . . 0'47 3'92 - 3-45 
Mysore .. . . . . 2.05 8.29 - 6.24 
Madras . . . . . . 15-04 17'64 - 2.60 - - 

TOTAI. . . 44'63 62'55 - 17'92 - - 
Table 67 ; giving the rainfall over India during the later l~lonths of the year and the 

ment of the North-East Monsoon i n  1923. 

I have already mentioned that in Indian seas there is a quite distinct double 
oscillation during the course of the day in the salinity of the surface-water and, as 
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shall show later, the character of this oscillation differs from season to season. At 
certain seasons this oscillation shows a distinct rise and fall accompanying the rise and 

fall of barometric pressure, while at  others it varies in the opposite direction. Any 
conclusions regarding the distributioil of the salinity of the surface-water of these seas 
are, therefore, liable to be fallacious if they are based on observations taken irregularly 
or at any one particular time of the day, since such a time may a t  one period of the 
year correspond to a rise in the daily oscillation, whereas at  another period it may 
correspond to a fall. In order, therefore, to arrive a t  an approximate figure for the 
average salinity in different degrees of Longitude across the Bay of Bengal a t  different 
times of the year, I have taken the average of all observations in the months of 
October, January and April in each zone of 2-degrees of longitude. The results thus 
obtained are given below and I have plotted them in Text-fig. 76. 

Text-fig 76.  Show~ng  t ? ~  average salinity or-the surfacewaLer ind i f f e red  months of the 
year in e u e r y Z 0 o f  lonyiluak a c r o s s  the Bay o f  BenyaZ . 

S 

Month. Roo-82" 82"-84" 84"-86" 86"-88" 88"-90" go0-yzO Long. E. 
' - VrY - - 

October . . .. 34.54 34'67 34-13 34.29 33.61 32-85 

January . . . . 33.20 .;3'54 34.22 33-96 33'67 33'58 
April . . . . 3 3 ' ~  33'08 32.84 33-18 33.26 32'93 

In the month of October as we pass from west to east the salinity at  first steadily 
rises from 34.54 to 74.67. This is almost certainly the result of a movement of 
water from west to east, and a reference to the Admiralty Current Chart for the Indian 
Ocean for October shows that there is a strong surface-current flowing during this 
month from west to east across the south end of Ceylon. This latter current would 

34.5 \ 
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39.0 

January 
33.0 

\ # 

32.5 
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appear t o  be one of comparatively high salinity and to have a salt content of 34.5 or 
over. In  the region of Long. SgOE there is a distinct drop in the average salini@ 
followed in Long. 87'E by a small rise and, finally, on the east side of the Bay the salini@ 

falls rapidly as one approaches the Andaman Islands. This latter fall, from a salinitp 
of 34-29 in 87OE to  32.85 in ~ I ' E ,  is undoubtedly due to an outflow from the Anda- 
man Sea, but the smaller drop in salinity in the region of the middle of the Bay in g5Tis 
not so easy to  explain ; it is probably due to  a movement of water of low salinity from 
the area lying to  the north-west of the Andaman Islands into the centre of the B~~ 
under the influence of one of the rotatory currents produced by the wind (vide itl/ra, 
p. 284, Text fig. 79) a t  this time of the year. 

In  the month of January the salinity is low over the area to the south of Ceylon and 
the west side of the Bay, but rises steadily as one proceeds eastwards and reaches its 
maximum, 34-22, in about Long. 85"E, after which it again falls as we proceed 
towards the Andaman Sea. At this time of the year the north-east monsoon is in full 
swing and there is a strong current flowing from the region of the Andamans towards 
the south end of Ceylon. This current will, to  commence with, be one of low salinity, 
owing to  the outflow of water from the Andaman Sea, in which the surface-water is 
greatly diluted by the influx of river-water. During the passaqe of the current 
westwards across the Bay its salinity will steadily rise partly from evaporation and 
partly from admixture; but off the west coast of Ceylon we normally encounter 
a t  this time of the year a second strong current of water of low salinity setting from the 
head of the Bay of Bengal along the east coast of India and then southwards and west- 
wards round Ceylon. In  January, 1923 this reduction in the salinity of the water 
to  the immediate east of Ceylon was well-marked, but in the following year, 
1924, it was not noticeable. The passage across the Bay was made later in the month 
in I923 than in 1924, and possibly the surface-current caused by the north-east 
monsoon winds, which sets down the east coast of India, had not become fully 
lished in the latter year, but it is more probable that the cause of this difference in the 
two years is to be found in the deficient rainfall of the north-east monsoon and 
especially of the marked deficiency over Hyderabad, Mysore and ~ a d r a s  in the three 
months October-December 1923 to  which I have already drawn attention (vide supra, 
p. 274, Tables 66 and 67). 

Finally, in April we get a tendency to  a reversion to the condition that we found 
to be present in October. The water on the east side of the Bay is still to some 
extent diluted by the outflow from the Andaman Sea, but the salinity steadily rises as 
we proceed westwards to Long. 88'E We now find that there is once again in the 
middle of the Bay, from Long. 82"E to 88%, an area of lowered salinity that 
to be due to water of low salinity coming up into the Bay from the south, and as this 
is driven westwards the salinity again rises. 



THE SURFACE-WATERS OF THE BAY OF BENGAL AND ANDAMAN SEA. 277 

SEASONAL VARIATION I N  THE SALINITY OF THE SURFACE-WATER OF THE WEST SIDE 

OF THE ANDAMAN SEA AND THE BAY OF BENGAL. 

I. Andnman Sea. 

During survey-seasons 1921-22 and 1922-23 the R.I.M.S. " Investigator " made 
the passage from Nankauri Harbour in the Nicobar Islands to  Port Blair in the 
Andamans, or vice versa, on fifteen different occasions; on thirteen out of the fifteen 
trips samples of the surface-water were taken every four hours and carefully examined 
by means of a ' Buchanan' hydrometer; the results are given in extenso in Appendix 
IX. The course steamed during these trips lies nearly north and south along 

Table 68 ; Showing the surface sdinity i n  & f i r e d  Latitcldes a?urhy S L L W L F S ~ V ~  V O ~ ~ C T  

between Port Blair and Nenkauri Harbour. 

a ions are the west side of the Alldainail Sea and the results of the salinity observ t' 
given in Table 68, ill which they have been arranged in accordance with the position 
of Latitude N., from whicll they were obtained. On each voyage the salinity 
of the differellt samples was foulld to vary very coiisiderably : in some cases this 
oscillation exhibits otlly a single maximum, whereas in others two maxima were 
detected. I t  is probable that  this variation is due to more than one cause. It 
may be due, a t  least in part, to an influx through the various channels across the 
Andaman-Nicobar Ridge of more,saline water from the Bay of Bengal into the 
Andaman Sea: a comparison of the average specific gravity of the surface-water 
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of the Bay of Bengal and of the west side of the Andaman Sea in the months of 
October, 1921 and 1922, shows that in both cases the water of the Bay of B~~~~~ 
had ahigher average specific gravity than that  of the Andaman Sea area. 

Bay of Bengal. Andaman Sea. Difference. 
October IQPI . . . . . . 27'265 26.479 0.786 
October 1922 . . . . . . 26.176 26.149 

0.027 
I have already pointed out (vide szbpra, p. 273 and Text-fig. 7 j )  that the lower 

specific gravity of the surface-water of the Bay of Bengal in October 1922, as compared 
with the conditions present in the same month in 1921, is correlated with the increased 
rainfall of the south-west monsoon in the forner year, and it will be noticed that an 
exactly similar variation in the specific gravity is shown in the Andaman Sea region, 
but that the difference between the two areas is much more marked in the year 
1921 in which the rainfall was defective; this difference is clearly due to the higher 
salinity in the Bay of Bengal in 1921. 

The average specific gravity of the surface-water on the west side of the Anda- 
man Sea shows a very clear seasonal oscillation. I give below in tabular form the 
average in each month. 

Month. 0 o 

October . . . . . . . . . . 26.31 
November . . . . . . . . . . 26-89 
December . . . . . . . . . . 26.92 
January . . . . . . . . . . 26.51 
February . . . . . . . . . . 26.49 

These figures indicate that in this area the effect of the north-east monsoon 
does not make itself generally felt before January : during the first three months 
of the survey-season the specific gravity steadily rises but in January we get a 
fall that is continued, though to a less extent, in February. 

Latitude N. October. November. December. January. February. Average. Difference. 
11"-12~ 25,640 26.675 26.183 26,107 26.336 26.188 1'035 

10"-IIO 25'968 26.598 26.772 ~ 6 . 1 3 ~  26.558 26.406 0.804 
9"-10" 26.927 27.175 26.942 ~6.327 26.762 26.829 0.848 
8"-go 27.261 27.187 26'794 26.756 26.697 26.939 0.5~4 

Average 26'449 26.909 26.673 26.331 26.563 
Difference , 1.62~ 0'589 0'759 0.623 0.426 

Table 69; showing the average specific gravity (o,) of surface water in each degree of Latitude 
N. and in each month on the west side of the Alldaman Sea. The Maxitnu~n and ivlillimuln densities 

in each degree of Latitude are iudicated by heavy type and by italics respectively. 

During both survey-seasons, namely 1921-22 and 1922-23, the specific gravity 
of the surface-water in October and the following months was very much lower ln 
the northern area, around the Andaman Islands, than in the southern region near 
the central group of the Nicobars. In  Table 69 I have given the average 'pecific 
gravity (0.) of the surface-water, calculated from all observations, in each d e * ~ e  
of Latitude N. and this shows clearly that the amount of the lowering of the spec'fic 
gravity in the northern region is most. marked in the month of October. The 



THE SURFACE-WATERS OF THE RAY OF BENGAL AND ANDAMAN SEA. 279 

difference in the specific gravities of the northern and southern regions in October, 
1921 was as great as 1.848, and in the same month in 1922, was 1.395. This lower- 
ing of specific gravity and salinity in the northern area is attributable to the influx of 
large volumes of river-water into this region. Although the south-west monsoon is 
over by October, a large volume of water will still be coming down the great rivers 
and in consequence the waters of the more northernly region of the Andaman Sea will 
be considerably diluted by the outflow from the Irrawaddi, the Salween and the Sitang 

G x L - 4 . 7 7  Showing thc v n r i e h o n  tnthr ave~~ayamnn.thl' saLiniLy 
i n . e n ~ I ~  dcyree ofLafiLude in the wesLernpnrlof/heAr&mun Sea 

duriny survey semsons,lJZl-22 and I922 -23. 

rivers, thouqh this dilution will steadily be becoilling less and less a t  this season of 
the year. As we follow the seasoiial changes in each degree of Latitude N. (vide Text 
fig. 77) we see that there is a very considerable difference in the seasonal rise and fall 
of specific gravity itl the northern and southern regions. In  the northern area extend- 
illg between Lat. qON and I ~ O N  the specific gravity rises froin October to November, 
and this is, I think, clearly attributable primarily to  the diminished outflow of river- 
water and, secondarily, to the increased evaporation during the warm, dry weather 
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that intervenes between the two monsoons ; and in conformity with this the rise is 

most marked in the northern Latitudes II-I~ON. I n  the month of December there is 
a sharp fall in the specific gravity (0,) of the surface-water in Lat. II-I~ON whereas in 
Lat. IO-IION the specific gravity is still slightly higher and i t  is not until the follow- 
ing month of January that we find the corresponding fall, for, as one would expect 
from the geographical features of the Andaman Sea basin, the influence of the rain. 
fall of the north-east monsoon and the consequent increased outflow of river- 
water is earliest detected and is most apparent in the northern part of the basin. 
Finally, in the month of February the specific gravity commences to rise again, 
owing, to the cessation of the north-east monsoon and the consequent increased 
evaporation. In  Latitude 9-IOON the specific gravity of the surface-water rises 
slightly from October to November and then in December we get a slight fall; thus 
we can in this Latitude detect a fall in the specific gravity of the surface-water a 

whole month earlier than in the next degree of Latitude to the north. In Latitude 
8-gON there is a small but steady decrease in the specific gravity throughout the 
whole period of my observations. This continuous fall in Latitude 8-gON and the fall 
in Latitude 9-loON in December, a whole month before the effect of the north-east 
illonsoon can be traced in Latitude IO-II"N, cannot be due to the outflow of river 
water from the great Burmese rivers and is almost certainly due to an influx into the 
southern end of the Andaman Sea basin, under the influence of the north-east monsoon, 
of a mass of water of low salinity from the Java Sea and the western Paci6c Ocean 
through the Straits of Macassar. As the season progresses, the fall of salinity in the 
southern area of the Andaman Sea is first noticeable in the more southerly latitude 
and the mass of water of low salinity makes its way progressively further and further 
northwards as the seasoil progresses. 

At the end of Survey-Season 1913-14 the R.I.M.S. " Investigator" proceeded to 
Rangoon and then sailed for Bombay, vid Duncan Passage between the South and 
Little Andaman Islands. I was thus able to carry out a series of observations on the 
specific gravity and temperature of the surface-water in the north-west area of the 
Andamail Sea in April, 1914. The results obtained are given in full in Appendix IX and 
they show very clearly that the water in the neighbourhood of the Rangoon river 
estuary and of the delta of the Irrawaddi river is of very low specific gravity. As one 

proceeds south-west the salinity rapidly rises and finally approximates to that found 
in the open waters of the Bay of Bengal. This rise of salinity is undoubtedly due to 
the inflowing current of water into the Andaman Sea through Preparis and Ten 
Degree Channels, an influx of open-sea water that reaches its maximum a little later 
in the year and, as I have already pointed out (vidr supra p. gr) ,  has a marked effect 
on the nature of the sea-bottom in the north-west area of the Andaman Sea basin. 

2. Bay of Bengal. 
Our knowledge of the seasonal distribution of the surface-salinity of the water of 

the Bay of Bengal is still comparatively meagre. Schott (1902) includes in his a 

single chart showing the geileral distribution of the surface-salinity throughout the 
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of the Atlantic and Indian Oceans, and Ringer (1922) has reproduced an outline sketch 
of Schott's map. Neither of these maps takes into account the very great changes 
that occur in the salinity itself, as well as in its distribution, during the changing 
seasons of the year, and in both cases the north-east portion of the Bay of Bengal is 
left blank, as if to  indicate that our knowledge of this region is nil. Dallas in 1887 

prepared a series of charts (published by the Meteorological Department of the Govern- 
ment of India) dealing with the conditions of mean specific gravity, temperature and 
surface-currents present in the Bay of Bengal and Andaman Sea during the four 
seasons of the year, December-February, March-May, June-August, and September- 
November. These four periods correspond to the periods of the south-west and north- 
east monsoons and the two intervening dry seasons. Unfortunately in the title of the 
publication these maps are referred to as " showing the specific-gravity, temperature 
and currents of the sea-surface ;" whereas in the letter-press accompanying the maps 
t is stated that "lines of equal density were drawn." Matthews (Trans. Lin. Soc. 

1926) has recently published an account of the surface-salinity of the Indian Ocean 
based partly on the samples collected by H.M.S. " Sealark " during the Percy Sladen 
Expedition to the Indian Ocean in 1905 and partly on samples collected by the 
various ships of the Peninsular and Oriental Steamship Navigation Company on several 
voyages across the Indian Ocean to  India, Australia and China. He also has prepared 
a series of four maps, each dealing with a period of three months and has drawn in 
the " isohalines " for the greater part of the Indian Ocean in each period ; but in all 
cases the eastern and northern part of the Bay of Bengal is again left a blank and i t  
seems probable that Matthews was unacquainted with Dallas' charts ; a t  any rate he 
makes no reference t o  them. A comparison of the figures given by Dallas with the 
isohalines drawn by Matthews and with the results of my own observations reveals 
what appears a t  first sight to be a marked discrepancy. My own results and those of 
Matthews agree very fairly well but the colltours as shown by Dallas do not, so far as 
one call judge, coincide eve11 approxiinately with either the true specific gravity (u,) 

or with the true density (of) .  From a colnparison of the three sets of data, namely 
those given by Matthews and Dallas and the results of my own observations, i t  appears 
that the contour lines as given in Dallas' maps do not represent the distribution of 
either the true specific gravity or the true density of the surface-waters, as these terms 
are understood to-day, but are the lines of the relative weight of the sea-water 
referred to a corresponding weiqht of distilled water at tlze same temperature-in other 

words they refer to z:. I have, therefore, in the absence of any definite proof assumed 

that this is the case and from Dallas' figures I have calculated the true specific gravity 
("0) and have converted this into terms of actual salinity. This has been done 
by takillg Dallas' figures and multiplying them by the factor corresponding to 
the telnperature given in Scheel's Table (Zeitschrift /" Instrumetttenkunde, 1897). 
We thus arrive at the true value of the density (u t )  and from Knudsen's Tables 

Can the11 find the correct values for the specific gravity and salinity. The results 
now agree quite closely with nly observations and with those given by 
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(a) September-November, (Text-fig. 78). 

The descriptive text published with the Meteorological Department's charts points 
out that there is a t  this period of the year, more than in any other, a great range of 
dellsity (and salinity) between the areas to  the north and the south of the Bay. " The 

amount of fresh water emptied into the Bay by the two great rivers, the Ganges and 
the Irrawadi, is still very large." On the west side there is also a marked fall in the 

salinity of the coastal-water around the mouths of Godaveri and Kistna : " a strong 
southerly current runs a t  this season along the lower Coroinandal Coast and round 
Ceylon, and in this neighbourhood, consequently, the low density waters from about 
the mouth of the Godaveri are carried southwards, being recruited by those of the 
Cavery and other smaller rivers." As a result of this great influx of fresh-water from 
all the rivers, which are still full from the rainfall of the south-west monsoon, the 
salinity of the northern areas of both the Bay of Bengal and the Andaman Sea is 
remarkably low, being less than 20.0 and with the exception of a small tongue of 
denser water that  can be traced passing in a north-easterly direction round the south 
end of Ceylon, nowhere east of Long. 80" or north of the Equator does the surface 
salinity exceed 34.75. Matthews (1926, PI. 13) has indicated the presence of this 
tongue of water, of a salinity of 35'0, passing around the south of Ceylon and then 
roughly in a north-easterly direction for a short distance into the Bay ; but  the extent 
of this area of high salinity will, of course, differ from year to  year and during the  
seasons in which I was investigating this area it seeins to have extended considerably 
further to the north-east than he shows it. It is of great interest t o  compare the 
distribution of the average surface-salinity in this period, September-November, with 
the corresponding surface-currents in the same period. I n  Text-fig. 79 I have given a 
sketch-chart showing the main trend of the surface-currents a t  this time of the year 
and in compiling this chart I have made free use of the current charts for the Indian 
Ocean, published by the Admiralty, London, and also those given by Max Weber (1923) 
in his account of the oceanographic conditions in the Malay region. During the period 
covered by these three inonths there are very considerable changes in the direction of 
the currents; in September we still get the remains of the effect of the south-west 
monsoon, whereas by November the north-east monsoon has in most years begun to 
set in. We can distinguish the following main sets of currents :- 

(I) A strong easterly current passes across between the south of Ceylon and the 
equator and a t  the south-east corner of the island this spreads out fan-wise; part 
colltinues across the mouth of the Ray of Bellgal till near the Sumatran Coast i t  
becomes deflected either to the north or the south; a second part gradually bends 
llorthwards to enter the Bay of Bengal. 

( 2 )  C~inmeilc in~ a t  the head of the Bay of Bengal is a current that  flows towards 
the south-west, clearly the result of the N.E. monsoon winds ; meeting the coast of 
India this current sweeps along it till it finally reaches the east coast of Ceylon and 
the11 bends westwards, keeping close along the coast, to reach the Gulf of Mannar. 

(3) A third current arises a t  the north end of the Andaman Sea and also passes 
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towards the west and south-west, but this, soon after leaving the Andaman Sea, is 
altered atld by the combined effect of currents (I) and (3) we get in the centre and 

TexL-fy. 79j The surfme currents oftheBayofBengalj ~e,p~cmber-November 
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north-west parts of the Bay a number of rotatory currents in which the genera' 
trend of movement of the surface masses is counter-clockwise. 

- 
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A comparison of Text-figs. 78 and 79 shows clearly the manner in which the trend 
of the isohalines and the surface currents agree. 

December-February. (Text-fig. 80.) 
During the succeeding three months, namely from December to  February, a 

great change occurs in the direction and the strength of the surface-currents in and 
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nromd India, owing to the establishmeilt of the north-east rnollsooa. 
TIle timp at 

which the moIisooii sets in varies from Year to year and from area to area and 

therefore in individual localities there may be during this 
vew considenb" 

changes both as regards the surface-currents and the surface-salinity. The great 
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influx of river-water into the Bay of Bengal and the ,Indaman Sea that  follows the 
south-west monsoon, has now largely diminished and in consequence we no longer 
find the very marked lowering of salinity in the three areas around the mouths of the 
Irrawaddi, the Gangetic Delta and the mouths of the  Godaveri and Kistna on the 
east coast of India. The greater part of the Bay of Bengal is occupied by water of 
a less salinity than 34, but inidway between Ceylon and the Nicobars a tongue of water 
having a salinity of between 34 and 34. 5 passes northwards and then curves to  the west 
towards Palk Bay and the straits between India and Ceylon. I n  the description tha t  
accompanies the Meteorological Department's charts i t  is stated tha t  on the east 
side of the Bay "an arm of high density water extends through the Ten Degree 
Channel across the Andainan Sea to the Tenasseriin Coast. To the north and west of 
this, the lines bend southward, as far south a t  Lat. 7". This results from the out- 
pouring of the Irrawaddi, the water of which, uniting with the low density current 
down the Arakan Coast, travels southward past the Andamails to the centre of the 
Bay in Lat. 7O. "  I n  the ac~ompanying Text-fiq. 81 I have compiled a generalised 
map of the surface-currents from the data given in the three monthly current charts 
of the Indian Ocean published by the Admiralty and those given by Max Weber, 
and a comparison of this chart with that  published by Michaelis (1923, chart. I)  

of the surface-currents in the whole of the India11 Ocean in the month of Janu- 
ary reveals a close agreement. As he points out " In1 Golf von Bengalen zeigt die 
Stromung einen zyklonalen Wirbel. Es  ist leicht zu erkennen, dass er unter dein 
Antrieb des Nordost-inonsuns und unter der Einwirkung der Erdrotation und 
Kiistenkonfiguration zustande kommt. Das Wasser wird durch den Wind von der 
birmanischen Kiiste ab und uber den Meerbusen westwarts gegen die Koroinandel- 
kuste getrieben und wird dort durch die Kiistengestaltung gezwungen, vorwiegend 
nach Norden abzufliessen. Dadurch kommt es zur Wirbelbildung. Das Zentrum des 
Wirbels liegt in 88'0 und 18"N. Bestandigkeit und Stromstarke sind nun im 
Westteil des Wirbels grosser, wo die Bewegung durch die vorgeleqene Kiiste eingeengt 
wird. Hier entwickeln sich auch in der flachen Kiistenbuchtung zwischen Ceylon 
und der Mundung des Godawari in ungefahr 17"N Neerstrome, deren Wasser zum 
Teil ostlich um Ceylon herum in den offenen Ozean gelangt." A coinparison of 
Michaelis' description and of the general trend of the surface-currents, as given in 
Fig. 81, with the isohalines in Text-fig. 80 shows how clearly the distribution of the 
salinity and the direction of the surface-currents are related to each other. 

March-May. (Text-fig. 82.) 

A study of the Adiniralty current charts for these lnonths indicates that  during 
this season of the year very great changes are taking place in the direction of flow 
of the surface-currents and, therefore, a chart for the whole period of these three 
months can only be approxinlately accurate. During the earlier part of the period, 
in Marc11 and April, there is a quite distinct double cyclonal circulation going on 
in the waters a t  the hear1 of the Ray (vide Text-fig. 83)) the currents moving round 
clockwise about two c e ~ ~ t r e s  situated approxiniately ill ( I )  16"N and 88"E and 
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( 2 )  1 5 0 ~  and g1"E respectively, L C . ,  in very much the same position as the circular 
movement that  we found to  be present during the period December-January; 

4 - 

but this tends to disappear in May. Similarly in the earlier part of the period the 
Currents across the lnouth of the B~~ sweep from  st to west, but h May this 
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is reversed and with the commencement of the south-west monsoon winds there 
is developed a well-marked surface-drift from west to east, which opposite the 
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- ln f .~  83, The surfare currents of the Bay ofBengal, M n r r h  t o  M y .  

centre of the mouth bends northwards and runs-[up into the Bay. In the region of 
the Andarnalls there is a well-marked drift ill a south-west direction, a continuatioil 
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of the curreilts produced by the N.E. Monsoon; while later an easterly to N.E. 
drift is developed in the region of the Nicobars. The lines of equal salinity ( T ~ ~ ~ -  
fig. 82) show clearly the effect of the circular movernent of the water-masses at 

the head of the Bay. The whole of the Bay, with the exception of a small area 
lying to  the east of Ceylon is occupied by water having a salinity of less than 34.0 
but to  the south in the region of the Equator there is a wide belt of water having 
a salinity of 34.5 or over and the trend of the isohalines indicates that this water 
is to some extent carried northwards towards the Bay: a continuation of this 
surface-drift can be clearly seen in the tongues of water of a salinity of 33.5 that 
pass north towards the coast of India or north-east towards Upper Burma. 'we  
also get a drift in the N.E. direction of water of comparatively high salinity past 
the Nicobars and this seems to divide the outflow of low-salinity water from the 
Irrawaddi into two streams one of which flows to the south-west past the Andamans 
while the other and, accordiilg to  the introduction to the Meteorological DepartmentPs 
charts of surface density, the most important drift flows down the coast of south 
Burma. We can still trace an area of low salinity to the south-west of Ceylol~ but 
further south there is, as already mentioned, a well-marked easterly drift of water 
of high salinity, 34.5 and over, that passes across the mouth of the Bay nearly 
to  Sumatra. 

June-August. (Text-fig. 84.) 
The last of the four periods of the year, namely, June-August, covers the 

commencement and a great part of the duration of the south-west monsoon. At 
this season of the year surveying is impossible and in consequence the " Investigator" 
is laid up  in Bombay, undergoing refitting, etc. I have, therefore, no observations 
of my own during these months, but a study of the data given by Matthews and 
of the Meteorological Department's charts shows that the greater part of the Bay 
is occupied by water of a salinity lower than 34.5; the only exception to this is a 

belt of water of salinity between 34.5 and 35.0 that lies immediately to the east 
of Ceylon and extends northwards across Palk Bay to the coast of India. At 

the head of the Bay and a t  the northern end of the Andaman Sea the salinity falls 
rapidly owing to the increasing outflow of river-water, following on the break 
of the monsoon, and i t  is interesting to note that in the former region the lowering 
of the salinity is very much less than in the latter, and, apparently, can be detected 
round the mouth of the Ganges, but is absent opposite that portion of the 
that corresponds to the outflow of the Brahmaputra River. Across the Of 

Ceylon a wide belt of water of a salinity of 34.5 or over passes eastward 
Sumatra and a tongue of this can be traced passing to the north-east into the 
Bay, while to  the west of this tongue, between it and Ceylon an outflowing tongue 
of water of low salinity passes southwards. According to the ~eteorological Depart- 
ment charts there is about Lat. 2"N ; Long. 88"E an oval area of water of low 
salinity, the preseuce of which seems to be correlated with an outflow of water 
through the Straits of NIalacca and out of the Andaman Sea towards the centre 
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of the Bay. I11 Text-fig. 85 I have given a generalised chart of the surface-currents 
for the same period. This chart is based on the data given in the monthly current 

Text-fi;yB+, T h e  surface .rohnrLy d r h r  B a y o ~ ~ B e n y a L  J u n e  to Auy u, .r t  

charts of the India11 Ocean (Admiralty) and those given by Max Weber, and a 
comparison of this chart with that given by Michaelis (1923, chart 2.) for the month 
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of ~ u l y  reveals a very close agreement. At this period of the year a strong surface. 
drift flows eastward across the southern end of Ceylon, and in the belt lying betweep 

0' and 10"s Lat. this current bends round to join the westerly-flowing drift pf 
the southern equatoral current. On the north the easterly drift passes in the ma'n 
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in a north-easterly direction across the Bay of Bengal and then east and south-east 
across the Andaman Sea, finally making its exit from the Indian region through 
the straits of Malacca, but  a smaller drift, coming from this latter channel, curves 
round the north end of Sumatra and then passes for some distance south and possibly 
south-west along the Sumatran coast. I n  two areas, however, there is evidence 
of a rotational movement; the first and greater of these lies close to the east 
coast of the Indian Peninsula extending north along the Orissa Coast; the second 
cyclonal movement is situated to the east of Ceylon. The ' isohaline' contours 
suggest that there is a third movement of this nature lying opposite the centre 
of the mouth of the Bay about Lat. 4"N ; it  is possible that  this is to be attributed 
to the current, already mentioned, that  sweeps in a north-westerly direction through 
the Straits of Malacca and then along the north-east coast of Sumatra. This current 
finally bends to the west and on passing out of the Andaman Sea ineets the easterly 
flowing drift and may set up a cyclonal movement, the position of which is 
indicated by the area of low salinity that  we found in Lat. 4"N. Long. 88"E. 

DAILY VARIATION IN THE SURFACE SALINITY. 

Whenever the R.I.M.S. "Investigator" has been proceeding from one port 
to another or from her base to the survey-ground it has been my custom to  take 
observations on the temperature and salinity of the surface-water a t  four-hourly 
intervals throughout the day, namely a t  4, 8 and r 2 in both forenoon and afternoon. 
During the day both water-samples and temperature-readings have been taken 
by me personally aild the samples and observations a t  12 midnight and 4 a.m. have 
been taken for me by the officer on duty. I have repeatedly noticed that  the 
surface salinity exhibits a quite appreciable range of variation and, moreover, that  
in any given series of days this variation tends to exhibit a definite rise and fall 
at certain stated times of the day. Very similar oscillations of the surface 
salinity have been noted by Helland Hansen and Nansen (1909, p.  98 el .  scq.) in 
the Norwegian Sea, where also they found evidence of regular oscillations in the 
deeper strata; but the two series did not appear to coincide. As regards the 
surface variations these authors suggest with some hesitation that  there may be 
some connection between the oscillations and the lunar phases ; and as regards the 
oscillations themselves they remark " Although it may be difficult to understand 
how these periodical oscillations are created, their regularity in the curves, and 
their coincidence with the upper and lower culn~inations of the inoon are so 
marked that they car1 hardly be ignored as being merely accidental ". I t  must 
be pointed out that  my observations have, for the inost part, been taken while 
the ship has been steaming and, therefore, with the single exception of a period 
of two days a t  the end of April 1914, when we were engaged in searching for a 
reported rock off the west coast of India, no two consecutive observations are 
in the same locality. 

A study of the various charts of the surface-salinity that  I have given above 
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(v ide  Text-figs. 68-74) shows that in addition to the major seasonal oscillations which 
I have already dealt with, (v ide  supm, p. 277 et. seq.) the salinity and specific gravity 
exhibit a number of minor fluctuatiotls, rising a t  intervals of a few hours to a maxi- 
nlum and then falling again. If we take a census of the number of instances on 
which the max i~nu~n  salinity falls in each 4-hourly interval, we arrive at the 
following figures ; 

A.M. P.M. 
7 

8 
7 Time of day.  4 12 4 8 12 

Xo. of illstances of 
max imum salinity. > 4 4 5 7 7 
Computed average. 6.8 5'5 4'7 5'0 6.4 7'2 

It is clear then that the maximum daily rise of salinity exhibits a definite 
tendency to occur at  or near midnight and this is almost certainly due to the 
daily 'change over' of the waters of the upper levels under the influence of 

evaporation by day and cooling during the night hours. During the day eva- 
poration raises the salinity of tlie surface-water, but owing to the simultaneous 
raising of the temperature the actual density (at) of this uppermost stratum 
remains low and hence the more saline but actually less dense water continues on 
the surface till the lowering of the temperature a t  night renders its density greater 
than that of the lower stratu:n, and convection currents are set up resulting in the 
change over of the two strata. If now we consider the variations in the density 
of the surface-water in s i tu  (a t )  and the fluctuations in the temperature of the 
water, i t  is clear that the latter is the prime agent in the various oscillations in 
the density and in consequence the fluctuations exhibit the greatest range between 
early morning when the temperature is lowest and about 2 p.m. when it is highest. 
The extent of this range will be found to  vary with the seasons of the year since as I 
have already shown (vide sz~prn, p. 214 et. seq.) the range of temperature of the surface- 
water varies very considerably in different months. The average range of temperature 
of the surface-water in the Bay of Bengal in different months is as follows :- 

Month. 

October . . . . . . 
January . . . . . . 
February  . . . 
March , .  . . . . 
April . . . . . . 

Average range of temperature 
of surface water. 

OC 

1'33 
0.86 
0.77 (Valdivia) 
2'24 
1.98 

In every case, as the temperature rises it will produce a fall in the density 
in sitzc of the sea-water that will reach a minimum a t  2 p.m. and as the temperature 
falls, so the density will rise to a maximum a t  or shortly after midnight. 

In  the accompanying Text-figure 86 I have given the average of all my obser- 
vations, taken at four-hourly intervals throughout the day, in the Bay of ~ e n k '  
from 1914 to 1923. The results show very clearly the manner in which the surfact- 
temperature and the density of the water in situ alternate with each other and I have 
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also indicated (by the dotted line) the variation in the density that  would have been 
produced had i t  been due to changes in the temperature alone, the salinity remaining 
constant throughout the whole period. This shows clearly that  the actual density, as 
observed by a " Buchanan " hydrometer, is greater a t  4 a.m. and 8 p.m. and considerably 
less at 12 noon and slightly less a t  12 mid-night than the density calculated from the 
change of temperature alone. In  the following Table 69 I have given the observed ave- 
rage density a t  different times of the day and the density calculated from the variation 
in the temperature if the salinity had remained the same throughout. 

TCXL-/if 86 Showing the o b s e r v e d  sur face  L n m p c r a h r e ,  the ohserved d e n s i t y  in silu(cZ)andthe calculalrd 

chanyes Ln & hensiLyproduccd znesnmpZe of waluhychanyes in fernperahre only. 

Average Observed density 
of d a y  te~llperatare. in sitrr. 

I 
4 A.M.  27'297 21.615 
8 A.M.  28.292 21.172 

12 Noon. 28'837 20.9 r o 
4 P.M. 28.592 21.153 
8 P.M. 28.420 21,239 

12 Midnt. 27.808 21'355 

Calculated density 
in  s i t i ~ .  

I1 
21.585 
21.262 
21.083 
21.163 
21'220 

21'392 

Table 69;  showil~g the actual and calculated densities in the surface-water 
at differe~~t tirnes of the day. 

Difference. 

1-11 
+ 0.030 
- 0.090 
- 0'073 
+ 0.010 

+ 0.019 
- 0'037 

of the Bay of Rp~~gal  

It  seems clear from the above that  some influence other than the change of tempera- 
ture is at  work producillg changes in the density in sztu of the surface-water and this 



29G R.  B. S. SEWELL 

can only be a change in the actual salinity. If, now, we exclude all observations that 
have been taken in those areas to the east and west of the Bay, where, as we have 
already seen, water of low salinity, owing to the admixture of river-water, is met with 
a t  different times of the year and consider only those readings taken well out in the 
central region of the Bay, where one might expect to find a more or less uniform state of 
affairs, we find that the maximum salinity, as shown by the specific gravity, tends to 

occur a t  4 a.m. and q p.m. respectively. I have purposely limited the observations 
that  I am now considering to those taken and examined by means of a ' Buchanan' 
hydrometer, and have excluded those taken more recently and examined by the titra- 
tioil method, so that no error may be introduced owing to the employment of different 
l l~etl~ods. The result of all these observations in this central region of the Bay qives 
the following average specific gravity of the water a t  different times of the day : 

4 a.m. 8 a.m. 12 110011 4 p.111. 8 p.m 12 midnt. 
27.322 27.027 26.996 27.201 27.116 27.004 

T e x t - f i g  87. Showirzg the average specific gmvity(G ) of the s~r,"ecc water at 4 - h o u r &  L d r u a 2 s 3  as 
compared wit?& L h z  r i se  and fall o,nba,-omrtric pressurr, in Lhe ~ = ~ o f ~ c v a L  inOctober 

The variation is but slight, amounting to only 0.326 and, if we were dealing with 
isolated observations, might be attributed to experimental error, but I have been abb 
to trace an exactly similar rise and fall in the surface-water wherever I have been 
to take a series of observations, and there seems no doubt that we have here evidence 
of an actual natural phenomellon. 

I have already (vide strpra, p .  185) called attention to the manner in which the 
salillity of the surface-water in various regions round the central group of the Nicobar 
Islands appears to rise and fall with the changes ill tile barometric pressure and the 
same periodicity holds good in this region of the ~ a y  of Bengal. 111 Text-fiPn 87 
I have plotted the curves of the average daily variation in the specific gravity (''0) 
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the surface-water, as given above, and for the purpose of comparison the average 
fluctuation of the barometer a t  different times of the day a t  Calcutta, as given in the 
Barometer Manual (1919). The manner in which the two curves alternate with each 
other is sufficiently striking to need no comment. A high barometric pressure cor- 
responds almost exactly with a lowered specific gravity and, vice versa, a fall in the 
barometric pressure is accompanied by a rise in the specific gravity. 

As I already mentioned, most of my observations were taken while the R.I.M.S. 
' Investigator " was steaming from port to port and i t  is, of course, possible that  the 

ship has from time to time passed through belts of water of low average salinity ; 
but this double daily variation in the salinity is found to  occur in all parts of the 
Indian seas and, moreover, the type of the curve of variation in different areas 
during the same period of the year agrees closely. It would be absurd to  suppose 
that a passage across belts of low average salinity had always occurred a t  the same 
time of the day in areas wide apart and a t  different times of the year, and i t  seems 
beyond doubt that  there is every day a perfectly definite tendency towards a double 
oscillation of the salinity of the surface-water in Indian seas. That this double diurnal 
oscillation is not due to  local patches of water of low salinity encountered during a 
voyage from one place to another is clearly indicated by the result of my observations 
in Revello Channel in the Nicobars, where we were anchored for days a t  a time 
in March, 1925 (vide snpra, p. 185) and those off the west coast of India in 1914. 
During the end of April and the first two days in May, 1914, the " Investigator" 
was engaged in searching for a rock that  had been reported off the west coast of 
India in the neighbourhood of the Vangala Light. During this period we were 
anchored well out from the coast and though we twice changed our anchorage, each 
time the distance moved was only a few miles. The actual dates and positions were 
as follows :- 

Position. 
Date. 1,at.N. Long. E. 

From April zgtli, 8 p.m. to April 30th 4 a.m. . . . . r~"54'oo'' 73°3~'45n 
Fro~n April 3oth, 4-30 a.m. to May 1st z p.m. . . . . 15~22'15" 73"24'50" 
From May 1st 2-30 p.m. to May znd, 8-30. a.m. . . . . 15"'jr145° 73'3 I '30" 

The average salinity of the surface-water a t  different tiines of the day during this 
period was as follows :- 

, ,. 111ne of day, 4 a.m. 8 12 noon. 4 p.m. 8 12 mid~~ight.  
SaIi~lity 36.15 36.32 35.09 36.26 36.48 3'5.45 

Tliese results have bee11 plotted ill Text-figure 89 and for tlie purpose of co~i ipar iso~~ 
I have again give11 the average rise and fall in the baronietric pressure as recorded a t  
Calcutta, since 1 did llot take any observations on board the ship during this period. 
A comparison of the double diurnal oscillation of the surface-salinity in the open 
waters of the nay of Bengal in October (Text-fig. 87) and a t  the south end of Revello 
Channel in the Nicobars in March (Text-fig. 58) show.: that tlie two curves are absolutely 
identical, h a v i ~ ~ g  two ~naxinia a t  4 a.m. and 4 p.m. and two minima a t  10-10-30 a.m. 
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and 10 p.m.-12 midnight, and in each case the major oscillation occurs between mid- 
night and 12 noon: The rise and fall of the salinity on both these occasions alternate 
wit11 the rise and fall of barometric pressure. The observations taken off the wed mast 
of India in April-May, 1914 show an equally clear double diurnal oscillation, but in 
this case the salinity varies with the barometric pressure and not against i t  ~h~ 
differellce between the results obtained in these two areas on the east and west sides 
of India respectively might be due to different local conditions, but, as I shallshow 
later, the evidence clearly indicates that it is seasonal. 

A.M. 4 8 12 M .  9 8 12 

TEXT-FIG. 88.-Showing t h e  average daily rise and fall of salinity of t h e  surface-water and the rise 
and fall of ba ro~ne t r i c  pressure in Revello Channel, Nicobars, in  March 1925. 

The surface of the sea is, of course, constantly undergoing changes that are the 
result of several distinct agencies, among the most important of which is evaporatiol1. 
Evaporation is always tending to cause an increase in the salinity of the surface 
water and the rate of evaporation will vary with changes in the temperature, the 
humidity of the atmosphere, the strength of the wind, etc. ; on the other hand 
convectioll currents will tend to relnove the water froln the surface alld 

substitute less saline water from below TIlese factors would, of themselves. be 

sufficient to account for a sinqle daily oscillation, but not for a double oscillation such 
as has been found to occur. 
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An oscillation in the salinity, such as I have described, may be due to  one of two 
or possibly to both causes, namely (I) a lateral inoveinent of the surface-water or 
(2) to an up-welling of water of a different salinity from below ; and such evidence as I a t  
present possess seems to me to point to the latter as being the more important, if not 
the sole, cause and, moreover, that  this is in some way conilected with the daily 
changes in barometric pressure. Whatever may be the cause of the alteration in the 
pressure of the atmosphere, it will affect not only the atmosphere itself bu t  also the 
actual level of the ocean. A diminution in the pressure on the surface will permit of a 
corresponding degree of expansion of the water lying vertically below and, as a result, 
there will be within the area of diminished pressure a rise in the surface-level of the water 
that must be accompanied by a tendency for the water to flow outwards away from the 
affected area. This pheilonlenon has been carefully studied in coilnection with changes in 
the level of great lakes and especially in the case of the great American Lakes by Hayford 

%xt-f'ig.@. ShowiG tAe auerage specific gravily(OZ) o f the  sarfizce w d e r  at 4-hourly 
intervab as compared w i l h  t?ze rise a n d  fau OIO ~ a r o r n e t r ~ c ~ r e s s u r e ,  

o f f  the west m a s t  ofInd ia , -Apr i l  29 -May%,1914. 

(1922)~ but exactly similar changes of level occur in all large areas of water, the 
surface rising and falling with the changes in barometric pressure. The actual extent 
of the fluctuation in level can be calculated by ineans of the formula given by Hayford 
(loc. cit .  p. 11) ; 

dl,, 
HI--Hz=-(M,-M,) - 

d l v  

Where H,-H,=the degree of elevation of the surface 
A(,-M,=the chat~ge in height of the barometer and 
d =the density of Inercury (13.6) 
d a =the densitv of water 

Since the density of sea-water is greater than that  of fresh-water the actual amount 
of elevation or depression of the surface-level will be somewhat less than in the case 
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of fresh-water. Taking the density of sea-water as 1.02 and that of mercury as 13.6 

the actual rise and fall of the sea-level will approximately be 0.11 feet for every ris; 

of 0.1 inch of mercury in the barometric pressure. The normal variation in the baro- 
metric pressure is much greater in the Tropics than in the Temperate or Polar regions 
and in consequence the rise and fall of the sea-level will be proportionately greater, 
The average range of the barometric pressure in the Tropics is given in the Barometer 
Manual as 0.34 inches at  10 degrees N and 0.36 a t  the Equator; but in the neighbour. 
hood of land this is somewhat increased and in Calcutta it is 3.2 millebars in July 2nd 

4.4 millebars in January. A careful record of the changes in the barometric pressure 
was kept on board the " Investigator " and without going into unnecessary detail it 
may be stated that the average rise and fall of the mercury-level was approximately 
0.1 inch. This would be sufficient to cause a rise and fall of the sea level of 1.3 inch; 
and, as Krummel (1911, p. 515), quoting from the work of Alexander von Humbolt, 
points out, there is thereby produced an insignificant movement of water, which is forced 
to move from east to west every six hours. But this insignificant movement appears to 
be, of itself, quite insufficient to produce the changes that ,  as I have shown, occur in the 
salinity of the surface-water and it seems clear that there is some other factor at work 
causing a periodic upwelling of water from some depth below the surface that tends to 
coincide with, though it is not directly traceable to, the changes in the atmospheric 
pressure. 

While my own observations have been confined entirely to Indian seas, a study 
of the data and results published by other workers in different parts of the world 
seems to indicate the possibility that these periodic diurnal changes in salinity are not 
confined to Indian waters. Pettersson (1909) has shown that in addition to the long- 
period fluctuations in the temperatures of the deep strata in the Skagerak, which he 
observed in the Gullmar fjord and which show a period of oscillation of approximately 
I4 days, there is also a double diurnal oscillation in the respective levels of the iso- 
halines and, moreover, the vertical movement of the lowest, most saline water is 
greater than that of the intermediate, less saline stratum, a rise of the 32 "/,, water 
being accompanied by a marked thinning of the 26 to 30 ' lo ,  layer. The data that 
he gives for the rise on July 27/28, 1908, appears to exhibit a double oscillation with 
maxima a t  3 p.m. and 4 a.m. respectively. This double oscillation Pettersson believes 
t o  be due to the effect of tides but he gives no data regarding the ebb and flood on theo 
days and it is not shown that the rise and fall of the tide in any way correspond 
the salinity changes. I t  is, however, worth pointing out that the tinles of these 
maxima correspond very closely to the minima of the double diurnal oscillation in the 
barometric pressure, as is the case in the double diurnal in the salinity of 

the surface water in the Indian ocean, 4 rise and fall has also been $dicated 
in the results of observations in the region round Heligoland [vide ~eichard, c'l 

19131. Again, H. W. Harvey (1923, p. 225) points out that in the English Channel1" 
the neighbourhood of Plymouth 1c a comparison of the depth of the water layers 
equal temperature a t  the station after a lapse of twelve hours, when the whole 
of water will have been swept back to nearly the same position by the tidal 
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is somewhat suggestive of undulatory movement, as is thought to occur in the 
Norwegian Sea "; but in this case, as in all observations in shallow waters where the 
tidal streams run strongly, one is unable to arrive a t  any definite conclusions, since 
these are liable to be invalidated by changes in the thickness of the successive strata 
produced by different rates of lateral movement a t  different levels, which may of 
themselves result in a relative thinning of certain strata. 

The work of the " Michael Sars " (vide Murray and Hjort, 1912, pp. 278-280) has 
provided evidence that indicates the presence of undulatory movements of water a t  
different depths in the upper waters of the North Atlantic Ocean in the region of the 
Faroe-Shetland Channel, and Hjort (loc. cit. p. 279) remarks "these observations go far 
to prove the presence of such undulations of the water layers,. . . But these variations 
are not compressed in one single period, as if they were due to an ordinary progres- 
sive wave or an ordinary standing wave alone. The shape of the curve points to 
complicated functions of the velocity as the cause of the variations, but it is possible, 
nay probable, that we are confronted with an interplay of several different factors." 
Similar vertical oscillations have been recorded, as already mentioned, in the mid- 
water region of the Norwegian Sea by Helland Hansen and Nansen (1909, p. 89 et.  seq.), 
their detection being brought about by changes in the temperature of the water a t  
different levels. After reviewing all their observations these authors (loc. cit. p. 105) 
sum up their results as follows :-" All we can say a t  present is that many of our 
observations indicate the probability that great, hitherto unknown, oscillatory move- 
ments may occur in the intermediate strata of the sea and also at its surface."; and in 
a footnote they add, "It might be more reasonable to suppose that an increased 
movement of the surface strata will stretch the strata, so to speak, and consequently 
diminish their thickness, while a decrease or stop in the movement may make the 
surface strata considerably thicker ; and if there is much difference between the strata 
near the surface, a bucket may in the former case take more water from the under- 
lying strata than in the latter." Equally if there be such a difference in the upper 
strata, then wave actioil may also cause an oscillation in the observed salinity of 
the surface-water by varying the degree to which admixture takes place and, as I 
have already mentioned, in Indian waters there seams to be clear evidence of such an 
oscillation. I t  was suggested to me by Mr. Durst, of the Air Ministry, London, that 
the probable cause of these observed changes in the salinity a t  different tinies of the 
day is to be sought in the variatioil in the strength of the wind. I have previously 
(vide sz@ra, p. 79 et. seq.) shown that we can detect a distinct double oscillation in the 
strength of the wind and that this is clearly correlated with the rise and fall of the 
barometer, and it seeins more than probable that the rise and fall in the salinity of the 
surface-water is brought about by an increase in the strength of the wind causing 
an equivalent increase in the rapidity of the surface current. Such an alter- 
ation in the current will cause ;I thinning of the surface-stratum and a conse- 
quellt approach nearer to the surface of the water from a deeper level ; simul- 
taneously, the increase in the wind-force will cause an increase in the height of the waves 

this will cause an increase in the amount of admixture that is going on between 
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tile two levels. Again, a11 increase in the wind-force will of itself tend to cause a 
in the salinity of the surface-water, since it will also cause an increase in the rate of eva- 

poration. I have already called attention (v ide  supva p. 246) to Eliot's paper in which 
he shows that a t  Trivandruln in the Madras PresidencyJ the rate of evaporation of 
sea-water exhibits two maxima and two minima in the 24 hours, the maxima occurring at 
3-3-30 p.m. and a t  11 p.m. during the period October-February, but only a single maxi- 
lnum a t  3-0 p.m. in March-May. Since the rate of evaporation is mainly dependent on 
the strength of the wind, the variation in the strength of the wind and the salinity of 
the surface-water should in any series of observations show a distinct and clear ten- 
dency to vary together and the two curves should run a more or less parallel course. In 
the following Text-fig. 90 I have plotted the strength of the wind and the oscillation 

T e x t  -rp:y 90 T/LE var ia t ion  in the ~ i n n - ~ l b r c e .  and I& s u r f m e  s a l ~ n ~ t - -  of the 

L arcadive .Sen 2 . n  April -May, 1923. 

in the salinity of the surface-water in the Laccadive Sea off the west coast of India 
during the last few days in April and the first few days of May, 1923 and the manner 
in which the two curves follow each other is clear, the salinity however showing a '1%' 
of approximately 3 to 4 hours. If these oscillations in salinity were due solely to 

evaporation, it is difficult to understand why this lag should be present and, more- 
over, as we have seen the relationship of the onillation in surface-salinity to the 
changes in barometric pressure and, therefore, to the wind-force appears to be completel~ 
reversed a t  certain seasons of the year. It seems probableJ therefore, that thechanges 
are due to actual movements of the water masses rather than to any change in the 
same mass of water. 

The agreement between the times of wind-force and the maximum 
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variation of the salinity, whether this be in the nature of an increase or a decrease, is 
by no means always exact. This may be due to more than one cause ; in the first 
place it may be that  the number of readings of the wind-force have been too few to  
give the exact time of the variation of the wind ; while, since the strength of the wind 
was estimated by the officer of the watch who merely had his previous experience to 
guide him, the estimatioil of the strength may sometimes liave been somewhat wide 
of the mark. Another factor that  may influence the time relationships of the two 
phellomena is the presence of a "lag" in the movement of the water strata. As 

Hayford (1922, p. 17) in his work on the effect of barometric pressure on tbe water 
level of the great American Lakes, has pointed out, " friction will tend in general to  
reduce the range of fluctuation of water-surface aiid to produce a lag of the response 
behind the barometric changes which produce it," while, further, inertia will also 
tend to produce a lag behind the change in pressure. 

In the case of the changes in salinity that  we have been considering, i t  appears 
that we may a t  times find a quite appreciable laq in the relationship of the two 
phellomena ; such a lag is well seen in the chart of the chailges in the Bay of Bengal 
in January (vide Text-figure 101) and a similar lag, of approximately 2 hours, is seen in 
the results for May, 1923 (vide Text-fig. 117) off the west coast of India. If the 
oscillation in the salinity is due to the variation in the strength of the wind we should 
expect to find that  the salinity clianges follow after the changes in the strength of the 
wind-force, and, by reason of its inertia, the movement of the water, both in the 
lateral direction in case of the surface stratum that  is being moved by the wind and in 
the vertical direction in the case of the upward-moving deeper water that  is coming 
up to the surface to take its place, will continue for some time after the original 
impulse has disappeared. It is interesting to note that  this lag in the variation of 
the salinity behind the variation in the wind-force appears to be most marked in, 
if it is not absolutely coilfilled to, those cases in which the two sets of changes run 
ill opposite directions, a rise in the wind-force being accompanied by a fall in the 
surface-salinity. This is, after all, what one would expect since the first effect of 
such an increase in the wind-force will be to cause an increased evaporation from 
the surface and so increase the salinity aiid it is only after this surface-water has 
been blown away and less saline water from below reaches the surface, or sufficient- 
ly near the surface to become mixed by wave action with the uppermost stratum, that  
the fall of salinity would become noticeable. 

In the other set of changes in which the rise of the wind-force is acconlpanied 
by a rise in salinity, it is quite a coininon occurrence to  find that  the wind-force 
shows a lag behind the salinity vari a t' ion. 

I f ,  now, we consider the average variation in tlie salinity of the surface-water 
at different tiliies of the day and in different months, we get tlie results given below 
In Table 70, ill which I liave given the average oscillatiou of salinity ill each month 
Irrespective of tlie area it1 which the observation.; were taken and the average 
oscillation for the wholc period of the survey-season fro111 October to Riay illclusive : 
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Time of day. I I 

October 
November 
December 
January 
February 
March . . 
April . . 
May . . 

I 
A.M. 1 

I P.M. 

A A 

4 i 8 j 1 2 - 1  4 8 1 1 2  

Average . ./ 34.49 1 34.44 i 31.32 , 34.49 34.47 34.49 , .. 1 . . .. 1 .... 
I I 

NO. of 
days. 

Average 
Salinity. 

Table 70;  the average salillity, based on all observatio~ls in Indian waters, of the surface-water 
a t  different times of the  day. 

Range of 
variation. 

It seems clear that there is a distinct tendency for the surface-salinity throughout 
the whole period of the survey-season from October to May to exhibit a double 
oscillation during the twenty-four hours. In  the case of the average for the whole 
period the salinity reaches its maximum a t  about 2 a.m. and again at 4 p.m., the 
corresponding minima occurring a t  12 noon and 9 p.m. The second minimum is, 
however, only very slightly marked. I n  some months the average salinity, deduced 
from all observations in different regions, exhibits only a single oscillation during 
the day. This type of single oscillation is found in October, December and again 
in February, although in certain regions, as in the case of the Bay of Bengal 
(vide n~zte, p. 296) in the month of October we may find a perfectly clear double 
oscillation. There is also a considerable difference in these months in the character 
of the single oscillation, for, whereas in October the average salinity is lowest 
a t  about inidnight and rises steadily till 4 p.m., thereafter falling rapidly again 
to midniqht, in the other two months the average salinity is highest at or soon 
after midnight, falls r:lpidly till approximately midday and thereafter rises again. It 
would appear, therefore, that the conditions present in the surface levels in December 
and February are the exact opposite of those of October, and that at some inter- 
mediate period there is a direct change from one phase to the other. The changes 
that the periodic oscillation in the surface-salinity ulldergo during the course of 
the eight months for which I possess data, are best seen by comparing the difference 
month by month between the 4-hourly average and the average for the month 
The results of this comparison are given below in Table 71 : 
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October . . 
November 
December 
January.. 
February 
March . . 
April . . 
May . . 

Time of day. 
A.M. P . M .  

-----L---- - ---Ap-- 

Table 71 ; showitig the difference at 4-hourly i~~terva l s  throughout the day betweell tlre average 
4-tiourly salinity and the average ~nonthly salinity. 

In the months of October, January and March the variation from the monthly 
average clearly exhibits a single oscillation during the day but inter se the average 
results in these three months exhibit a very clearly defined difference for in October 
the variation from the inonthly average is lowest a t  about midnight, rises steadily 
till 4 p.m. and then rapidly falls again till midnight ; whereas in January the oscillation 
exhibits a miiiimuin variation a t  about 4 p.m. and a maximum a t  or shortly after 
4 a.m., so that the two curves of oscillation a t  these two periods of the year are 
almost a looking-glass reflection of each other. In  March the variation is lowest 
at 4 p.m. as in January, but rises steadily till about 10 a.m. when there is a sharp 
fall. In all the other months of the season, the variation from the monthly average 
shows a clear double oscillation. I n  November and December this double oscillation 
is of a very similar type; the variation is highest a t  about 12 midnight to  2 a.m., 
falls till 7 or 8 a.m., rises again somewhat till I to  2 p.m., falls a second time till 
5 to 8 p.m. and then again rises. In  February the variation is low a t  2 a.m., 
rises till 8-10 a.m., falls again till 2-4 p.m. and rises again till 8-10 p.m., the curve 
of variatioll being the exact opposite of that  in November. As already mentioned 
in March the from the average follows a single curve. I n  April we can 
detect a faint trace of this double oscillation and in May we get a pronounced 
double oscillation, that  is once again of very much the same type as that  met 
with in Noveinber and December, being a t  its highest a t  a little after 4 a.m., a t  its 
lowest at  9-30 a.m. and then rising slowly to a second but  not so pronounced 
maximum a t  6 p.m., after which i t  again falls till about 11 p.m. It seems clear 
that we have here evidence of a seasonal change in the variation, a period showing 
a daily double oscillation alternating with periods of transition, and the direction of the 
variation froin the inonthly average changing with the season of the year. Thus in 
October we have a trailsitional period with a single oscillation ; in November-Decem- 
her we get a dry-season effect ; this is succeeded by a transitional period in January, 
again with a single oscillation, which leads into the wet-season phase in February, 
corresponding to the north-east illonsoon ; and after the third transitional phase in 
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March, we reach the dry-season phase again in May. I have already (vide supra, p, ,9 
el. seg.) drawn attention to the fact that  throughout Indian waters, whether in the 
coastal regions or over the open sea, we can detect in most months of the year a 
clear double oscillation in the strength of the wind that appears to be directly 
related to, if not actually dependent on, the rise and fall throughout the day of the 
barometric pressure. If now this alteration a t  certain definite times of the day in 
the strength of the wind gives. rise to an up-welling of water from below we should 
find that  the rise and fall of salinity a t  different periods of the year agrees with the 
conditions present in the upper levels of the sea. Throughout the whole width of the 
Indian Seas there are usually present two different layers in the water; as a result 
of dilution by river-water and by rain the surface-water possesses a lowered salinity 
and below this lies a mass of more saline water ; but the relative salinities of these two 
layers and more especially of the superficial strata of the upper layer will vary enor- 
mously with the different seasons of the year. Unfortunately, I have no observations 
of my own regarding the changes in the salinity of the upper few fathoms of these 
seas, but, thanks to the kindness of Dr. J .  Pearson, Director of the Colombo Museum, 
Ceylon, I have been able to  examine the results obtained by the Ceylon Government 
Fishery Stealners in the Gulf of Mannar. These have all been published in the 
Annual Administration Reports and I have taken the opportunity of including here 
those that  have a bearing on the subject that  we are now considering. 

In  the month of October a series of six observations in the Gulf of Mannar 
gave the following results : 

Date. I 2 0 . X . 1 3  i 2 1 . X . 1 3  z z . X . 1 3  2 2 . X . 1 ;  2 3 X . q  
i I . - -- - - - - 

Surface . . I  35.55 35.36 I 35-15 35.41 34O7 34'7" 
18 Metres - - ,  3555 35 39 I 35 16 1 35 49 1 35.21 L4'97 
92 ,, 35-09 1 3r.94 35.06 35.06 1 34.96 35'00 
183 ,, : 35-38 35'08 35.08 1 35.12 1 35.08 i 

I -- I 1 - 1 -  - -I--- - 

Table 7 2 :  sho~ving the salinity (S) at  different depths in the ~ u l f  of Mannar in October, 19'3: 
where Inore than one result is give11 for the same depth, I have taken the average. 

Again in the zame month in 19x1 a secolld series of observations gave the 
following :- 
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- - - -- . -. --- ~- .- -- _ -- ~ - - -. . . -- - . - --- - - - - 

I 
Date. 16. X. 10 16. X. 20 17. X. 20 17. X. 20 .. .. 

I 

Table 73; showing the salinity (S) at different depths in the Gulf of Manuar in October, 1920. 

I 
Surface . . . . 35'19 35.34 35.43 1 35.30 
50 Metres . . . - 35'35 35'23 35'30 35-26 35.17 1 35'12 
100 ,, .. . . 35'21 35'30 35.26 ::::06 / 35.12 1 35.30 35'07 

In the first series (1913) it is clear that in the majority of cases there is a distinct 
rise in the salinity of the upper levels as we pass from the surface down to a depth of 
18 metres and this is followed by a drop in the salinity a t  the IOO metre level ; in the 
second series (1920) the exact opposite is the case and the surface-water is in all 
cases, with the single exception of the first set, more saline than the water at  lower 
depths, and this condition can in sets 3, 4, 5 be traced down to the 200 metre level, 
while in 7 it exists down to the IOO metre level and in series 2 and 6 it is present down 
to the 50 metre level. As Pearson has pointed out, in every case where the samples, 
taken in 1913, were obtained from positions south of Lat. 8'30' N. the surface water 
possessed a lower salinity than the water taken from a depth of 18 metres. North of 
this area the conditions are changed owing to the influx through the Pamban Pass and 
the Palk Straits of water from the Bay of Bengal. It is clear then that a t  this time of 
the year there is a tendency in certain years for the surface-water of the open sea to 
have a distinctly higher salinity than the water lying at a somewhat deeper level ; 
but that conditions may vary from year to year. This is undoubtedly the result of the 
gradual rise in temperature and the consequent increase in evaporation that has been 
steadily going on since the cessation of the south-west monsoon in September. In the 
mollth of November in the year 1921, a series of 14 observations by Pearson gave the 
following results : 

200 ,, . .  
300 ., .. . . 

- - - --- __. _- - - ---- - -- -. 

I 
D ~ t e .  17. XI. 2 1  1 18. XI. 21 

l r - - -  * - .  1 - h I w X 

35 35 35'25 
35'35 . . . . 35'12 

I I 
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D a t e .  27. XI. Z I  
---*-- 

7 

Lat. N. 7'33'30" 7"13' 
Posit ion 5 

i Lo... . 7 9 0 : i ~ 0  1 7g043 1 ,,,,, 

Table 74 : showing the salinity (S) a t  different depths in the gulf of Mannar in November, 192~. 

Surface . . 
50 N e t r e s  . . 
1 0 0  ,. . . 
~ 0 0  . .  . . 
300  ,. . . 

A second series of observations in the same month in the following year gave 
the results below :- 
- - - -- -.- -- - -- -- 

I 

D a t e .  19. XI. z z  20. XI. 22 21.  XI. zz 
r----- 7 r-------- -, r .  ---L--, 

Lat .  N . . 
Position 

Long.  E. 

33.19 
35'07 
35.61 
35'17 
35.25 

Surface . . . . . . 35'16 
50 Metres . . . . 35'71 
100 ,. . . ..I 3 5 6 8  
200 ., . . .. 35'03 
300 ,, . . . - /  35.07 

33.39 1 33.26 
33'37 ::::: 1 35.70 

35'12 35'21 
35'21 1 35'25 

Table 75 : Sliowing the salinity (S) a t  different depths in the Gulf of Mannar in November, 1922. 

From a comparison of these results with those taken in October it is clear that the 
surface-water has undergone a great change. The surface stratum now has a consi- 
derably lower salinity than the water a t  a slightly deeper level ; in 1921 this dilution 
of the surface-water could be detected in the majority of observations down to a depth 
of I50 metres, the salinity steadily rising as we pass from the surface to this depth 
and a comparison of the surface-salinity shows that in this area in 1921 the degree of 
dilution of the surface-water was very much greater than in 1922, in which year the 
effect can only be traced to a depth of 50 metres. It is, however, interesting to note 
that in one instance* in this latter year, this dilution of the surface-layer is absent, 
the salinity steadily decreasing from the surface down to zoo metres, and in no less 
than six instances (t) the salinity, while increasing from the surface to a depth of 5O 

metres, then decreases again to the zoo-metre level. 

This condition of the sea, in which the surface-layer consists of water of a leS 
salinity than that a t  a deeper level, will remain constant till the end of the northsast 
monsoon and by January will have become thoroughly established throughout Indian 
seas. This is clearly seen in the results of the observations taken by pearSon in the 
month of January, 1921, which I reproduce below : 
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-- --- 

Date. 

I 
Surface 35'08 34'00 34'54 
50 Metres 35.17 34.85 j 34.94 
100 ,, 35'23 35'07 1 35'07 
200 ,, 35.26 31.90 1 34.96 
300 ,, . . 35'23 35-25 35'8 i 

Table 76:  showing the salinity (S) at different depths in the Gulf of Mannar in January, 1921. 

A comparison of these results with those in November of the same year shows that 
now the dilution of the surface-water can be clearly traced down to a depth of IOO 

metres; in only a single instance* is it absent, and a comparison of the surface-salinity 
with that in the preceding month of October, 1920, (vide Table 73) shows how much 
dilution has taken place. 

By the end of March and the commencement of April the north-east monsoon will 
have ceased and in consequence conditions will again begin to change in the surface- 
levels. In the following Tables 77, 78 and 79 I have given the results obtained in the 
Gulf of Mannar at  the end of March or early in April in the three years 1920 to 1922. 

Date. 

S049' 8'21' 
Position {::Ig" : 79'15' 79'08' 

Surface . . 34-90 1 1 34'67 
50 Metres . . 34'78 34'36 
100 ,, . . 34'79 . . 
200 ,, . 35'35 35'34 
30'3 ,, . . . . 34'27 

Table 77; showiug the salii~ity ( S )  at different depths in the Gulf of Mannar in April, 1920. 
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Date. 29.111.21 29.111.21 29 111.21 QO.III.ZI 30.111.21 I 
Position 

L 0 n g . E  

Table 78; showing the salinity ( S )  at different depths in the Gulf of Mannar in March-April1 
1921. 

Surface . . 
50 Metres • 

I00 :, . . 
200 ,, . . 
300 9 ,  . . 

Date. 30.IV.z.z. _ ,_ 29.1v.22. 
r--A-- 7 

8"4g1 

79'15' 

35-07 
35-03 
35'21 
35.08 
35'43 

/ / a t  _/ . . 7O1o1 1 7%o1 a0op 1 
Position I 

( Long. E . 7g030' 7g020' 7g030' 1 

8'46' 8'18' 8'21' 7'58' 

78'44' 78'42' 79'08' 79'14' 

Surface . . - . 34.51 34.72 ( 34.56 
5 0  Metres . . . 35'05 34'79 35.12 
100 . .  . . . . 35.14 35.19 
200 ,. . . . . 34.88 ii:Ki 1 35.19 300 .. . . .. 35'23 35'26 

Table 79 ; showing the salinity (S) at different depths in the Gulf of Ma~inar in April, 1922. 

By this time of the year the surface-salinity has again risen considerably and it is 
clear that once again there is a change going on in the relationships of the upper levels 
of water. With the cessation of rain and the rise of temperature and, in consequence, 
an increase in the rate and extent of evaporation from the surface, the water of the 
upper levels is gradually becoming once again more saline than at a depth of some 
50 metres. Already in certain cases there is but little difference in the salinity at  
these two levels and in the course of another month that is to say by May, it seem 
clear that we shall have the same condition present once again as we found to exist 
in the month of October, namely the surface-water will then be more saline than the 
water a t  a depth of 50 to IOO metres. 

It is, I think, clear from the above that there is durillg the course of the survey- 
season a double change in the relationship of the salinity of the surface-water and of 
that a t  a depth of some 50-100 metres, and that this alteration of relationship agrees 
closely with the double change in certain months of the year in the variation of tla 
salinity of the surface-water to which I have already called attention (vidf supra, P. 304). 
In the months of October and November the surface-water may be more saline than that 
a t  a lower depth and therefore in such cases upwelling, under the influence of increased 
wind, will cause a diminution of salinity on the surface, and the same condition lu 

all probability occurs in the hot wason of the latter part  of April and !May; wherea' 
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during the wet season of the north-east monsoon in January and February conditions 
are reversed and the surface-water is less, and frequently very much less, saline than that 
below, an upwelling under these circuinstances causing a rise in the surface-salinity. 
A rise in the strength of the wind may, therefore, be accompanied by a fall of salinity 
in the dry seasons from October to November and again in April and May, whereas in 
the other months we should expect to find it accompanied by a rise in salinity, and 
this agrees fairly well with what I have already shown to be the case. But since in 
any series of years conditions are liable to some degree of variation, depending on the 
time of onset and intensity of the N.E. monsoon and on the height to  which the 
sea-temperature is raised and, therefore, on the rapidity with which the change from 
a less saline to a more saline surface-water is reached in the dry months of March to May, 
it is necessary to consider independently the results obtained in any given year and in 
each locality. 

October. Coininencing with the month of October, the records taken in different 
years on the " Investigator " are as follows :- 

Time of Day.  
Laccadive Sea. A.M. P.M. 

,----A- -, 7----L--- 7 

4 8 I0 I 2  4 8 I0 I2 

1921 
(4 days) Salinity 35.26 34.96 . . . . 45-24 35'01 35'29 . . . . 35'25 
1922 

(4 days) Salinity 34.87 35'13 .... 35.46 35.92 35-26 .... 35.12 
1923 Salinity 35.43 35.37 35.41 35.37 35.55 35.26 35.36 35.26 

(5 days) Wind force, B.S. 2'17 0.71 . . . . 1.00 1'75 1-50 . . . . "33 

Bay of Bengal. 
1921 

(34 days) Salinity 33.79 33-61 . . . . 34.02 34'44 34.11 . . 33-71 
1922 

(3a days) Salinity 33.60 33-71 . . . . 34'15 34'11 33'90 . . . 33'47 

Andaman Sea. 

1921-1922 Salinity 32.97 33.93 .... 32'05 32-26 32'30 .... 32-86 
(2 days) Wind force, B.S. 1.92 1-69 .. .. r'yo 2.01 1-77 .... 1-70 

average Salinity 34.52 34.58 . . . . 34.65 35.27 34.60 . . . . 34-48 
(22 days) 

Unfortunately in this inonth I have only two series of observations, relating to the 
wind-force, that were taken simultaneously with the water-samples. In  the other 
years readings were taken at  the same time and on the same days but unfortunately 
the details were not kept and I have only the average results of all observations taken 
in all three regions ; the average wind-force as observed a t  different times of the day 
in tlie years 1921 and 1922 during the month of October are as follows :- 

Tinie of day.  
A.M. P . ~ I .  

--A- 7 

4 8 12 4 8 12 
1921 (7 (lays) . . . . 2-28 2'14 2.14 2.28 2.07 1.78 

1922 (8 days) . . . . 1-56 1.25 I '56 1'75 1.87 1.62 
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I have already pointed out that in the month of October the average variation of 
the surface-salinity (vide Table 70, p. 304) follows a single oscillation during the 2+hours 
and this type of oscillation is very clearly seen in the average results obtained in 
the Laccadive Sea in 1922 (vide Text-fig. 91). In  this year the salinity is at its 
minimum, 34.87, a t  4 a.m., it rises steadily to 35'92 at 4 p.m., and thereafter 
falls again to 4 a.m. The times of occurrence of maximum and minimum salinity 
agree closely with those of maximuin and minimum surface-temperature, viz., 
26.22OC a t  4 a.m. and 27.70°C a t  4 p.m. (vide s u p ~ a  p. 225). The average wind-force 
also exhibits a single oscillation, having a minimum a t  8 a.m. and a maximum at 
8 p.m. and there is, I think, little doubt that the salinity change in this instance 

Text -A9. 91 Shdwing the saLinrty of t h a  s u r f i c e  wabr at diffirent Limes of@ ddy 
inOcLober,1921, a d  1922, in Lhedacc&dive Sea 

is due mainly, if not entirely, to evaporation, In  1921 (Text-fig. 91) the salinity 
exhibits a tendency towards a triple oscillation during the day and in 1923 (vide 
Text-fig. 92) there is evidence of even a quadruple oscillation. ~ i ~ f o r t u n a t e l ~ ~ a ~  
mentioned above, I do not possess separate data for the wind-force recorded 
in the Laccadive Sea in the month of October, 1921, alld the average force for 
regions shows only a double oscillation, but in the 1923 series the wind-force] 
recorded simultaneously with the taking of the water-samples, shows a qtladruple 
oscillation (vide Text-fig. 9 2 )  exactly similar to that exhibited by the salinity 
and there can be no doubt that the two are related to each other, a rise in the 
wind-force setting up either (I) increased evaporation and so giving rise to an 
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T<xL.fiy. 92 .  S h o w ~ n ~  f h e a v c r a y e  soliney of t&  surrace w a t e r  at di/krenl Limes oTLhe&y 

i r z  ~ h c  Laccad iue  S c u  in the r r o n f h  o~"OcCoder, 1923. as compared with ihe wind-hr'orce. 

water 

T e x t  - f i g  93 Showrng the v a r t o t ~ o n  zn srr/ /nrfy of  t h e  .rrrrface w n l c r  of d r ; f i r m ~  tcmes 
of thc  d,ry rn fheDny o f B c n y a 2  IN IJLP m o t 7 t h  ofOclober , l921,  n s  c o m p a r e d  

wr& UP a v c r a . 7 ~  wrrld-force U~ror/yhou( Jnrt'nn Sros m the same mnnLh 

N.B.-In this and following Text-figures the salil~ity is iudicated by the col~tinuous line and the wind-force by the 
interrupted liue. 



froin below, or possibly bo th  In the Bay of Bengal area in 1921 (Text-fig r)g) the 
salii~ity exhibits a clear double oscillstioil havilig nlaxiilia at 4 a.111. and agaill at 
4 p.m., and of these the second or later lllaxillluln is by far the higher and tllc rise alld 
fall of tlie salinity shows a very clear agreement with tlie cliaiiges in the strength 
the wind. In 1922 (Text-fig. 94) tlie variatioil exhibits a single rise slid fall tllat 
is very similar to the single oscillation found in the Laccadive Sea in 1922 (c/. Text- 
fig. gr), but with a maximum a t  aboot 2 p.m. and a iiliiiiinuln at about I a.m.; 
a slight irregularity in the curve a t  4 a.m. suggests that we have here a faint trace 
of the first rise in salinity that was quite well-marked in the 1921 series, but the 
greater part of the change seems, in this case also, to be due to increased evapora- 
tion by wind and heat. I n  the record from tlie Andaiiian Sea I have combined 

A.M. 2 4 6 8 10 12Noon.ZP.M. 4 6 8 10 12Midnt 

Tc~t-f+.9+ S h w v  thrvariaiion in saZn.riy of ~h surface viztrr at drflrefit ~ ~ e S o f  

the day ut thz Bay ofBengnL in. #he month of October; 1922. 

the data of both years 1921 and 1922, as I was only able to take observations 0" a 
single day in each year. The results obtained are sllown graphically ill Text-fig. 95 
and we have here clear evidence of a tendency for the salinity to vary in the 
opposite direction to  the wind-force. The rise and fall of exhibits a triple 

curve, in which the primary maximuin occurs a t  8 a.m. and two 5ecolldaO' 

maxima a t  2 a.m. and 4 p.m. Of these, the first two coillcide with the periods of 

least wind but there is apparelltly no cllange in tile wind-force to corresl~ondw~~'~ 
the third maximum of salinity a t  q p.m. alld this slight rise is probably due 
increased evaporation owing to tile rise in the temperature of tlie surface-ivater 
during the hottest part of the day. The association in this series of observations of a 
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fall of salinity with a rise of wind-force clearly indicates that  we are not dealing with 
the result of evaporation, since the observed changes are the exact opposite of those 
which increased evaporatioil would produce : i t  seems probable that  we have here 
evidence of an upwelling of water of low salinity as a result of increased lateral 
movement of the surface-layer under the influence of increased wind and a 
consequent thinning of the superficial stratum to  an extent tha t  allows either the 
actual appearance on the surface of water froin some depth below or a t  least an 
admixture of surface and deeper water by means of wave-action. It is almost 
unnecessary to point out that  in any one year the rate of evaporation of the 
surface-water in any month will differ from that  in the same month of another 
year and equally that  under similar conditions of temperature and humidity of the 

TcAL-~;.~ 95 S l r n - ~ , , , ~ ~  f h r ,  c r r / c , , ~ l y  n,"/ / ,p .~rrri irrr  w n t r r  n /  drf f t rent  i ~ n t r s  o f  l l l p  day En t / r ~  

A?~dan?n,? Sro rn t I ~ c  , ~ c o r r I l r  o f  Ocf o h c r ,  13n7/ -~ ' i ' .  CIS  ruln aredwrLhthe w~ltd-j 'orce.  P 

atmosphere the rate evnporntioll of sea-water is slower when the salinity is higher 

tlln11 when it is low. TIle change, therefore, of conditions in conformity with the 
changing seasolls of the year in Illdial1 waters, froin that  present during the wet 
senson when, as  we have seen, we have a layer of dilute surface-water floating above a 
more dense layer, to that  found a t  the end of the hot dry season, when this condition 
is reversed alld we get a layer of hot, more saline water floating on a colder and less 
$.71ine stratum, will occur a t  different tinles in'different years and in different parts of 
the Indian seas ill the same year, since the,;salinity is least in the Andaman Sea and 
highest in the Laccadive Sea, the Ray of Bengal being intermediate between the two. 
The (lifferent bellaviour, tllerefore, tinder the influe~ice of the wind-force of the surface- 
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water of the Bay of Bengal in October, 1921, and in the Andaman Sea in 1gz1-zzJ may 
well be due to the different time of occurrence of the critical period in the two areas; 
in the former area the surface-water appears to have still been less %line than that 
immediately below, whereas in the Andaman Sea, in which the salinity of the water 
is considerably less, the change had already taken place. 

November. During this month I have only been able to obtain two series 
observations, the records of which are given below : 

Time of day. 
A.M. P.M. 

---Ap-- 
7 --PA-- 

7 

4 8 10 12 4 8 10 12 
Laccadive Sea. 

I923 Salinity . . 35'87 35'77 35'46 35'77 35.81 35'50 35'35 35.45 
(4 days) Wind-force, B.S. 2.1 2.3 1.7 1.9 2.0 1'9 2'2 2'0 

Andaman Sea. 
1921-22 Salinity . . 33.65 33'21 . . 33'15 33.28 33.25 . . 34'06 
(3 days) Wind-force, B.S. 2.75 1.12 . . 1.50 2.37 2 - 1 2  . . 2'25 

Average Salinity (7 days) . . 34.92 34.67 . . 34.65 34.73 34.54 . . 34.85 

Text -fig.% Showiny t k ~  varie t ionoY& surface salinity a[ d ~ f f e r e n l  times ofthe h y h h  
L u c c a d w e  Sea in iV~2/3oember,l.923, corn ared wiUL the w i n d  -force. P 

In both these two series of observations there is clear evidence that the rise and fall 

of salinity and the rise and fall of the strength of the willd tend to coincide with each 
other. We have previously seen that in the Lnccadive Sea in the preceding month of 

October, 1923, the salinity and wind-force rose and fell together (vide Text-fig 92)  lnd 

the same relationship is still maintained in Novelnber (Text-fig. 96), though with this 
difference that, whereas ill October the oscillation was of a quadruple character, withtw0 
primary maxima a t  4 a.m. and 4 p.m. and two secondary maxima at ro  a.m. a l l d ~ ~ p . ~  
respectively, in November the salinity shows two primary maxima at about 5 a.m. 
and 2 p.m. and the wind-force exhibits triple having maxima, c0rreSpn* 
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ding to the maxima of salinity, a t  7 a.m. and 2 p.m. and, in addition, there is a 
transient rise to  a third maximum a t  IO p. m., which is, however, unaccompanied by 
any corresponding rise in t.he salinity. In  the Andalnan Sea series (Text-fig. 97) we get a 
double oscillation during the day in both the wind-force and the surface-salinity and 
these variations agree fairly closely, though a t  or near midnight the change in the wind- 
force appears to lag somewhat behind the variation in the salinity. A comparison with 

the results obtained in the same region in the preceding month (vide Text-fig. 95) 
indicates that there has been a complete reversal of the relationship between the 
oscillation of the surface-salinity and the variation of the wind-force; and in the 
present month a rise in the wind-force is accompanied by a rise in salinity instead of 

Text -fig. 97. Showing zhc veriaCion o f  the surface safinridy a t  dih"erenl Lrmes of the day in the, 

A n d e n a n  Sea inNovember,l921-Z%,coyaredwiLh the wind -hrce .  

by a fall, as was seen in the month of October. It seems probable that  a change in 
the relationships of the water strata has already occurred and that  the coinmenceinent 
of the N. E. mollsooll rains in this region has caused a dilution of the surface-layer so 
that it is now less saline than the underlying stratum, a rise in the strength of the wind 
ill conseq~~ellce ,low causing the appearance on the surface of more saline water 
from below, while simultaneot~sly the rate of evaporation will be increased. 

Corroborative evidence that  this oscillation of the surface salinity does actually 
exist and, moreover, is not confined to  those areas in which the "Investigator" has 
been employed during the period of my tenure of the appointment of Surgeon- 
Naturalist, namely in the 1,accadive Sea, the Bay of Bengal and the Andaman Sea, is 
provided by the data that  have recently been published by Matthews (1926) for the 
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belt of the Arabian Sea lying betweell Aden and Bombay. The majority of the 
observations that have been given by him in Table I1 at the end of his paper have 
beell taken on board the P. 8r 0. Steamers and unfortunately the samples on which 
his date are based have, as a rule, been taken a t  intervals that are too irregular to 
enable one to calculate the variations except in two series of observations made 
on board the S.S. "Egypt" while crossing the Arabian Sea, outward bound, on 
November 5th to 10th and back again, homeward bound, on November 25th to 29th) 

1905. During these two trips water-samples were taken a t  approximately 4-hourly 

intervals, though usually the early morning and afternoon samples were taken a t  

- November G - 9  

,, 25-29 

- Average. wind - /bra  in aLLparts o f  1 n d u ~ ~ S e a . s  1920 -29. 

TexL-r*~,g .9R. The average. sa l~n~ ty  ofLhe 3 ur/bce water ofthe A m b i a n ,  .Tea L ~ L  ~ o v e ~ b e ~  

1.905, as observed 4y L ~ L  ~ : S . ' E ~ ~ ~ L ' ) ( V L ~ C  MaLLhcw.r, 1926) 

3-30 a.m. and p.m., a few, however, being taken a t  4-0 a.m. If we include theselatter 

with the 3-30 a.m. samples we obtain the following average for the two voyages : 
Time of day. 

A.M. P.M. 

r-A--.\ ----- - A  

8 8 11  

3-30 I2 3-30 

November 5-10, 1905 . . 36.25 36.15 36.36 36.33 36.3'3 J ' '~  

,, 25-29, 1 ,  . . . . 36.12 36.18 36-22 36-28 36.11 36'1" 

I have plotted the results graphically in Text-figure 98 and it is clear that on both 
occasions there was a distinct double diurnal of the salinity of the surface- 

water, though the times of occurrence of maximum salinity do not quite coincide 
the two series. Unfortunntely, no data is given regarding the strength of the wind at 

the time when these samples were taken : I have, therefore, for the purpose of 
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reference and comparison given the average variation in this month as observed by 
me ; the average of all my observations is as follows : 

A . M . 2  4 6 8 10 12 110011 2 P.X. 4 6 8 10 12 Midnt. 
Wind 

1.48 1.49 1.36 1.34 1'53 1.65 1.65 1.64 1.51 1.40 1'37 1-56 
B.S. 

The very close agreeinent in this series of observatioiis between the rise and fall 
of salinity and the rise and fall of the wind-force is obvious and requires no comment. 

December. 111 this month I again possess only two series of observations, taken, 

TexL-1?~.99. Showiny t h  salinily o,"& surface waLer  a L  different t imes  o f  the ohy in 
thcL accadive S c a  inDeccmber,l923, comyared with the wind .force.  

as in the previous month, in the Laccadive Sea and the Aildamail Sea respectively. 
The results of these two series are given below : 

Time of clay. 
A.M. P.M. 

--A- 7 --A- 7 

4 8 10 12 4 8 10 12 
Laccadive Setr . 

I923 Salinity . . 35'22 34'95 34 92 34'91 35-08 35'36 35'46 35'51 
(64 days) Wind-force, U.S. . . 3'58 3.58 3.90 3'58 3-42 3-25 3-67 3'67 

A ~tdaman Sea. 

1921-22 Sali~iity . . 33.13 33-01 . . 33-08 33.06 33-28 . . 33.54 
(4 days) Wind-force,B.S. .. 3'33 3'05 .. 3-01 3'02 3'14 .. 3'08 

Average Salinity (104 days) . . 34'42 34'21 . . 34'21 34'31 34.56 . . 34.76 

The variation in the salinity of the surface-water in the Laccadive Sea in 1923 
(Text-fig. 99) exhibits a sillgle oscillation haviilg a nlaxitiluiil a t  about 12 midniglit and 
lllinimuln a t  12 noon, which agrees very closely with the type of oscillation sliowii by tlie 
average of all temperature observations throughout tlie whole seasoil from October to 
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May (vide stcpra p. 222) and it is possible that this rise and fall is due to the "change over l l  

of the upper levels of the ocean as a result of convection currents set up by the evapora- 
tion of the surface-layer during the hot part of the day and the subsequent cooling during 
the early morning hours from midnight to 6 a.m. On the other hand a second factor 
may be concerned in this oscillation. At first sight the oscillation of the salinity and 
the variatioil in the strength of the wind appear to show no relationship to each other; the 
wind-force exhibits a quadruple series of oscillations, whereas, as mentioned already, the 
variation of the salinity follows an almost uniform single rise and fall. If, however, 
we compute the different strengths of the wind-force a t  2-hourly intervals in accordance 

with the usual f o r m u l a , ~ f ~ ~ f  +*+-=a, we get the following values : 
I 6 

Time of day . . 2 .\.>I. 4 6 8 10 12 2 P.M. 4 6 8 10 12 

Wind-force, B.S . . 3.59 3.62 3-66 3.62 3.61 3.54 3.54 3.47 3.40 3.43 3'55 3.60 

Td-f9.100. ShDwrng the salrnzty of  the surfuze water at difLerent tines ofthe dny 
the Andaman. Sea. ~ n D e c e m b e ~  1921 - 22, conpared wi ih  the w ~ n d  -f& 

It is clear that, apart from the minor oscillations, there is a tendency to a single rise 
and fall in the strength of the wind ; and on comparing this with the variation we find 
that the two curves tend to alternate with each other, a rise in the wind-force being 
followed, after a lag of some 6 hours, by a fall in the salinity, and vice versa a fall of wind- 
force is followed by a rise of salinity. A study of the relationship between the surface- 
salinity and the wind-force in the I,accadive Sea during the months October to Dee- 
ember, 1923, iilclusive (vide Text-figures 92, 96 and 99) indicates that there is towards 
the latter end of this period a transition in the relationship of the salinity at the surface 
and a t  a deeper level ; in October, the snlillity and wind-force rise and fall together, 
in November this state of affairs is by no means as clearly inarked and in JIecember 
they tend to alternate. In  November the conditions existing ill the upper levels of 

the Laccadive Sea appear to be such that a layer of low salinity rests on a lnoresalis 
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layer and with an increase in wind the more saline deeper water appears on the 
surface. I have no record from the Laccadive Sea in January, 1923 but in the Bay of 
Bengal the local conditions appear to have become reversed there also and we now 
seem to have a inore saline water floating on a stratum of less salinity. In  the 
intervening month of December conditions in the Laccadive Sea appear to  be in a 
critical stage between these two phases, though with a slight tendency towards 
the later stage, that  would probably become well-marked in the followiilg month and is 
certainly present in the month of February. I n  the case of the record from the 
Andaman Sea in 1921-22 (Text-fig. 100) the type of oscillation of the surface-salinity 
agrees very closely with that  found in the same area in the preceding month. The 
salinity exhibits two maxima, of which by far the greater occurs a t  or near midnight and 
the smaller a t  about 2 p.m. The wind-force on the other hand exhibits a triple 
oscillation. During the middle of the day from 10 a.m. to  5 p.m. salinity and 
wind-force tend clearly to  rise and fall together, but  corresponding to the major 
oscillation in the surface salinity, between 5 p.m. and 7 a.m., we get a double 
oscillation in the wind-force with maxima a t  g p.m. and 3 a.m. It is possible 
that the fall in the wind-force a t  12 midnight may be due to  error in estimating 
the strength but here again, if we compute the 4-hourly averages, in accordance with 
the same formula used above, we find that  there is a very clear tendency for the  
wind-force to rise and fall in a single oscillation that  corresponds veqr closely with the 
maximum rise and fall of the salinity, and i t  seems probable tha t  we have here 
evidence of a similar colldition of the surface-layers of the sea as we found indicated 
in the previous month, namely a dilute stratuin lying above a inore saline one, 
so that a rise in the wind-force causes the thiilning or even rupture of the upper 
stratuin and the appearance of illore saline water on the surface. At the same 
time the rise in salinity Illay be due in part t o  increased evaporation as a result 
of increased wind, and certainly this factor would seem to  be the causative agent 
in the small rise noted in the middle and hottest part of the day, but  this agency is, I 
think, insufficiellt to  account for the whole of the increase in surface-salinity 
during the night hours froin 6 p.m. to  12 midnight. 

January. I have in all three series of observations taken by me in the month of 
January, the details of which are given below : 

Time of day.  
4 . M .  P.M.  

(---A- -7 ---A- - 
4 8 10 IZ 4 8 10 IZ 

Bay of Bengal. 

1923 Salinity . . . . 34'17 39.92 . . 32.85 33'27 33.61 . . 33.61 
( 4  days) Wind-force, B.S. . . 2.00 2.17 . . 2.33 1'87 2'0 . . 1-87 

'924 Salinity . . .. 33.84 33.87 33.90 33.70 33'46 33'90 33'95 33.90 
(4 days) Wind-force, B.S. .. 2'87 2.87 2'87 3'25 2'50 3'00 3'37 3.62 

. I  rrdamnn .%o. 

1922 Salinity . . . . 32.77 33.08 . . 32.87 32'95 32'86 . . 32.84 
(3 days) Wind-force, H.S. . . 2-50 3'00 . . 2.50 2 5  3'50 . . 25'0 

:'verage S a l i ~ ~ i t y  ( 1 1  days) . . .. 33.67 3.5.58 .. 33.26 33.25 33'51 .. 3 3 . 6 ~  



In  the Bay of Bengal the conditions present in these two years, 1923 and 1924, are the 
exact opposite of each other. In  the earlier year, 1923, (Text-fig. 101) the salinity 

Tat - f < ~ l ~ l .  Showing the saLinrty ofthe surfuce water aL di/iirenl t i n e s  of thd6y in Lhc 

BayofBenyaL in January,l923, compared w&h LAe wind-firce 

of the surface-water clearly oscillates in a manner that is the exact oppos~te of 
the variation in the wind-force : a rise in the wind-force is accompanied by a marked 
fall in the salinity and as the w-ind drops the salinity again steadily rises. It 

Text-& 102 Showing r%e sa.ZiLtyof #LC surf- w& a.? d g f i r m l  Limm of& &Y 

B y  ofBengeL im Jamuary,l$2$, arcdwitk& w d  -force. 
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would thus appear probable that  in this year there was a layer of surface-water 
of high salinity reposing on a deeper stratum of lower salinity. I n  1924 (Text-fig. roz), 
however, the conditioil appears to  have been the exact opposite of this;  the 
surface-salinity now varies with the wind-force, though the latter exhibits a slight lag 
of some two hours in the times of the maxima. I n  this case, then, i t  would seem that  
the explanation may lie either in the effect of increased evaporation owing t o  increased 
wind or in the surface-layer having a less salinity than that  immediately below. 
That this latter was in all probability the case is indicated by the rainfall 
during the months of December and January in the  two years: in the first 
year the rainfall over those parts of India which are most likely to  affect the Bay 
of Bengal (vide supra p. 271 et. seq.) amounted t o  0.472 inches on the average in 

J 

Tcxf  -fig 103 .Yhow/,zp / l ie  .snl~n~ty of ~ t r c  surface wader U L  d i f f e r ~ n f  Lzmes nrnthe day ~ n t h e  
Anrlumrz,r Sta zn./unuary, 1922, compared w ~ t h  Ihc wind  - force  

December, 1922 and 0.400 inches in January, 1923, the average actual rainfall for the 
whole area of both months being 0.872 inches; whereas in the following year the  
average for December, 1923, was 0'560 and for January, 1924, 0.491 or for the whole 
period 1.051 inches. It seems clear that  the upper layer must, therefore, have 
undergone considerably less dilution during these two months in I923 than in the 
correspondi~lg months of 1924 aiid that this had been insufficiellt to  render the salinity 
of the surface-water less than that  immediately underlying it.  I n  the case of the 
record from the Andaman Sea in 1922 (Text-fig. 103), there is a distinct tendency 
for the salinity to rise ailcl fall with the wind force, and this is particularly 
clearly seen in the daily oscillations between midnight and 4 p.m. Towards the end of 
the day, however, the correlatioll between the two is not so well marked, owing 
to the average salinity a t  8 p.m. being lower than one would have expected. On the 
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whole, however, the evidence is in favour of the existence of a condition similar to that 
in the preceding months ( c f .  Text-figs. 97 and 100). 

February. During this month I have been able to make only two series of 
observations, the data regarding which are given below : 

Time of day. 
A.M.  P.M. 

--A- - ?-A- - 
4 8 10 12 4 8 10 12 

I,nccadive S E O .  

1923 Salinity . . . . 34.51 34.62 . . 34.34 34.61 34.68 . . 34.55 
(6 days) Wind-force, R.S. . .  ' ' 9 2  1'70 .. 2'21 2.27 2.67 .. 1.83 

.-Indaman Sen.  
1922 Salinity . . . . 33-11 33'52 . . 32.60 32'97 33.09 . . 32.83 

(2 days) Wind-force, H.S. . . 2 2  2.00 . . 2'00 1.50 1.25 . . 1.00 

Average Salinity (8 days) . . . . 34.16 34-34 . . 33.90 34.20 34.26 . . 34'12 

Tcxt-fig.104!Showi~ the sel ini tyof the surfae water at diEf~~rentL*s~f~day 

h h L a c t a d i u C  Sea inFehruary;1923,compnred with the wind- f i rc~ .  

I n  the Laccadive Sea region (Text-fig. 104) during this inonth the variation in 
the surface-salinity tends to follow a double daily oscillation, having a maximum 
at 8 a.m. and falling to a minimum a t  or shortly before noon, after which it 
again steadily rises to 8 p.m., when it shows a second fall to 2 a.m. The strengthof the 
wind also shows a clearly-defined double oscillation : it exhibits a secondav max 

imum 

a t  3 a.m., after which there follows a fall to 8 a.m. and a very marked rise " 
I p.m. ; the force then slowly falls till midnight, after which it again slightly increass' 
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A coinparisoll of the curves for the wind-force and the salinity shows that  they 
alternate in a very clear manner, and that  the changes in the salinity are the 
exact opposite of what we should expect, were they due to  evaporation. We must, 
1 think, again seek the explanation of this relationship in the different salinities 
of the water strata, a rise in the wind-force initiating all up-welling of denser and more 
saline water from below. It is uilfortunate that  I possess no records in the area for the 
month of January, but  in December as I pointed out (vide supra p. 319 and Text-fig. 99) 
we can detect a tendency for the wind-force and the salinity to  alternate with each 
other and it is clear that  in the present month February, this relatioilship is well- 
established. 

Text -fig.lOS. Showing the. sdinidy of lhe swfme waLr  ai d i f f e red  times of tAe d01/ in thc 

A n d a n a n  S e a  in Febrzu~~,1922, compared wi th the  wid-force 

In the Alldalnnll Sea region (Text.-fig. 105) the surface salinity and the wind- 
force exhibit, a t  first little or no relationship to each other. The salinity shows 

clearly marked double oscillation, llaviilg a primary ~naxinlum a t  8 a.m. and 
a smaller secondary lnaxilnuln a t  about 7 p.m., with two minima a t  about 12 noon and 
12 ~nidnight. The wind-force, on the other hand, shows a tendency towards a 
sillale oscillation, having a inaximuin a t  10 a.m. and a ininiinuin a t  I a.m. ; there is 
however, evidence of a very s~nall secoiidary oscillation, having its maximum a t  9 
P.111. It appears probable that  in this case the surface-salinity and wind-force vary in 
the same direction but the relationship between these two sets of changes, is 
by no means, a clear one ; the rise in salinity in the afternoon, viz. from 12 noon 
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to  7 p . n ~ . ,  appears to  anticipate the corresponding change in the wind-force by about 
7 hours and it  is probable that we have here the double effect of the upwelling of more 
saline water from below under the influence of the wind and the increase in &lillityof 
the surface-water as a result of evaporation during the hottest part of the day. 

Lllrrrclz. In  this month I possess three series of observations, two of which were 
taken in the Laccadive Sea and the third in the Bay of Bengal. The data of these 
three series are given below :- 

Time of day. 
A.M. P.M. ------ -----Ap- 

8 
- 

4 I0 I2 4 8 I0 12 
I-accadivr Sen. 

1923 Salinity . 34.57 34.61 34 60 34.69 34.50 34.58 34.53 34.50 
(6 clays) Wind-force, B.S. 1.58 2.40 . . 2.20 2'q1 2'58 . . 1.83 

1 924 Salinity . . 34.65 34'69 34'67 34'25 34-40 34.53 34.70 34-70 
(4 davs) Wind-force, B.S. 1 - 1 2  1.60 1.12 2.00 2.00 1-37 1.37 1.37 

Bay o /  Bengal. 

1924 Salinity . . 33.78 33'77 33'57 33'68 3i.66 33'70 33'67 33.70 
(3.5 days) Wind-force, B.S. 1.35 1.00 I ' I ~  1'17 1.87 1'62 1'87 1'62 

Average Salinity (13.5 days) . . 34'39 34'42 34'35 34'30 34'25 34'34 34'36 34.35 

Trxt-fiy. 106. S h o w i i ~ g  Lhe .rnlinity of& .rur/ace " d c r  at difhrenl L~me.r  ohhe doy Ihp 

Laccadiue S e n  inMorch,].Y2.3, corn f ered w ~ t h  the w ~ n d  - / b r ~ ,  
. . 

In all three series of observations there is now a very clear tendency for the sallnlty 
and the wind-force to alternate with each ot-ler. This is least well-shown ill theSerles 

for the Laccadive Sea in 1923 (Text-fig. 106) : ullfc,rtunately, i l l  this year the available 
data for the wind-force only includes ohservatiolls a t  4-llourly intervals, whereas the 
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data for the surface-salinity includes two additional observatioils taken a t  ro a.m. 
and 10 P.M. The surface-salinity exhibits a triple oscillation, having maxima a t  h a ill., 
I p.m. and 8 p.m. ; the wind-force, however, sllows an apparent double oscillatio~i with 
iliaxima at g a.m. and 7 p.m. The surface-salinity during the day from h a.111. to 
6 p.m., clearly alternates with the wind-force, but between 8 p.m. and 4 a.111., there is 
a fall and subsequent rise in tlie surface-salinity that  exhibits a clear correspondeiice 
with the oscillation in the wind-force. It is possible that  more frequent observations 
would have revealed such a corresponding triple oscillation in the strength of the 
wind and this is even rendered probable by a comparison with the data for the other 
two series, in both of which a subsidiary rise and fall of the wind-force is seen 
to occur a t  10 p.m. and 12 midnight. On the other hand. however, i t  appears 

probable from a study of the data for the three months, February-April, 1923 

Text-fig.10~ showing the variaiion in saLirriLy of& surf- w a ~ v  at d d f c r d  t ~ m e s  of thc day 
in& Laczadwa  See inMar&,l924,compcved wiULLlrc wind-force. 

inclusive, that the relationships of the surface-strata of this area have again under- 
gone one of the seasollal changes. I n  February, 1923, as we have already see11 
(vide suprct text-fig. 104) the surface-salinity and wind-force clearly oscillate in 
opposite directiolls : ill March, 1923, (vide text-fig. I O ~ ) ,  the same relationship holds 
good in the main only and by the following month, April 1923, (vide i ~ z f r n  text-fig. 
IIO), the relationship has become reversed and the wind-force and surface-salinity 
now oscillate in the same direction. The explanation of the condition present 
in March is probably to  be foulld in the daily change over of the surface-strata under 
tile influence of convection currents. During the day owing to  evaporation the 
surface-water is probably illore saline, though actually, a s  a result of heating, less dense 
than tlie deeper stratum, and in consequence a rise in the wind-force will set up an 
upwelling o f  less saline water from below. Prom 8 p.111. on and throughout the night 



llours, owing to the change over, the surface-water will be less saline than that below 
and hence the rise of wind after 3 a.m. causes an upwelling of more saline water, 
111 the data for the Laccadive Sea and the Bay of Bengal in 192.4, (Text-figs. 107, IO~), 
the rise and fall of the wind is somewhat irregular and presents a triple or even 
quadruple oscillation, and in conformity with this we have similar alternating 
variations in the surface-salinity. It seems probable, therefore, that in this year in 
both areas of Indian seas, the condition by this month has been reached in which, by 
evaporation, the surface-layer has been rendered more saline than the deeper water, 

T e x ~ - f ~ . l O B . S h w +  the sdiniLy of  he surface w&r a t  dffrerenl timts of th d q y  
i n  ihc B a y o f B ~ d  in Mar&, I92+, c o r n p a r d  wi& Lhe wind-force. 

but that owing to  a simultaneous rise in the surface-temperature the density of this 
surface-layer is reduced sufficiently to enable it to float over a less saline but colder 
ancl more dense layer. Under these conditions a rise in the wind-force will causes 
thintiing of the superficial layer and the appearance on the surface of water of less 
salinity. 

A f i ~ i l .  111 the inontli of April I have beell able to make seven series of observa- 
tions, one in the Aiid;lmati Sea, two in the Bay of Bengal and the remainder in tile 
Laccadive Sea. 
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Laccadive Sea. 

1914 
(7 days) 

I923 
(3 days) 

I924 
(7 'lays) 

1925 
(3 days) 

Bay 01 Bcngal. 

1914 
(3.5 days) 

I925 
(5'5 'lays) 

Andarnan Sea. 

1914 
(2 days) 

Salinity 

Salinity 
Wind-force, 
Salinity 

Wind-force, 
Salinity 
Wind-force, 

Salinity 

Salinity 
Wind-force, 

Salinity 

Average Salinity (31 days) 

. . 34.60 
B.S. 4 6 7  

. 34'72 
B.S. 2-00 

. . 34'96 
B.S. 3'oo 

. . 33.76 
B.S. 2'oo 

'I'i~ue of day. 
A . h l .  I'.BI. 

& - -  - ----A ----. 

8 10 12 4 8 10 I z 

Text-fy.109 Showing 6 salinity oft& surface w a k r  at diTferenl t-es of the day 

in the L-diue S e a  in Aprd,l919,mmparcd w i t h  thc wmd-h'arce 

As will be seen from the above data, I have no observations of the strength of the 
wind in any of these areas in the year 1914, so for the purpose of con~parison I have 



taken the average strength of the wind in all three parts of the Indian seas during 
the years 1921-25. The figures thus arrived at are as follows :- 

Time of day . . . . 4 A.M. 8 12 Noon.  4 rear .  
8 12 Midnight. 

Wind-force, R.S. . . . . 2.57 2 .20  2.6 1 2.38 2.7 / 2-72 

In  the Laccadive Sea area the results obtained exhibit very considerable differen- 
ces in different years. In 1914, (Text-fig. 109), a comparison of the oscillation in the 
surface-salinity and the average rise and fall of the wind-force shows that both 
series exhibit a double oscillation during the day and that a rise in the wind-force is 
accompanied by a fall in the surface-salinity. This relationship is in conformity with 
the results obtained in the same area in the month of March, 1923, and 1924, (vidc 

Text-fy 110 Sh~hmvtny [/LC suLimty r h c  sur/hcr w a t e r  n( d i f f i r c n l  L ~ ~ n e s  o f  the  dqy ~ l z l ~ ~  

L a c c a d r u e  S e a  in Apr~1,/923, corn cued w d h  the w ~ w d  -/br.ce Y 

Text-figs. 106 and 107) In the case of the data for the same area during April, 1923) 

(Text-fig. I IO) ,  the relationship between the chmlges in the wind-force and the oscill* 
tions in the surface-salinity appears to be of exactly the opposite nature, a rise ill the 
wind-force on this occasion being accompanied by a rise in the saliaity. This. 
however, is by no means as clear as in some of the other series of observatiolfi. 
1923 the wind-force exhibits a triple oscillation, whereas the salinity shows ollly 

a double one, but the average of all 4-hourly observations in Indian seas taken On 

board the " Investigator " in this nlonth in the years 1922-23, gives the following data 
for the wind-force in this month :- 
'I‘ime of day . . . . 4 A.M. 8 12 N o o l ~ .  q rB.ar. p, 12 ~ i d t t i ~ h t ~  
Wind-force, B.S. . . . . 2 . 1 2  I .8z 2 '09  '-75 2.1h' 

f'2.f 
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This clearly shows a double daily oscillntioll that  agrees very closely with 
tile observed variation in the salinity in 1923. 111 1924 (Text-fig. III) ,  the salinity 

a triple oscillation, while the wind-force exhibits a quadruple one, and the 
relationship between the two variations appears to be sinlilar to  that  seen in this 
area in March 1923, a rise in the wind-force being accompanied by a fall in the surface- 
salinity during the day only and the relationship being altered during the night 
hours : during the morniilg hours from 4 a.m. to 12 noon the rise and fall 
of the salinity alternates fairly well with the changes in the wind force, but between 
12 noon and 4 a.m. either the salinity-changes exhibit a inarked "lag" behind the 
corresponding wind-variation, ainounting to about 3 hours, or else the relationship 

Text-+. 111. Showtny  t h , ~  .sd~niLy ofthe surfacr water aLdif/^ercnL lzmes o f h e  day in t h e  

2; accadrue Sea in ~~riL;192+, compared with the wind-r 'or~e .  

is reversed and the salinity a ~ ~ d  wind-force vary together, the wind-force exhibiting a 
lag of some 2-3 hours behind the salinity changes. In  the Laccadive Sea in April, 
1925, (Text-fig. I I Z ) ,  tile salillity nrld the wind-force exhibit double diurnal oscillations 
and in this case clearly ill the opposite directions, a rise in the wind-force being accom- 
panied by a fall in the salillity. A study of the data for the 1,accadive Sea in this and 
the preceding montlls indicates tlint a t  this season of the year the relationship 
hetween the oscillations of salinity and of the wind-force can best be accounted 
for 011 the supposition that  the surface-layer, as 8 rule, hecomes conde~ised by 
evnporatioi~ and heated up to all extent sufficierlt to cause this Inore saline layer to  

float 011 n less salii~e but colder ;lnd, therefore, more dense stratum. In  1923, 
the condition appears to he the reverse of this, the surface-layer being more 



dilute than the deeper water. In  the latter part of the month of April the weather 
collditiolls both on the east and west sides of India were decidedly abnormal. 
according to the Illdial1 Weather Report for that year. " in the last week of the 
a temporary advance in the illoilsooil gave rise to a stornl in the neighbourhood of 

Table Bay, which caused heavy rain in south Burma and died out at sea off the 
Arakan Coast" and in the same inonth in the Laccadive Sea high winds were 
experienced, as can be seen by comparing the average wind-force in this year 
with that experienced in other years, and there was a considerable amount of rain in 
the region of the southern Maldive Islands. This abnormal weather commenced in 
the region of the Maldives on April 11t11, when the wind veered from the N.W. with 

Text-jly.112 Showing  the s a l i n i t y  of the  sur,%cc-wriler at dirTTerenL tirn.es ~ f t h @  day 
rn Z~accadiue  Sen in April,/9%5, compared w i th  the wind-force.  

a force I to the W.S.W, force a to 3 ; thereafter it blew steadily from the west or the 
south-west with a fair amotlllt of raitl and increased ill force to j or 5-6 till the 
21% after which the wind moderated to force 2-3. On the 28th the wind again 
increased in strength, attaining force 5 on the 29th slid joth and causing a strong 
surface-drift to the eastwnrcl. I t  is probable, therefore, that this abnnrlnal weather 
had given rise to a dilution of the surface-stratum and had thus rendered it less 

saline than the deeper layers, so that as early ;ls April there had been a return 
a 

condition of affairs, that is nor~ilal in the two inonsoon periods. Again in 19243 

Indian Weather Report states that in April " tllullderstorms were frequent gener"lb 
in Lower Burma, Assam, Rengal the of the peninsula," and the rainfa" 

a t  Bombay was 49 0/, above the nor~nal in this month. Heavy rain was 'lSo 
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countered a t  sea on April 14th a t  4 a.m., when in Lat. 6"27'oo" N :  Long. 78"25'00" E. 
and it is probable that  in this year also there had occurred in this month a certain 

Text-fijr.ll3.Showing the s&ity o f the  sur fme  wder  at d z X e r e n t  t imes of Lhe day 
inrAeBayofBengal in Aprd,l9?4, compared wiLh the wind-force. 

degree of dilution of the surface-stratum that  rendered i t  less saline than usual and 
hence diminished the difference between water lying a t  some depth below and 

Text-fiy.flt S h o w i n g  & salinity of& surface water  a t d i S h r e n t  t i m e s  of Lha daj 
in t h  Bay o f B e n g e l i n  Ap r iL,19ZS,  compared wi th  the wind -force. 
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that present on the surface, so that the " normal " relationship betweell the wind-force 
ancl the surface-salinity is less clearly nlarked than ill other years. 

In  the Bay of Bengal region my observations were taken in 1914 and again 
in 1925. In  the former case I possess only a record of the salinity, whereas in the 

latter, I have simultaneous records of both salinity and wind-force. These results an 
shown graphically in Text-figs. r r j  and 114. In Text-fig. 113 for the purpose 
comparison I have given the average variation of the wind-force in all parts ,-,f 

the Indian Seas in this month. A comparisoil of the two series reveals a vev 
close agreement between them and in both instances it seems clear that the rise 
and fall of the salinity coincides with the rise and fall of the wind-force : this is vev 

Text-fif.115. Showing the saZiniLy of the surhcc. weLer a L  difhrenl times of .?JIs A .  
in fie Andarnan Sea  inApril  19J+, compared wi th  the  wind -/brca 

clearly seen in the data for 1925 (Text-fig. 114). The probable explanation of the 
agreement between the oscillation in the salinity ;\nd that of the wind-force is that 
at  this period of the year the surface-water of the Bay is less saline than that lying 
immediately below and a rise in the wind-force causes a thinning of this upper layer 
that is accompanied by a upwelling of more saline water from the deeper levels, 

At  

the same time, however, it must be borne in mind that the increased evaporation 
from the surface as a result of the increased wind-force will tend to increase the 
corresponding rise in the salinity. 

In  the single series of observatiolls from the Andaman Sea in April 19141 there 
appear to be indications that the changes of salinity and the variation of the wind-force 
(vide Text-fig. 115) vary in opposite directions, so that the relationship between them 
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tends to agree with that  found in the 1,accadive Sea in 1914 : it  must, however, 
be remembered that  the observations cover a period of only two clays, during 
which the "Investigator" steamed across the north west part of this area from 
Rangoon to Manner's Straits and the wind-force, which I have sho \~~n ,  is the average of 
all observations taken in this month, no observations having been taken sirnultane- 
ously with the collection of the water samples. I have already pointed out (vide sztpva, 
p. 86 and Table 12) that  in this month we find a well-marked tendency towards 
a triple oscillation in the wind-force, and the average of the 4-hourly observations would 
agree just as well with a triple oscillation such as I have indicated by the dotted line in 
Text-fig. 115 : if this be the true oscillation of the wind-force the manner in which it 
alternates with the changes in salinity is very striking. 

May.  
In this nlonth my observations are extremely few as the " Investigator" usually 

returns to Bombay early in the month. The first series covers only a single day : 
while the second was taken during 3$ days a t  the very beginning of the month 
and the data of these two series are given below : 

Time  of day. 
A . M .  P.M. 

---h-, y--A-- 

4 8 10 12 4 8 10 12 

Laccadivc Sea. 

1914 Salinity . . . .  36.15 36.36 .. 36.17 36'20 36.99 . .  36.64 
(1 day) 

1923 Salinity . . . . 35'56 35'14 34'97 35'05 35'.17 35'17 35'39 35.39 
(3.5 days) Wind-force, B.S. . . 4.6 J ' O O  . . 4 7  4'5 5'0 . . 5.0 

Average Salinity (4.5 days) . . 35'70 35'41 . . 35'30 35'57 .;5'57 . . 35.44 

In the first series of obseravations (Text-fig. 116) the salinity exhibits the usual 
double oscillation, falling steadily from 9 p.m. to 4 a.m., rising slightly till 8 a in., then 
falling again till 2 p.m. and finally rising steadily till 9 p.m. For the purpose of com- 
parison I have given the average variation of the wind-force a t  different times of the 
day in this montll as observed on the " Investigator " (vide sztp~n, Table 10, p. 84). 
In both series we find a double diurnal oscillatioil and, furtherniore, the afternoon rise 
and fall in each case is greater than the inorning variation. One inigllt a t  first sight be 
inclined to conclude that  ill this case the salinity and wind-force alternate with 
each other, but if we compare the variation in the salinity in Text-fig. 116, with 
the observed rise and fall of the wind-force in the same area in May 19" it is at  
once evident that the two curves alrllost exactly coincide. It is, therefore, inlpossible 
to arrive at  ally definite collclusioll regarding the relationship of the wind-force 
and the surface-salinity in this year, but it seems probable that  the two oscillations 
varied together, ;I rise in the willd-force being accoinpaiiied by a rise it1 salinity. 
111 1023 (Text-fig. 117) ill the same region, namely the Laccadive Sea, the salinity again 
exllibits a clear double oscillation, with an additional slight irregularity at  I O  p m. and 
this double oscillatioll alternates with a correspot~ding variation in the strength of the 
wind : a rise in the wind-force is clearly accoinpaniecl by a fall in the salinity 
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and vice versa. It would appear that the abnormal effect of the early burst of 

the monsoon on the west side of the Laccadive Sea in this year (vide supra p. 332 
and Text-fig. 112) had passed off or a t  any rate had not affected the east side, along 
the coast of India, in which area all the observations were taken during this month 
and that the surface-water was here of higher salinity than that below, a rise in 
the wind-force causing an upwelling of less saline water; but on the other hand 
it is possible that the variation of the salinity is really positive as regards the 
wind-force and that the apparent alteration is really due to a very prolonged 
lag. If this latter view be the correct one, then in this series the major oscillation 
in the wind-force from 3 p.m. to 3 a.m. corresponds to the major variation in 
the salinity from 8 p.m. to 10 a.m., that is to  say, we have here a lag of 5 hours. 

Texl.~fiy.116.Yhowmg & s d r u f y  oi-the sur/lce w m k r  at di/i'crenl t imes  of the in*' 

Laccadioe Scm Ln M y ,  1.914; com,na~ed w i t h t h  wind -/brcs. 

From a consideration of the above data it is, I think, clear that there is conclusive 
evidence that in all parts of the Indian Seas the surface-salinity is in a constant stateof 
oscillation and that in the vast majority of cases this osciIIation is a double one : andl 

furthermore, it appears more than probable that this variation in the salinity 
is correlated with the double oscillation that, as I have shown, is exhibited 
by the wind-force during the twenty-four hours of the day (uidf7 supril p. 79 seq.l 

study of all the available data appears to indicate that this double oscillationof the 
salinity exhibits two phases a t  different periods of the year ; at one period the salinity 
rises and falls with the variation in the strength of the wind, while at another 
it oscillates against the wind-force ; and, furthermore, that this oscillatiorl and its 
111la~s are probably dependent on the relative salinity of the surface-water and 

of the 
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water at some deeper level, which under the influence of the wind wells up towards or 
actually to the surface.' If this be the correct explanation of the observed changes, we 
should be able to trace a distinct connection between the occurrence of the positive 
phase, that is a variation with the wind-force, or the negative phase, which goes 
against the wind-force, and the different seasons of the year. In  the wet inonsoon 
months the surface-water will be diluted and be rendered less saline, either directly 
by rainfall or indirectly by the increased outflow of river-water, and one would, 
on a pviori grounds, expect to find that  the oscillation of salinity a t  this season 
exhibited the positive phase ; whereas in the hot dry months, the surface-water will by 
evaporation become condensed and be more saline than that  lying a t  some little depth 

Trxl fig 117 . S / ~ / m w / n ~  /he .rn/ / ,u!y o f I / v  sur,;lcr w a l r r a l  n'r~??renL trme.r o r r h c d ~ y  L n  the 

L nccnd/rSr  .Tea I ~ Z  Mny, 1.72.3, r n n ~ p n r . r d w / l h  !/rp W L I L ~ - f o r c e  

below and we should then expect to find that  it was the negative phase that  
was present. TJnfortunately, my data covers only part of the year, froin October 
to May, and therefore includes only one of the wet periods, namely that  of the north- 
east i~lonsoon. I11 the followiuq table I have given, so far :IS illy data goes, the type 
of phase that is founcl to be present in the different months and in each of the three 
main regions of the India11 Seas. I t   nus st 11e borne ill mind that  a l~ositive phase 
will be inore easily detectetl, since in this case the effect of increased evapor a t '  ion 
during illcreased wind-force will of itself tencl to  produce such a variation and so will 
emphasise and augl11ellt any  cl~nnge that may be clue to an upwelling of illore 
-- . 

~~ . . ~- - -  ~ -. - ~ - - ~  

' 111 the folloaing pages wllere thc salinity oscillates ill the sallle cl irectio~~ as the wind.force, i . s .  a rise in the wiud- 
rOr('e bring accoll~panied by a rise in salinity. I have termed the phase ' '  positive." rvhereas when the saliuity falls with a 
rise in willd.forre I Iln\.c trrnlrd it " ~lepative." 
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saline water from below ; whereas the negative phase will be obscured by the effect of 

evaporation a t  the surface and, uiiless the upwelling of less saline water is marked, we 
lnay get no clear indication of it in the variation it1 the surface-salinity. 

I have already (vide srrpra, p. 306 et seq. ) callecl attention to the evidence that we at 
present possess regarding the changes during the course of the year in the salinity of 

the surface-water and of that lying a t  some depth below and it now remains to r e  
to what extent the observations made in different iiionths are in conformity 
these changes. 

Month. Laccadive Sea. Bay of Bengal. Andaman Sea. 
October Positive Positive Negative 
November Positive ( ?  Positive) Positive 
December Negative ( ? Positive) Positive 
January (Negative ?) Positive or Negative Positive 
February Negative ( ? Negative) Positive 
March Negative Positive . . 
April Usually Negative but ill Positive Negative 

abnormal years may 
be P~s i t ive .  

May Negative or Positive. . . . . 
Table 80 ; showing the character, either Positive or Negative, of the phase of oscillatiol~ as regards 

the corresponding oscillation in the wind-force. 

I n  the three regions the changes from the positive to negative phase or vice versa 
appear a t  first sight to occur at  different periods of the year, but if we consider the 
conditions that are present during the succeeding months in each area separately, it 
will be found that the changes in the oscillatory phase are in the main in conformity 
with the seasonal conditions that are present in each area. 

In  the case of the 1,accaclive Sea in the months of October and November 
the oscillatory phase is positive, indicating that the surface-water is more dilute and 
less saline than the water a t  sonie depth below. I t  would appear probable that 
we have here in these two molltlls the remaills of the effect of the rainfall over the whole 
Arabian Sea aiid the western part of the Inclian Ocerui during the previous south- 
west monsoon. As this effect passes off the phase in the nionth of December becomes 
negative in type and definitely remains so during February and March: in the two 
succeeding months, April and May, the phase may be either positive or negative de- 
pending largely on local meteorological conditions. I t  would from this appear that the 
north-east monsoon is in this area without any very appreciable effect on the relatiolp 
ship of the salinity of the surface-water to that of the deeper layers and I have Pre- 
viously pointed out (vide supra, p. 57, ct.  seg.) that a similar absence of effect ss regard' 
the moiithly mean air-temperature on the part of the north-east lnonsooll can be 
traced in this area. As I poiilted out it appears tliell that we can divide the 
Indian Seas into two areas, lying respectively to the west and east of the India1' 
Peninsula, in which conditions during the willter l ~ l c ~ ~ l t h s  are entirely different . ' 
The differences that are seen to exi.t. . . .are, I tliilik, correlated with the 
Monsoon, the effects of which appear to be felt to a great- ertellt 011 the east 
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side of the Peninsula than oil the west." A very similar difference call also be traced 
ill the average h~ulinidity of t l ~ e  atmosphere on the two sicles of India in each inonth of 
the survey seasoil (vidc s ~ i f i ~ ~ ~ i ,  p. gd), and I have already reinarked that " the clata for 
the Arabian Sea give no iildicatio~l whatever of ally rise in hurnidity during the 
period of the N.E. Mot~soon. . . .As I have already show11 when dealing with the 
air-temperature in different months on the east and west sides of the Peninsula, the 
effect of the N.E. monsoon is felt to a much greater extent on the east 
side, and the " Investigator " series shows in strict accord with this regional difference 
a very inarked increase in humidity (on the east side) froin November to December, 
that continues, though to a less extent, to February and is then succeeded by a 
fall. This is undoubtedly clue to the N.E. Monsoon." It seems clear that  the 
N.E. lnonsoon has but little effect on the west side of the Indian Peninsula, 
and the absence of any change during this inonsoon season froin the negative to 
the positive phase in the oscillation of the surface-salinity is in strict accord 
with the meteorological conditions to which I have referred above. 

In the case of the Andainan Sea region, with the single exception of the inonth of 
October, the oscillation of the surface-salinity exhibits the negative phase throughout 
the whole series of my observations until the inonth of April and it seems probable 
that in the earlier month we still have the dry season condition present in the upper 
levels of the sea, the surface level being Inore saline than that  immediately below: 
but in November with the onset of the north-east lnoilsoon this condition is 
reversed, and froin now on to the end of my observations in the inonth of February 
the surface-water is diluted either by rainfall or by influx from the rivers, ancl 
is, in consequence, less saline than the deeper stratum : in April, however, the con- 
dition is again reversed and the resulting oscillatio~l phase is again negative, corres- 
ponding to the dry season My observations in the Bay of Bengal unfortunately do 
not cover the whole period, but the data that I possess seenls to indicate that  this 
area is intermediate between the Laccadive Sea and the Andarnan Sea both as regards 
its geographic positioll and its reaction to the monsoons. In  October, the surface- 
salinity shows the positive phase that  is characteristic of the wet seasons of the 
year, and thus is in exact agreement with the Laccadive Sea area. Although I have 
no records for the months of November and December it appears froin the January 
results that this phase has been reversed during the two preceding months and that  
in certain years the negative or dry-season phase with n high surface-salinity may 
even persist till January. Fro171 February till April the phase is once agaiii positive 
and this is clearly collnected with the effect of the north-east n~onsoon, as n result 
of which the surface-water is rendered more dilute; although the direct effect of 
the inonso~u will be over by February, t l ~ e  indirect effect of the increased outflow of 
river-water and the surface-drift fro111 the Aildaman Sen region will inaintaiil a 
lowered surface-salinity for solne considerable time later. 

In the case of a positive variatioii in which the salinity rises with the wind-force 
we should i lat~~rally expect to find that the extent of the oscillations also varies in the 
sallle direction, a high wind being acco~upauied by a high rauge of oscillation, since ill 
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this case both evaporation from the surface and up-wellillg from below will be 
a t  a inaxi~nuni. In those seasons of the year, however, ill the variation the 
sali~lity is of the negative type, the effect of any up-welling of less salille water from 
below will to  some and possibly to  a large extent be counteracted by evaporation, and 

thus the range of oscillation will be reduced. If in these Inonths we find that there 
is a correlation between the range of oscillation in the llegative directioll and the 
variation of the rvind-force then it  must, I think, be fillally admitted that the up- 
wellitlg is the more important factor in producing these diurnal challge of salinity, 
Owing to  the local differences in the various parts of the Indian Seas, we must, in 
order to  make the comparison, confine ourselves to a single area and, fortunately, I 
have a good series of negative-phase oscillations occurring in successive lnonths in the 

1,accadive Sea. In the following table I have given the average range of oscillation 
of the surface-salinity in the negative phase in each of the months in which it has 
been obtained in this area and the average wind-force in each month calculated from 
all observations taken on the " Investigator." 

X.Ionth. Wind-force. Range of Oscillatio~~ of Salinity (nega- 

tive phase.) 
December a .  3'33 0.59. 
January . . 2.26 . . 
February . . 2.14 0.34. 
March . . . . 1.70 0'39. 
April . . . . 2.76 0-49. 
May . . . . 4.76 0.71. 

It is clear from the above that there is a very close agreement between the 
strenqth of the wind and the amount of negative variation in the surface-salinity that 
can, I think, only be explained on the assumption that i t  is caused by up-welling 
from below of water of a low salinity. ~t seems clear, then, that the general 
character of this diurnal oscillation in the salinity of the surface-water agrees clearly 
with what one would expect, were i t  due, as I believe, to an up-welling. of deeper 
water and, moreover, the results of our analysis of the data regarding the salinity Is 

in close agreement with the conclusions that we have reached from a study of the, 
temperature-difference between the surface-layer arid the supernatant atmosphere, 
I f ,  now, these changes are respectively due to up-welling from below we should be 
to find corroborative evidence of this change in a corresponding alteration of the 
chemical colnposition of the surface-water. I have already referred (viac 
p. 13j )  to  the difference that  I have found to  exist between the specific gravity Of the 
surface-water, as found by means of a Buchanan hydrometer and 3s by 

means of Knudwn's Tables from the " halogen " contelit : as I then showed, we can 
in inshore waters detect a perfectly definite single oscillation in the difference between 
these two readings and I attributed this difference to  the daily " change over,1' "le to 
convection currents, of the surface-water and water from some depth be'ow. If' 
under the influence of the rise and fall of the wind-force water fro111 below the surface 
wells up twice a day, in consequence of a thioning of the superficial stratunl' to 
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an extent sufficient either to  reach the surface itself or by wave action to become 
lnixed with the surface-water, we should be able t o  find a corresponding change in the 
relationship between the specific gravity readings taken by the two methods given 
above, namely by the hydrometer and by titration. 

In order to detect any such difference, if present, and to  correlate i t  with 
the changes noted in the surface-salinity and the wind-force, the 4-hourly samples 
collected on three successive days, April 28th t o  3oth, 1925, were pooled in accord- 
ance with the time of day when the collection was made. This was necessary in order 
to obtain sufficient water for examination by the ' Buchanan' hydrometer. Each 
+hourly sample thus obtained mas carefully examined, three estimations of the 
"halogen" conteiit being made by the titration method and three observations of 
the specific gravity 11y the ' Buchanan ' hydrometer. The average of these series of 
observations was then taken and the results obtained are given below. 

A.M. P.M. 
---Ap-- ---&.-- 

1 8 12 4 8 12 

Ti. Specific gravity calculated from halo- 28.2633 28.4333 z8.0067 1 28.2667 28.3100 28.2933 gel) coutent. 
( Specific gravity shown by a Buchana~l 28.288a 28.5248 27.9927 Hy. . 
( Hydrometer. f 28.2863 28 4283 28.4274 

Difference Ti.-Hy. . . . . -0.0249 -0'915 -0.0140 -0.0196 0.1183 -0'1341 

I have already shown (vide supra, p. 140) that  the difference between the specific 
gravity, as estiinated by these two methods, tends t o  exhibit a single rise and fall in 
the course of the day, the hydrometer result being higher than the titration result in 
the middle of the day and, vice versa, the titration result being higher a t  about 6 in 
the morninq. In the present series we see that  the hydrometer result is higher than 
the result give11 by the titration method except only a t  12 noon, but a further 
study of the differences shows that  there is, in this case, not a single oscilla- 
tion of the difference but a very clear double one. I have  lotted these differences 

against the actual specific gravity as found by the two methods in Text-fig. 118 and 
it is clear that  the difference approaclies the zero line or may even become 
positive a t  times correspond exactly with the epochs of minimum salinity : that  
is to say, that twice daily, l~alnely at, in this instance, 4 A.M. and 12 noon, the surface 
water possesses a lowered specific !gravity and, therefore, a lowered salinity but a rela- 
tively increased ' halogen' content. It seeins clear that  there is a t  these times 
an actual change ill the percentape cl~e~nical  co~nposition of the surface-water that  
cannot be accounted for either by increased evaporation or by changes in the surface 
water caused by increased activity during the hours of sunlight of the algae tha t  form 
Part of the surface plankton. This change I believe t o  be due to  the up-welling, 
under the influe~lce of the wind, of water fro111 below the surface. I n  text-fig. 118 
I have also given the average rise and fall of the wind, as observed a t  2-hourly intervals 
when a t  sea during the months of April, 1924 and 1925, and i t  is clear that, allowing 
for lninor variation.;, there is a lnarked correlatioil between the wind-force and 
the cllanges ohservecl in the sea-water. A rise in the strength of the wind occurs just 



342 R. B. S. SEWELL. 

before midnight and a t  12 noon and the minimal strengths are seen to be at 6-qo 
A.M. and 8 P.M. A rise in the wind-force is accompanied after a short interval, due 
probably to the inertia of the surface mass of water, by a fall in specific gravity and 
an increased " halogen " percentage and, vice versa, a fall in the wind-force is accom- 
~ a n i e d  by a rise in specific gravity and a fall in the "halogen" content. ~f this 
change is due to up-welling during increased wind, the water below the surface must 
possess a lower specific gravity than the surface-water but a higher I '  halogen " percent- 
age. I have already (vide Pt.  111, p. 139 supra) called attention to a series of observa- 
tions taken by me during April, 1925, off the east coast of Ceylon and have shown that 

Tex f - ~ L Y  N8,  Slww~ng Lie duma.! osccllaLron rn the  . s , v e c ~ f ~ c  g r r r v t l y  ( T o )  d t l l ~  s j l t 'nce 

waLor L n  Lhe Lacca&ve See, Aprd 28 -30,1925, as dr ter~n lned dyL~lruLb"m 
end by mean3 oLa ' Buchnnun'hydrorneLer 

in these waters there is distinct evidence to show that during the daylight hours 
from 4 A . M .  to 8 P.M. there is steady fall in the "halogen " percentage followed by a 
rapid corresponding rise during the night hours. If now this lowering of the halogen 

Percentage be due, as one may reasonably suspect, to the activity of the planktonic 
organisms, such an effect will be most marked on the surface, since at this 
of the year, owing to the raised average specific gravity and salinity in the water, tL' 
bulk of the plankton will be congregated a t  or near the surface, and it will be less 
marked in the deeper levels owing to  the presence there (I)  of less concentrated P ~ ~ ~ ' ~ -  
ton and (2) a less intensity of light owing to  the supernatant water, through whic'l 

the light has to penetrate. 
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From the evidence before us i t  seems reasonably certain that  there is each day a 
double oscillation in the strength of the wind in these Indian regions and that  twice 
a day an increase in the wind-force causes a thinning of the surface-layer of the ocean 
to an extent that  causes an up-welling of water from below either actually to  the 
surface or to such a height that  this deeper water becomes mixed with the surface- 
layer; and that  this movement of the water masses produces corresponding effects 
both on the temperature relationship of the sea and the air and on the surface-salinity 
and the correspoildiilg relationships of the surface and deeper strata of the ocean. 
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APPENDIX VII I .  

Observatioils on the Temperature and Salinity of the surface-water 
of the Bay of Bengal. 
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Date. 

POSITION. 

Time. 

La t .  N. 1 Long. E. 

1922. 
oct. 11 

, ,, 
,, $ 3  

,, ,, 
,, ,, 
,, I2 
,, ,, 
,, ,, 
,, ,, 
,I  1, 

,, ,, 
,, 13 
,, ,, 

8 a.m. 
12 noon 
4 P.m. 
8 P.m. 

12 midnight 
4 3.111. 
8 a.m. 

12 noon 
4 P.". 
8P.111. 

12 midnight 
4 a.m. 
8 a.m. 

1923. 
Jan. 23 
,, ,, 
,, ,, 
,, 24 
,, ,, 
,, ,, 
,, 3 ,  

,, ,, 
,, ,, 
,, 25 
,, ,, 
,, ,, 
., ,, 
,, ,, 

A 
: A 
9 ,  ,, 
,, ,, 
,, ,, 

4 p.m. 
8 p.m. 

r z  midnight 
4 a.m. 
8 a.m. 

12 noon 
4 P."'. 
8p.111. 

12 midniqht 
4 a.m. 
8 a.m. 

I Z ~ O O I I  

4 p.m. 
8 p.m. 

12 midnight 
4 a.m. 
8 a.m. 

I2 110011 

4p.111. 
8 p.m. 

12 midnight 

'924. 
Jan. 3 

,, 
,, ,, 

4 
,, 

,, ,, 
, I  9 ,  

Y, ,, 
,, ,, 
5 ,  I ,  

, , 
9 ,  5 

,, 
r ,  ,, 
$ 9  ,, 
19 ,, 
r ,  ,, 
I* ,, 

8 p.m. 
10 p.m. 
12 midnight 
4 a.m. 
8 a.m. 

10 a.m. 
I2110011 

4 p.m. 
8 p.m. 

I0 p.lll. 
12 midnight 
4 a.m. 
8 a.m. 

10a.111. 
I2 noon 
4 p.m. 
8 p.ni. 

10 p.m. 
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Date. 

I ,  , I  

I ,  , I  

Mar. 4 

-- ~ . 

1,at. N. Long. E. 

12 ~iiidniglit 
4 a.111. 
8 a.m. 

10 a.111. 

4 p.111. 
i I 

I 2  110011 , 

8 p 111. 

rop.111. I 
12 midnight 
4 a.m. 
8 a.nl 

I0 a.111. 
I 2  110011 

4 P.m. 
8 p.m. 

r o  p.m. 
12 midnight 
4 a.m. 
8 a.m, 

10 a.m. 
12 no011 
4 p.111. 
8 p.m. 

I0 p.111. 
12 ~n idr~ igh t  
4 a.rn. 
8 a.m. 

10 a.m. 
12 noon 
4 P.m. 
8 p.111. 

10 p.m. 
12 uiid~iight 
4 a.m. 
8 a 111. 

10 a.m. 
12 no011 
4 p.111. 
8 p.m. 

10 p.m. 
12 lilidnight 
4 a.n.1. 

, 8 a.m. 
12 noon 
4 p.m. 

1 8 p.m. 
12 midnight 
4 a.111. 
8 a.m. 

12 noon 
4 p.m. 
8 p.m. 

12 mid night 
4 a.m. 

+ 
o i  2 .  Air 

J A W  f r g  Temp. g .2 
C C W  6 ;  - .- 

a~ d l ~  $ 2  z s  
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2 Air 0 g .< w h d  
; & ,,,. g hn 
$h e : ~  i g  CI. 

OC. OC. 2 5 g !+ 

xc gL 

Date. 

1924. 
April 19 

,, ,, 
,, , ,  
, ,  ,, 
,, ,, 
,, zo 
,, ,, 
,, 22 
,, ,, 
,, ,, 
,, ,, 
,, 23 
,, ,, 
,, ,, 
,, ,, 
, ,, 
,, ,, 
,, 24 
,, ,, 
, ,, 
,, ,, 

Time. 

8 a.m. 
12 noon 
4 P-lll. 
8 p-ln. 

12 midnight / 
4 a.m. 
8 a.m. 

12 noon 
4 p.111. 10 . 04 . 00 80 . 33 . 00 
8 p.m. 1 9 . 3 6 . 0 0  8 0 . 5 9 . 0 0  

12 Midnigllt / 9 . 08 . 30 81 . 26 . 00 

4 a.m. 8 . gg . oo 1 81 . 51 . oo 
8 a.m. I 8 . 0 0 . 0 0  8 2 . 0 2 . 0 0  

12 noon 7 . 28 . 00 1 82 . 11 . 00 

4 p.m. 1 6 . 5 0 . 0 0  8 z . o z . 3 0  
8 p.m. , 6 .  2 0 .  00 81 . 5 2 .  30 

12 midnight 6 .  0 0 .  30 81 . 2 6 .  oo 
4a.m. 5 . 5 0 . 0 0 ~ 8 0 . 5 2 . 0 0  
8 a.m. =j . 4 9 .  00 8 0 .  18 .  15 

12 noon 1 6 . 1 4 .  30 79 . 55 . oo 
4p.m. 6 .  19. 12 I 7 9 . 4 6 .  40 

I 

POSITION. 

Lat.  N. Long. E. 7- 
10'. 20'. 00" 
10.  2 1  . o o  

83'. 06'. 00' 
8 2 .  29 . o o  

1 0 . 1 6 . 0 0  8 1 . 5 2 . 0 0  
10 . 10 . 00 1 81 . 11 . 00 

10.  06 . oo 1 8 0 .  31 . 30 
10 . 03 . 00 1 80 . 14.  00 

9 . 55 . PO 

9 . 53 . 30 
80 . 05 . 00 
80 . 01 . 30 
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Date. 

1914 
Aprll 16 

Ti me. 

12 noon 

POSITION. 

Lat. N. 

16". 16'. oo" 
5 . 4 8 . 3 0  

I5 . 24 . 00 

14 . 55 . oo 
14 . 26 . 00 

13 . 52 . 40 
13 . 20 . 45 
12 . 4 9 . 0 0  
1 2 .  18 .  15 
11. 50 . 30 
1 1 . 2 4 . 0 0  
11. 06 . o o  

,, ,, I 4 p.". 
,, ,, 1 8 p.m. 
,, ,, 12 midnight 
,, I7  ( 4 a.m. 

I 
,, 4 P.m. 
,, 1: 1 8 p.m. 
,, ,: I 12 midnight 

,, ,, 4 p.1n. i IIO. 12'. 20" 
,, ,, 8 p.m. ro . 35 . 30 
,, ,, 1 12 midnight j 10 . oo . oo 
,. 26 : 4 a.m. 1 9 . 22 . 00 

, , 1 8 . 1 8 . 45 . 30 
Nov. 11 ' 4 p.m. 1 8 . 10. oo 

,, 9 ,  ' 8 P.m. 1 8 . 49 . 00 

,, ,, I 12 midnight 9 . 29 . oo 
,, 12 4 a.m. I0 . I1 . 00 

. 

Long. E. 

29.0 
290  
28.0 

,, 18 
,, ,, 

1921 
Oct. 25 

9z0. 52'. 00" 
92 . 57 . 00 

93 . 04 . 00 
93 . I0 . 00 

93 . 16 . 00 

93 . 22 . 30 
93 . 16 . oo 
93 . 09 . oo 
93 . 02 . 00 1 

Port Blair. Harbour. 

4 a.m. 
8 a.m. 

12 noon 

96". 15'. 
9 5 . 5 6 . 0 0  
95 . 40 . 15 

28.89 
27.78 
26.67 

29.2 

20'680 
22'252 
25.566 

32.57 26'181 20.604 
32-47 26.093 1 205" 
32.68 26.257 20.346 
32.91 26.439 zo.881 
33.95 1 27,278 1 2.786 

3404 27'349 21'772 

,, ,, 8 a.111. 10 . 52 . oo 
,, , ,  ; 12 110011 11 . 30 . 35 
,, 15 4 p-nl. ' 11 . 07 . oo 1 ro . 25 . go 

9 . 44 . 00 
,, 16 ( 4 a.m. 9 . 01. 00 

,. ,, 8 a.m. 8 . 31 . 30 
Dec. 2 12 noon 1 8 . 09 . 00 

,, ,, I 4p.111. 8 . 47 . 00 
,, ,. 8 p.m. 9 . 27 . 00 
,, ,. ; 12 midnight 10 . 08 . 30 
,, 3 i 4 a.m. I 10 . 43 . oo 
,, ,, I 8 a.m. ) 11 . 28 . oo 
,, 5 1 I2  noon I Port Blair 
,. .# : 4 p.In 1 11 . 02 . 30 
,, ,, 8 p.nl. ; 10 . zq . oo 
., ., 12 midnight , 9 . 46 . oo .. 6 4 a .  I 9 . 02 . oo 

95 . 19 . 30 
9 4 .  59 . 00 

1 94 . 34 45 
9 4 .  15 . 30 
93 . 53 . 30 
93 .31  . 4 5  
93 . 10 . oo 
92 .4 .5 .00  
9 2 .  12 .  45 

3 o h 8 . 9 0  
31.11 
28.89 

15.200 
15 571 
19.740 

27.5 
28.0 

92 . 55 . oo 
92 . 48 . 

50 1 92 . 53 . oo 
93 . oo . oo 
93 . 06 . 00 

93 . 14 . 00 
93 . rz . 30 
93 . 22 . 00 

9) . 14 . 00 
93 . 05 . 00 

93 . 05 . 30 
92 . 57 . oo 
92 , 50 . oo 
Harbour. 
92 . 53 . 30 
92 . 55 . 30 
93 . 04 . m 

33.86 
33.46 
33 12 
32.88 
33.77 
32.71 
)229 
31-64 
32.05 
32.62 
33.53 
3314 
33.15 
33.10 

33.14 

, , 
,, ,, 

28.33 . . 
. . . . 

27.22 
27.22. 

27.208 2 1 . r  
26.878 ' 21 '25~ 
26.60~ 1 20.96a 
26.423 : 20.920 
27.128 i "75 
26.281 1 20'177 
25.938 1 20.345 
25,417 I 19'89z 
~ 5 . 7 4 ~  1 20.1iJ 
26.212 2°.600 

~ ~ ' 9 4 4  ! 
26'436 ; 2r8S 
26.643 I 21'0' 

26.581 / 2°.9j8 

1 
~ 6 . 6 3 ~  Z1'022 

8 a.m. / 8 . 24 . oo 
12 noon I off W. entrance 

,, 25 
,, ,, 
,. ,, 

27 22 

27.22 
28-61 
30.56 
30 56 
2889 
28.89 
27.78 
29.44 

.. 

. . 

17-84 
17.81 
17 91 

29.78 
29.85 
29.85 . . 

. . 

28.0 1 
28.0 
29.0 
zBo 
27.5 
27.75 
28.0 
8 
28.1 
28.0 
28.0 
27'75 
28.1 
28.0 
28.2 
28.1 
28.0 

,337 26.819 1 21'"' 
33.39 26.831 ' 

i 
33 .~9  26.672 1 21'222 

32-96 26.470 I 20's'1 

3 
r, ,, 
,, ,, 
1922 

Jan. I 

,, ,, 
,, ,, 

18.53 
18.79 

29.81 . . 
28.5 
27.8 

26.66 . . . . 
26.61 / . , . a 

12 noon 

- -. -- - . - 

27.22 
28.33 
25.67 

. 

. . 

. . 

. . 
. 

. . 

.. 

. . .. 

.. 

. . 

. . 

3347 1 26.891 1 21,426 
33'95 27.282 1 21.629 

18.71 
18.66 
18-92 

. 

26.39 1 . . ~ . . 
26.00 1 . . . . 

18.345 

27.06 . . 1 . . ' 18.04 
2667 , . . . . I 

93 . 12 . oo - 28.5 
93 . 20 . 00 1 28.0 

. . 

. . 

. . 

33.80 27-160 1 zr.341 
33.71 27.094 ! 21.518 
34,18 / 27.467 1 22'059 

27.4 ; 26.11 , . . i . . / 18.94 

17.20 
2o.010 

19-967 
20.43, 

32.23 
32.18 

29.85 

27.2 1 25.56 I . . , 

26.94 . . 1 . . 
26.67 : . . ! . . 
. . 1 . . I . . 
. . I . . . . 

27.00 ! , , . . 
2867 . . 1 . . 
2&33 . . I . . 
27.22 i . . . . 
27.22 . . 1 . . 
26.39 1 . . . . 
26.94 : . . 1 . . 
28.06 . . , . . 
26.94 . . 1 . . 
26.94 ; . . , , 

27.22 . . 1 . . 
27.22 . . 1 . . 
26.94 . . 1 . . 
27-78 1 . . Nankauri 

28.0 4 p.m. 

8 . 32 . 30 

. 

34'22 27'498 22'020 

25.896 
25,850 

18.09 
18.21 
18.79 
18.84 
18.74 
18.52 
18.33 
18-20 
18.69 
18.11 
17.87 
17.51 
17.74 
18.06 
18-56 
18.35 
18.35 
18.32 28.1 

Harbour. 
11". 12'. 12"~  92'. 50'. 24" 

4 p.m. g . 6 . 30 93 . 11 . 00 

8 p.m. 9. 45 - 00 93 . 0 3 .  00 

17'61 

32.36. 26.002 

. . -. . . 

8 p.m. 
12 midnight 

4 a.m. 
8 a.m. 

1 2  noon 

. . 18.48 

. . 18.37 . . 18.245 

. . 

. . , . , 

28.0 
27.5 

93 . 18 . 00 

31.82 
18.29 
17.97 
17.91 
'7'93 
17.83 
17.89 
18.05 
18.11 
18.21 

'4.245 
I533  

19.04 31-08 

. . 

. . 

. . 

. . 

. . 

. . 

. . 
27.22 
27.78 

- . - 

28.2 

25'74 
27'70 

24.972 

. . . .. . . . . . . 

10 . 34 . 25 
j 10 . 0 6 .  30 

9 .  21 . oo 
8 . 4 9 .  15 
8 . 18 . 30 

. . 

. . 

. . 

21-196 

20.763 
20238 
19.603 
19.266 
20'116 

20.31~ 
20'767 
20.362 

33.04 26'548 
32.461 26.084 
32'36i 26.003 
32.39' 26.028 

93 . 05 . 00 1 27.9 
93 . 00.  00 j 27.0 

32'21 
32'32 
32.61 
32.71 
32.90 

93 . 09 . oo 
9 3 .  0 3 .  12 

I 93 . 18 . 30 

25.880 
25'970 
26.197 
26-282 
26.434 

27'5 
28.0 
28.1 
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Air 

OC. 

- 
Date. 

y l .  " 0 ;/ .; d, 

.? . g ~  - b " : T e r n p . 3 2 8  g C  
2 3 B 1 2 k 

z z  PI 

1922. 
,all. 25 

,, 26 
,, ,, 
?, 31 
, , 
,, ,, 
,, ,, 

Feb. I 

, , 
,. 25 
,, ,, 
,, ,, 
,, ,, 
,, 26 
,, ,, 

Oct. 17 
, 

,, ,, 

8 

1922 

26.67 1 
26'67 
26.89 
27.17 
27.00 
26.56 
26'67 
26.67 
27'50 
28.00 
27.56 
26.83 
26.67 
26.11 
27'33 
27.66 
26.72 
26.27 
2 6 . ~ 6  
26.00 

27 8.3 
26.16 
~ 6 . 4 ~  1 

Tinie. 

12 midnigllt 
4 a.m. 
8 a.m. 

12 noon 
4 p.m. 
8p .m 

12 midnight 
4 a.m. 
8 a.m. 

12 no011 
4p.m. 
8 p.m. 

12  midnight 
4 a.m. 
8 a.m. 

12 noon 
4 p.m. 
8 p.m. 

12 midnight 
4 a.m. 

26.83 

Cl. 

act. 18 / 8 a.m. 
9 1 I 2  noon 

I .  10 
Dee. 8 

9 ,  J ?  

,, 

9 ,  I ,  

I ,  $ 8  

' 

POSITION. 
- -- 

 at. N. I Long. E. 
I 

"0 s. 

10 . 21 oo 93 . 04 . 00 27.0 

92 . 59 . oo 2761 I 25.61 
93 . 22 . 00 i 27.67 27.94 

U & - 8 

OC. 

0 t 

ro . 58 . oo 93 . 06 . oo 
r r  . 32 . 45 92 . 47 . 45 
1 1  . 31 . 45 j 92 . 48 . 15 
10 . 57 . 00 1 92 . 52 . 00 
10 . 20 . oo g j  . or . oo 
9 . 43 . oo 93 . 08 . oo 
9 .  05 . 00 , 93 . 1 6 .  00 

So. 32'. 30" 
1 8 . 05 . 00 

1 9  12 

1 1  ,I 
* )  11 

$ 9  

3 
1, 

9 3 .  1 4 .  30 , 27.5" 
33 . 08 . 30 27'33 
93 . 02 . 30 26 94 
9 2 .  55 . 30 / 26'94 
9 2 .  5 3 .  00 : 27 11 

4 a.m. 1 10 . 30 . oo 
12 noon ' 8 . r 3  . 30 
4p.111. 1 8 . 5 2 .  00 
8 p..m. 

i 9 . 27 . 30 
12 mld~~igl i t  10 . 05 . oo 

27.0 
27'9 
27'8 
28.0 
27.9 
27'5 
27.5 

93'. 20'. 00" 27.94 
93 . 24 . 30 : 27.72 

9 '  , 9  ; 4 p.m. 8 . 42 . 45 
8 p.m. I 9 . 19 . oo 

29.50 
27'55 
26.16 
25.61 
27'00 

4 a.m. 
8 a.m. 

93 . 17 . 45 ' 28.06 
93 . 18 . oo 28.33, 

10 . 37 . 30 
11 . 1 4 .  30 

8 . 3 4 .  45 93 . 12 . 30 1 27.9 
8 . 2 6 .  45 93 . 17 . 30 1 29.0 

' 

27'27 
26.44 
26.16, 
25.61 
25.61 
26.72 
23.66 

12 110011 

4 p.m. 
8 p - m .  

12 lnidniglit 
4 a.m. 
8 a.m. 

1 2  noon 

28.6 
28.1 
27'7 
2 7 5  
28.0 
28.44 
28.44 
28.33 
27.78 
27.22 

9 . 05 . 00 93 . 11 . 00 

9 . 41 . 00 93 . 0.5 . 00 
10 . 16 . 30 93 . 0 j  . 00 

1 0 . 5 5 . 0 0  9 3 . 0 5 . 0 0  
11 . 3 0 .  12 92 . 49 . 18 
11 . 34 . 18 92 . 47 . 54 
11 . 03 . 15 1 9 2 .  54. . 00 

Port Blair Harbour. 1 2783  
11 . 0 7 .  30 9 2 .  51 . oo 27.33 
10 . 3 4 .  00 92 . 55 . 00 27.00 
10 . oo . oo 93 . or  . oo 26.67 
9 . zg . 00 1 93 09 . 00 26.67 
8 . 4 3 .  45 I 93 . I4  . 30 1 27.22 
8 . 08 . 30 ( 93 . 23 . 00 27.11 

- - . . -. . . . - -. 

1 10.  2 1 .  45 
9 . 47 . oo 
9 .  08 . 30 

9 2 .  5 7 .  30 
93 . 04 . 30 
93 . 11 . oo 
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VI. THE TEMPERATURE AND SALINITY O F  T H E  DEEPER WATERS 
O F  T H E  BAY O F  BENGAL AND ANDAMAN SEA. 

In the two previous papers of this series, Nos. IV and V, I have dealt with the 
changes that can be traced in the temperature and salinity of the surface waters 
of the Bay of Bengal and the Andaman Sea, and in this present contribution I have 
endeavoured to bring together and collate all the various observations that  I have 
been able to  trace regarding the conditions of temperature and salinity tha t  exist in 
the deeper waters of the same regions and the area to the south and west of Ceylon. 
As I have previously pointed out, the Bay of Bellgal is bounded on its eastern side 
by the coast of Northern Burtna and, to the south oE this, by the Andaman-Nicobar 
ridge, which extends southwards as far as the island of Sumatra ; the deep levels of 
the Bay of Bengal are thus completely cut off from the deeper waters of the Anda- 
inan Sea, but it is not possible to  consider the various changes tha t  take place in the 
one area without a t  the saine time considering the changes in the other. The 
southern boundary of the Bay inay be taken as the parallel of Lat.  6" N., but I 
have included in the following account certain observations taken further to the 
south and west. 

The data a t  my disposal includes a11 the observations that  have been taken on 
board the R.I.M.S. ' Investigator' throughout the years 1887 to  1925 ; and I have also 
utilised the information given in the ' Annual lists of Deep-sea soundinzs ' published 
by the Hydrographic Office, Admiralty, Whitehall, London, and certain data taken 
by the S.S. ' Valdivia ', ' Planet ', ' Vitiaz ' , and H. M.S. ' Egeria ' and ' Sealark '. 

The total number of deep-sea observations of all kinds in this region that  I have 
been able to refer to is 450, and included in this number are 23 sets of serial 
observations ; and 1 have also given 11 sets taken in the more southerly region 
between the Equator and Lat. Go N. The great majority of these observations have 
already been published, and ill the case of those taken by the ' Investigator' many 
have been printed twice already, once in 'A Naturalist in Indian Seas ' (A.  Alcock) and 
again in 'The 1,ist of Biological Stations of the R.I.M.S. ' Investigator ', published 
by the Zoological Survey of India ; I have, therefore, thought i t  unnecessary to  
publish these data once more. 

By far the greater number of the temperature observations in the ' Investigator ' 
data have been taken by means of ' Miller-Casella ' thermometers of the maximum- 
minillluln type, reading in the Fahrenheit scale ; these records I have converted into 
the Centigrade scale to  the nearest decimal place. Since 1921 all deep-sea temperature 
observations on tlie ' Investigator' have heen taken by means of reversing thermo- 
meters reading in the Centigrade scale, manufactured by Negretti and Zambra, 
London, and tested a t  the National Physical Research Laboratories, London 



368 R. B. S. SEWELL. 

Estimations of the salinity of the deeper waters have only recently been canied 
out on the ' Investigator' ; prior to  1921 not a single observation had, SO far as I 
know, been made by any Surgeon-Naturalist; but during 1921 and 1922 serial 
observations in the region under consideration were carried out on sir occasions 
while the ' Investigator ' was steaming across the southern part of the Bay of Benga] 

from the south of Ceylon to the Andaman islands. In  all these cases the water- 
samples were taken by means of ' Ekman ' reversing water-bottles and the water was 
stored in spring-stoppered bottles in my laboratory on board for at least twenty-four 
hours; the samples were then carefully titrated with silver-nitrate solution and 

with standard sea-water of the same temperature, the total salinity being 
obtained from the ' Halogen ' content by means of KnudsenJs tables. 

During the last few years a great deal of work has been done and a number of 
interesting papers published regarding the conditions present in the water-masses at 
different levels in the great oceans, and i t  is now generally accepted as a proved fact 
that in all the great oceans a vertical circulation of the water-masses from one level 
to another is constantly taking place. Schott (1902, p. 165, fig. 33) gave an account 
of the type of circulation that he believed to  be going on in the length of the north 
and south Atlantic Oceans and he put forward the view that the warm upper layers 
of the ocean tended to move away from the Equator towards the Poles, while the 

colder water of the polar regions, after sinking towards the bottom in about Lat. 3 0 9 , ~  
moved a t  first horizontally along the ocean bed and then in the region of the tropics 
became deflected vertically and made its way towards the surface. Merz and Wiist 
(1922) later cast doubts upon the existence of this simple bipolar type of circulation 
and again put forward the older view of Buchanan and Buchan, that was based on 
the earlier researches of the ' Challenger ' and the ' Gazelle '. According to this view 
the circulation of the water-masses in the Atlantic ocean right across both 

northern and southern regions and is brought about by the combined action of both 
temperature and salinity. These authors conclude that a movement of the water 
masses takes place in the upper levels from the north to the south Atlantic and in the 
intermediate levels from the south to the north since the northern area of the Atlantic 
is warmer than the southern half ; in yet deeper levels the water-masses, judging from 
the difference ill salinity, move from north to south, the deep water of the south 
Atlantic being poor in salt content and that of the north rich ; while. finally, in the 
deepest level of all the Antarctic bottom drift moves slowly from the ~ u t h  pola' 
region towards the equator. In  1926 Drygalski put forward evidence to show that 
in the Antarctic and south Temperate regions we can clearly recognise these 
strata, superposed on one another and all exhibiting characteristic features) 
furthermore, that  exactly the same four layers can be detected in the 
part of the Indian ocean (v ide  Drygalski, 1926(~) ,  p. 497 el reg., PI. VIII). J~ this 
southern area we find on the surface a layer of water that can be traced from the 
south polar region as far north as Lat. 55" S., though owing to climatic and Other 

changes this becomes gradually less marked. Imnlediately beneath this surface 
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layer lies a mass of polar water that  in the main flows towards the north and, as i t  
passes northwards, gradually sinks from a depth of approximately 220 fathoms (400 
metres) a t  the edge of the Antarctic shelf to  qgo fathoms (goo metres) in Lat. 
45° S. and finally reaches a depth of 710 fathoms (1,300 metres) in the tropical region, 
where it has a temperature of about 6.6"C. and a salinity of about 34.5 per mille. 
Beneath this second layer is a third, tha t  Drygalski terms ' tropic ' water ; this layer, 
according to him, is moving in a direction from north to south and extends downwards 
to a depth of some 1,093 fathoms (2,ooo metres) ; this water possesses a temperature 
about 2°C. warmer and a salinity about 0.2 higher than the supernatant polar water. 
Finally, there is the true bottom water, that  Drygalski believes to  be derived by a 
process of cooling from the ' tropic water, that  again is moving slowly from south 
to north. 

Both Defant (1928) and Moller (1929) in two very interesting papers, in which 
they deal with the circulation of the water-masses in the western part of the Indian 
Ocean, have brought fonvard a mass of evidence to prove that  the circulation in this 
area is also of the four-fold type. For the full details of this evidence I must refer the 
reader to the original papers ; suffice i t  to  say that  in the extreme west of the Indian 
region we find in the region of the equator surface-water having a salinity of 35.5 per 
mille or over, while water of the same degree of salinity also occurs in Lat. 33" S. In  
this region the isohalines in a section from south to north exhibit a bend towards Lat.  
15" S., a t  a depth of some 200 fathoms, the northern or equatorial water moving 
southwards, while the southern water moves towards the north. Between 273 fathoms 
(500 metres) and 820 fathoms (1,500 metres) depth there is a very clear movement of 
water, having a salinity between 34.6 and 35.0 per mille, from south to  north, reaching 
even beyond the equator to as far north as Latitude 6"-7" North. At a still greater 
depth, between 820 fathoms (1,500 metres) and 1,370 fathoms (2,500 metres) a mass 
of water, having a salinity of approximately 35.0 per mille, is found moving from the 
area that lies to the north of the equator towards the south ; and, finally, there is a 
bottom stratum of water having a salinity of 34-8 per rnille (vide Moller, 1929, p. 13, 
fig. 5 )  that  is moving northwards. 

This multiple movement of the water strata is still more clearly seen in the sec- 
tion, given by Defant (1928, p. 479, fig. 25) and Moller (1929, p. 17, fig. 7) )  through 
the south-west part of the Indian Ocean in a line extending froin Lat. 55" S. ; Long. 
15" E. to Lat. 8" N.; Long. 77" E., and Mijller is able to recognise five different strata 
namely : - 

I. The upper surface water, 
2. The subtropical understream, 
3. The Antarctic intermediate layer, 
4. The north Indian deep stratum, and 
5. The Antarctic bottom water. 

The surface-water is to  a very large extent influenced by the varying conditions 
of wind force and direction, that  determine the direction of the surface currents. A 
very careful study of these currents and their relationship to  the prevailing winds of 
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the Indian oceanic region has been made by Michaelis (19z3) and Wllimdk (Ig29, 

These authors have shown that during the period of the north-east monrooll 
Ikcember and January there is produced across the whole width of the northern pan 
of the Indian Ocean a convergence zone running from west to east between Lat 
5" and 10" S., along which water coming from the north-east, under the ineuenci 
of the N.E. mollsoon wind, meets the water being driven towards the north 
west by the S.E. trade winds. We thus get on the west a mass of water 
a salinity of 35'4 per milk, and these two streams, converging together, give rise to the 
Contra-equatorial current, that in about Lat. 8" S. flows away towards ae east, 
Krummel (1911, p. 685) had previously pointed out that owing to the action ,,f the 
earth's rotation the heavier water on the west side of the Arabian Sea flows at 
first southwards and crosses the equator; it then, in the region of Madagascar 
and the Seychelles, sinks slowly and a t  the same time changes its course to the 
south-east and finally to the east. Under the influence of the s o ~ t h - ~ ~ ~ t  monsoon 
this current is found somewhat to  the north of its usual position and at the same 
time its direction is altered, so that its northern extension sets towards the north-east 
and can be traced up into the Bay of Bengal. As this subtropical understrearn flows 
eastward and gradually sinks, i t  becomes covered with a layer of less saline water that 
gradually becomes deeper as we trace the conditions northwards, and at the same time 
owing to  admixture the deeper water becomes somewhat less saline. 

As Moller (loc. cit., p. 11) points out there is in the northern part of the Indiau 
Ocean a characteristic difference between the water layers on the east and west. In 
the east the contrasts of temperature and salinity are smaller than on the west and 
the salinity of the upper stratum is less than in the west; this is attributed to 
the more saline character of the deeper layer of water, that has its origin in the region 

of the Arabian Sea and its offshoots, the Red Sea and Persian Gulf. 
Defant (1928, p. 470) points out that in accordance with the temperature curve 

of the deeper levels of the ocean we can divide the great inass of water into 
different strata according to whether the temperature gradient changes rapidly Or 

remains nearly constant; thus, as we pass from the surface to the great 
we first encounter a comparatively thin upper warm stratum, of Ioo-Zoo metres 
(or approximately 50-100 fathoms) depth in which there is only a slight *'" 
temperature ; this he terms the ' Storungszone '. ~mmediately below this there Is 

a much deeper stratum, of 1,000-I '400 metres depth (or approximately 55°-7v0 
fathoms), in which the temperature falls rapidly ; and finally beneath this lies ' 
deeper and thicker stratum, extending from a depth of some 1,400 metres ('0° 
fathoms) to  the bottom, in which, again, there is but little change of telnperature but 
in which, unlike the surface stratum, the water is of almost uniforlnly low teln~eratun' 
The upper stratum comprises the ' Sthrungszone ' and the zone immediately be'ow 
which he terms the ' Troposphere ', and the deeper stratum of constant low 
he calls the 'Stratosphere'. The upper two zones are the seat of rapid ocean'c 
circulation, whereas in the lower Stratosphere the movements of the water-masses 
are slow. 
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A comparison of the depths of the various strata shows clearly that  Defant's 
'Stijrungzone ' and ' Troposphere ' together correspond t o  the surface-water and the 
polar water of Drygalski, or to  the surface-water, the subtropical understream and 
the Antarctic intermediate layer of Moller ; while the tropic water of Drygalski or the 
nofth Indian deep stratum of Moller, and the Antarctic bottom water together 
constitute Defant's ' Stratosphere '. 

I The earliest account of the temperatures of the different levels of the ocean in 
the Indian region is contained in a short paper by Carpenter (1887), in which he 
gives the results of his observations in the Bay of Bengal. The curve of temperature 
that he gives is based on a number of observations of bottom temperatures in 
different parts of the Bay and although, therefore, not strictly comparable with 
tehperatures obtained by ' serial ' observations, yet gives a very fair picture of the 
conditions that  exist a t  the different levels. H e  shows clearly that  from the surface 
to a depth of about 20 fathoms (37 metres) the temperature shows but little change, 
but that below this surface layer lies a zone extending downwards for more than the 
next IOO fathoms (183 metres) in which the temperature falls rapidly from about 
26'1OC. to II.~OC. Then follows a zone that  can be traced down t o  a depth of about 
1,200 fathoms (2,195 metres) in which the water temperature falls slowly to z.z°C. ; 
and finally, in the greatest depth of all there is a bottom stratum in which there is 
but little change, the actual temperature being in the neighbourhood of only l.o°C. 
Eight years later Oldham (1895) gave us a more detailed account of the bottom 
temperatures in the Laccadive Sea, that  lies between the Indian Peninsula and the 
Maldive and Laccadive Archipelagoes, and he compared the results of his observations 
with those of Carpenter in the Bay of Bengal. AS Oldham remarks, ' The Arabian 
Sea curve to 100 fathoms depends on so few observations that  i t  is not desirable, up 
to this depth, to make ally comparison with the Bay of Bengal curve. Beyond IOO 

fithorns, where my observations are numerous, i t  will be noted that  there is n 
difference of about one or two degrees ; the Arabian Sea on the west of Hindustan in 
October, November and April being that  lnuch warmer than the Bay of Bengal. At 
a depth of 1,300 fathoms the two curves coincide.' This difference between the two 
areas is undoubtedly to  be attributed, as Moller has pointed out, to  the differences in 
the oceanic circulation on the two sides of the Indian Ocean and particularly t o  the 
increased effect of the north Indian deep stratum in the western region. 

In Tables 81 and 82 I have given in tabular form all the serial observations that  
have been taken in the region which we are considering, namely the Laccadive Sea, 
the Bay of Bengal and the Aiidalnan Sea, with the portion of the Indian Ocean that  
is immediately contiguous. T have given these observations in two separate tables, 
viz. (a) those in ~ r l ~ i c l ~  the depths have originally been given in fathoms (Table 
81), and ( b )  those in which the depths are in metres (Table 82), and in each case I 
have given the corresponding depth in the other scale. 

Schott (1902, p. 171) has pointed out that  ' the Indian vertical circulation is 
only partially perfect ; co~nplete only in the zone of the southern region, but 

in the equatorial portion, where it does not reach the surface. The 
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exp]anai;i~n lies to  hand. In  the northern breadth of the Indian ocean the upper 
is not continuously carried away. During the monsoons and the half-yearly 

cllanges iininediately dependent on them the whole upper circulation is reversed 
through a conlplete 180" and there results a to-and-fro inovement of the water-masses 
from west to east and back again in the opposite direction in half-yearly phases, so 
that no actual removal of water takes place '. Schott ( loc.  cit . ,  p. 169) has also 
pointed out that  in the region of Lat. 30" S. the conditions, as regards the tem- 
perature of the water a t  different depths, that  are present in the Indian Oceau 
are intermediate between those found to  be present in the North and South Atlantic 
Oceans respectively a t  a similar distance from the Equator, and that  a t  the Equator 
itself the temperature in the Indian Ocean is higher than in the Atlantic a t  the same 
depths down to 1,000 inetres (517 fathoms), but that  below this depth i t  is consi- 
derably lower, owing to the greater volume and influence of the Antarctic drift. or, 
as Moller calls it, the Antarctic intermediate stratum, in the Indian region. It is in- 
teresting to take an average of the records of temperature a t  different depths 
in the Bay of Bengal in or near Lat. 10" N., and compare the results thus 
obtained with the figures given by Schott (loc. cit., p. 169) for the equatorial 
region and Lat. 30" S. in the same ocean. The figures given below for Lat. roo N. 
are the average of three sets of serial observatiolls taken by the ' Investigator '. 

Dcl)th il l  Latitude Equator Latitude - joO S. 10" N. 
lletrcs. Po t l io i~~s .  " C "C "C 

'rablc 8.; ; s l ~ o w i r i ~  the teml,crature a t  diiiere~it tlepthb on both sitlcs ol the Equator ill tlie 111tlia11 
OccaII alltl Bay of Bellgal. 

The above Table shows that down to a depth of 50 inetres (27 fathoms) the 
tenlperature of the water is warmer in Lat. 10" N. than i t  is either a t  the Equator or 
in Lat. 30" S., while a t  100 nletres depth the water is warnler a t  the Equator than in 
either area to the north or south. This is allnost certainly due to the presence 
ill the equatorial region, and to  the imnlediate northward, of an over-lying stratum of 
warm water of low salinity and raised temperature, resulting from the dilution of the 
upper levels by river water, and a t  a depth of IOO inetres to  the presence on the 
Equator of the Contra-equatorial current flowing froin west to east. At a depth of 
200 metres (109 f;~thonis) the temperature steadily decreases as one proceeds north- 
wards but below tliis, down to  a depth of 800 inetres (437 fathoms), the water in the 
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equatorial zolle is colder than the water either to the north or south. In  thegreatest 
depth froin Boo to 2,000 inetres (437 to 1,094 fathoms) the temperature of tile wahr 

gradually rises as one proceeds froin south to north. 
I n  Text-fig. 119, I have given a dingram showing the isothermal lines 

Longitude 90" E., passing through the Indian Ocean and the Bay of Bengal. 
isotherins are based on the observations taken by the ' Planet ', ' Valdivial aud 
' Investigator ' and in the main the results agree closely with the chart given by 
Ringer (1922, p. 154, fig. 12). It can be seen that there are indications of a strong 
and steadily descending current of warm water in the region of Lat. 30' S., that 

L at. 

eventually joins with the cold current of the Antarctic Interlnediate layer at a dePtb 
of some 1,200 metres (656 fms.) and is then deflected northwards towards the Erlua- 
torial region and in about L a t  15" S. begins to alter its direction nnd pass upwards 
towards the surface. In the greatest depths lies the botton~ Antarctic 
cold water that is passing from south to north, and this hottoin drift 
to pass beyond the Equator to as far as  at. 150 N.,  where it also begins to 

towards the surface. In the regioll of ~ , ~ t  5-lO0 N. there is soine evidence, tllOug'l 
not very strong, of a descending straturn of water of a somesh;~t higher 
ture; this presumably is the stratum that ~ a l l e r  refers to ;IS the nodh 

Indian 

deep stratum. 
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As Schott (1902, p. 149) points out, in order to  determine tlie general features of 
the ocenliic currents, i t  is permissible to  include in a single chart all tlie observatiol~s 

9 ,  

I lcXT-I:IC.. 1zo.--T11~1 isotherlnal lillcs in the Bay of Rengal in a north-south direction, roughly 
along L o ~ ~ g i t u d e  90' G. 

that have beell l1lade in ally area without reference to the month or year 
in which they were taken ; but it lnust be borne in mind that  in SO doing we 
are ignoring any alterations or variations in the circulation that  are due t o  seasonal 



or other changes. 111 the inain, liowever, one wollld expect that changes 
0 1 1 1 ~  affect, or a t  ~ 1 1 1 ~  rate 0111~ markedly affect, the upper strata that 
Def;l1lt1s troposp11ere ' and would produce but little effect on the deeper levels that 
constitute the ' stratosphere '. 

In Text-fig. 120,  I have shown the trend of the isothermal lines through 
the Bay of Bellgal along a line that roughly follows the meridian L ~ ~ ~ .  

E,, the nlost tlortherly observation lying, however, son~ewhat further to the west in 
about Long. 85" E. 

Schott (19.02, P1. XI.) in his chart of the isothermal distribution of the 
waters of the Indian Ocean a t  the 100-metres level shows the east and nort\l- 
enst areas of the Bay of Bengal as being colder than the region to the sou~l1- 
west ; but a study of the sets of serial observations given above indicates that in the 
lllonths April-October the opposite is the case and the waters both to the northiu 
Lat. 10-15' N. and to the south in Lat. 3-7' N. are warmer than those in Lat 
7-10', down to a depth of 200-300 fathoms (366-549 metres), the maximum difference 

occurring a t  about 200 fathoms (366 metres). I t  is probable that Schottls chart 
of the temperature distribution is correct for the period of the north-east monsoon 
and that during that season of the year there is an upwelling of cold water from 
below in the north and east parts of the Bay to counter-balance the drift of 
the surface-water towards the south-west under the influence of the monsoon 
wind (vide ilzfra, p. 392). On the cessatioi~ of this surface drift the upwelling 
would naturally cease and the temperatures at  the different levels tend to become 
uniform. There must, therefore, be some additional factor that causes this increased 
temperature in the upper strata down to a depth of some zoo fathoms (183 
metres) in the more northerly region. Reference to the charts of the surface 
currents in the Bay of Bengal a t  this period of the year, given by myself (vide supm, 
p. 289, Text-fig. 83) and by Mijller (1929, p. 42, fig. 22), shows that in the northern 
and central parts of the Bay there is a meeting of two sets of currents, the 
one coming from the south-west and south and setting up into the Bay and theotller 
coming from the north-east and east froin the Andamall Sea ; the meeting 
of these two streams must almost certaillly set up a convergence zone, tIloagl1 
possibly a somewhat irregular one, and thus result in the forcing downward' 
below the surface in Lat. 10-15" N. of sotlle a t  least of the surface water) 
i t  is probable that this downward movement of the Bay water serves either to 
augment the north Indian deep current, lying below the contra-equatorial current)ar 
else to form a deep current, the possible existence of which I shall refer to later (v'dc 
i t~lra,  p. 378), while the other mass of water, lying between Lat. 3-7' N.1 exapes 
the Bay above the Contra-equatorial stream. 

Within the limits of the area that we are considering, nalllel~ the 
"I 

the Laccodive Sea and Bay of Bengal alld the contiguous area of the llldiall OCeAn' 
there can be little doubt that we have a series of water-layersJ ty 
one over the other and ranging from the deep water of the htarctiC 
to the surface-water that is derived in large part fro111 the influx " fresh 
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especi;llly into the Bay of Bengal and the Andamnn Sea, from the large rivers 
of India and Burma. As we have already seen the temperatures a t  different depths 
in the line of Long. 90" E .  show that  even in these northern latitudes as well as 
in the region of the Equator there is evidence of a t  least four layers, similar to  and 
continuous with those shown by Drygalski and Moller to  be present t o  the south and 
west, namely, (a) a surface layer of high temperature, and as we shall see (vide infro, 
p. 376)) of low salinity, the flow of which is dependent on the changing conditions of 
the varying monsoon seasons (vide ante, p. 280, et seq.), being sometimes towards 
the north-east and a t  others to the south-west ; (b) below this lies a layer of 
water that is in the main flowing froin south to  north a t  a depth of approximately 
some 600-700 fathoms (1,097-1,280 metres) ; this (vide Drygalski, 1926, p. 530, et seq., 
PI. VIII and Moller, 1929, p. 15, fig. 7) is derived from the South Polar region ; (c) 
a third layer, lying between 700 and 1,100 fathoms (1,280 and 2,012 metres), of 
water of low salinity flowing from north to  south ; and (d) finally, of the 
Antarctic bottom drift that  is flowing from south t o  north. At the same time 
it must be remembered that  the movements of these layers are not strictly 
horizontal, but are part of a rotational movement, that  is brought about by a number 
of influences, and, further, i t  must be borne in mind that  there may be other strata in 
which the main movement is not from north to south but from east to  west or 
vice versa, and which, therefore, would not appear, or only very slightly so, in a section 
such as that  shown in Text-fig. 120. 

It is interesting to study the distribution of the isothermal lines in the stretch of 
water extending from the neighbourhood of the Maldive Archipelago on the west 
across the southern portion of the Laccadive Sea, past the south of Ceylon and 
on across the mouth of the Bay of Bengal to the line of the Andaman and 
Nicobar Islands on the east. 

I n  Text-fig. 121, I have plotted the results obtained from 21 serial observations 
taken along this line from Long. 73" E .  to 92" E. and lying between Lat.  
5" and 12" N. There is ou the whole a tendency for the isothernlal lines to  
rise steadily as we pass from west to east, but the strata show very distinct vertical 
oscillations or waves a t  two points, ~lamely, ( I )  off the south-east coast of Ceylon 
between Long. 80" and 82@ E., with a lnnxi~num oscillation a t  a depth of about 
300 fathoms ; and (2) in the south-east region of the Bay of Bengal between 
Long. 88O.30' and 91".30f E., with a maximum oscillation a t  a depth of approxi- 
lnately 450 fathoms. ')'he first series of oscillations is shown clearly in the series 
of observations taken in this region in 1909 between the 28th of April and 
the 20th of May. It is illteresting to coinpare these oscillations with those 
to which Matthews (1926) refers in his report on the observations taken by the 
' Sealark ' during the Percy Sladen Trust Expedition to the Indian Ocean in 
1905. Matthews in his figure (loc. cit., fig. 8.) only traces the oscillations of the 

in the upper 150 fathoms, but if we study the changes of level 
of the isotherms, and eqpecially of the 12" C. iqotherm, we see that  the maximum 
oscillntinn must hc occrlryillg a t  a depth of nhout zoo fathoms (1,366 metres), or 
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possibly even more, which agrees very closely as regards the level with the  results of 
the observations off the south-east of Ceylon. Matthews remarks that  these 
oscillations cannot be due to seasonal changes a t  the surface and the cause must be 
sought in deep currents ; and i t  is to  be presumed that  this causative current 
must lie a t  a depth approximately equal to  that  a t  which the greatest oscilla- 
ti011 occurs, namely in the vicinity of the zoo to 250 fathom line ; a second possible 
explanation of the oscillations described by Matthews may, however, be found 
in seasonal changes that  cause an alteration in the depth a t  which the various strata, 
referred to above, lie and I shall have to  returil to  this subject later, when I am 
considering the seasonal changes in the temperature of the different levels a t  
different times of the year;  but this will not apply t o  the series of oscillations 
observed off Ceylon, since these records were all taken a t  the same period of the  year. 

The second and eastern series of oscillations, occurring in the region of Long. 
88" 30'-91' 30' E., is in all probability part of the same process t o  which attention 
has been called, so far as more southerly latitudes are concerned, by Moller (1929, pp. 
24-26). There is a very close agreement between the arrangement of the isothermal 
lines in the southern part of the Bay of Bengal in an east to  west direction in 
a line approximately extending froin Lat. 5" to 12' N., as shown in Text-fig. 121, and 
that given by Moller it1 an east to west section across the Indian Ocean in about Lat .  
zoo S. (vide Moller, 1923, p. 26, fig. 14). AS Moller points out, in the eastern part of 
this section the warmer water a t  about a depth of 400 metres (219 fathoms) can 
be traced to sink downwards and then flow in the reversed direction from east 
to west a t  a depth of about 1,000-1,500 metres (549-820 fathoms) below the cooler 
water. Similar results have been obtained off the south-west region of Australia 
There thus can be little doubt that  we have here in the Bay of Bengal indications 
of the sinking of the warlner water to forin the layer that  Drygalski terins the 
'Tropic' water and Moller the ' north Indian deep current ' (Der Nordindische 
Tiefenstrom). 

Our knowledge of the salinity of the water of the different levels in the northern 
region of the Indian Ocean and especially of the Bay of Bellgal is still somewhat 
scanty, the o~ily exception being the neiyhbourhood of the Gulf of Aden. 

Brennecke (vide Kriimmel, 1907, p. 3.12) fouud from the observatiol~s taken by 
the S.S ' Planet' between Durban and Ceylo~i in the months of May and June, 1906, 
that, as in the Atlantic Ocean, the sali~iity of the water as we proceed downwards 
from the surface a t  first increases to  a depth of 25 to  200 metres (14 to 109 fathoms), 
while below that  depth i t  gradually falls to  a minimum in 800 to  1,000 metres 
(437 to 547 fathoms). Schott (1902, Table 22, Sta. 218) among the observations 
taken by the 'Valdivia' gives the conditions existing in Lat. 2" 30' N.; Long. 
76047' E., which show a salinity of 35.4 a t  the surface, and 35.07 a t  a depth of 
25 metres (14 fathoms) ; below this depth the salinity rises till it is 35 39 a t  IOO 

metres ( 5 5  fathoms) aud from that  steadily falls till i t  is only 34.78 a t  the bottom in 
4*133 lnetres (2,260 fathorns). I11 more recent years Schott (1926, p. 426, PI. XXIX)  

Moiler (1929, p. 17, fig. 7) have, respectively, given charts showing the trend 
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of the iso-halines in the Indian Ocean, the former on lines running from south to 
north in the neighbourhood of Long. 60" E. and in a n ~ r t h - ~ ~ ~ t ~ ~ l ~  direction 
fro111 the neighbourhood of Mauritius up into the Bay of Bengali and the latter 
in a section from south-west to  north-east passing through Mauritius and then 
between the Chagos and Maldive Archipelagoes to the extreme south end of 

India, or roughly from Lat. 55" S. ; Long. 15" E. to Lat. 8" N. ; Long. 770 E, 
This latter section has also been given by Defant (1928, p. 481, fig. 271, In 
both of these sections there is clear evidence that in the neighbourhood of the 
Equator there is a current of water, a coiltinuation of the Polar or Antarctic 
intermediate current, flowing towards the north at  a depth of approximately 
500 metres (273 fathoms) and that  below this we have evidence of the descending 
Tropic water that  a t  first sinks downwards and then flows southward at a depth of 
1,500 metres (820 fathoms). In order to check these results it is important to trace 
also the general trend of the iso-halines in an east to west direction, and I have given 
in the accompanying tables 84 and 85 all the data that I have been able to 
collate regarding the salinity a t  different depths in the region across the southern 
end of the Laccadive Sea and the Bay of Bengal, lying to the north of the Equator. 
In  the first of these tables (Table 84) I have given the data obtained by various 
ships, other than the ' Investigator ', that  have been engaged in research in these 
regions and in the second (Table 85) I have given the results of my own observations 
on the ' Investigator '. In the first of these tables the depths are given in metres 
and in the second in fathoms. A study of these results shows that there is a 

considerable range of differellce between the various observations and especially 
bet~veen those taken in the west and the east. In  the western area, in Long. 
7.4'-79" E. water of over 35-0 salinity is found down to a depth of some 800 metres 
(437 fatlio~ns), the actual depth showing a steady increase from appro xi mat el^ boo 
metres (328 fathonis) in Long. 74" 45' E. to about 1,000 metres (540 fathoms) ln 

Long. 75" 57' E., and even to as great a depth as over 2,000 metres (1,094 fatho?) 
in Long. 76" 47' E. Further eastward the surface water begins to show a definite 
trace of dilution, which becolnes more and more marked as one passes eastward, and 
water of a salinity of 35.0 or over is now only found between 200-400 metres depth 
(109-219 fathorns) in Long. 88" E. and a t  a depth of 400-800 metres (z1~-492 
fathoms) in Long. 9 2 "  E. or 1,500 metres (820 fathoms) in Long. 96'17" Es 

depths greater than these the salinity is found to be between 34.7 and 34'8. 
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Table 84.-Serial observations on Sali~lity taken by ships other than the 'Investigator' across 
the 1,accadive Sea and the Bay of Bengal. 

Ship 1 Planet I Yitiaz 1 Valdivia 1 Vitiar I P l a ~ ~ e t  I Valdivir I Yitiaz 1 Valdivia 1 Viliar 

Lat. N. 

1,ong. E. 

Metres 

0 

25 

50 

75 

100 

I 2 0  

140 

150 

200 

40° 

Go0 

800 

Iv000 

19500 

2,000- 

39000. 

39000- 
4,000. 

4~000- 
5,000. 

5,000 or 
over. 

Date 

4043'00n 

98 58 00 

31'690 

33'60 

. . 

34'27 

. . 

. . 

. . 

. . 

. . 

. . 

. . 

. . 

. . 

. . 

. . 

. . 

. . 

. . 

26. I .  89 

6 ° 5 6 1 ~ ~ "  

75 57 00 

35'14 

35'14 

35.07 

. . 

36.45 

. . 

. . 

. . 

35.12 

35'12 

. . 

35.10 

. . 

. . 

. . 

. . 

. . 

. . 

11. 11. 89 

1~52'00" 

74 45 00 

35'17 

. . 

35'07 

35.08 (80) 

35.17 

35.19 

35'16 

35'01 

35'05 

35'05 

. . 

34.99 

34'92 

34.81 

34'70 

. . 

. . 

. . 

-30. VI. 06 

--- 

6 ° 2 3 ' ~ ~ "  

82 05 00 

33'32 

34'22 

34'92 

. . 

34'96 

. . 

. . 

. . 

. . 

. . 

. . 

. . 

. . 

. . 

. . 

. . 

. . 

. . 

4. 11. 89 

2"30'00" 

76 47 00 

35'4 

35'07 

35'19 

. . 

35'30 

. . 

. . 

. . 

35'25 

. . 

. . 

. . 

. . 

. . 

35 25 

. . 

34.78 

. . 

18. 11. 99. 

6 ° ~ 7 ' ~ ~ ' '  

92 03 00 

32.92 

32'94 

34-20 

. . 

34'78 

. . 

. . 

34'85 

35'08 

. . 

3.5'10 

. . 

. . 

. . 

. . 

. . 

. . 

31. I. 89 

3°32'00" 

88 20 00 

34'20 

. . 

. . 

. . 

34'99 

. . 

. . 

34'92 

35.03 

34'99 

35'03 

34'97 

34'g6 

. . 

. . 

. . 

34'74 

. . 

17. VII. 06 

1 O - 2 '  

96'-97' 

33'9 to 32.9 

. . 

. . 

. . 

. . 

. . 

33-95 

. . 

. . 

34'95 

. . 

. . 

. . 

.15'II 

34'75 

34'65 

. . 

34'72 

3-5. 11. 99 

7 ° 4 3 1 ~ ~ 1 1  

88 45 00 

34'3 

. . 

. . 

. . 

34'89 

. . 

. . 

. . 

3491 

. . 

. . 

. . 

. . 

. . 

. . 

34'81 

. . 

. . 

10. XI. 99 
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Lat. N. . . 6' 51' 00' Go 38' 30" 8' 11' 42' 8' 51' 30" 10' 10' 18" 103 21tooq 

Long. E. . . 83' 22' 30" 83' 34' 30" 86' 29' 42" 86' 52' 00" 8g0 55' 12" goo rttIo. 
Date . . 19-x-21 10-X-22 20-x-21 11-x-22 21-X-21 12-X-22 

Depth in fathoms . 

Table &.-Serial observations on Salinity taken by the ' Investigator '. 

Depth 
in rn 

m r l m r .  Jalhorns. 7 4 '  78 80" 86 88 90" 92 a 94* 96' 9'1 

In  the observations taken on the c~nvest igatorp we find very similar diffewces; 
thus in Long. 83' E. water of a salinity of 35.0 or over occurs between 50 and 
(approximately) fathoms (274 and 275 metres), the maximum salinity 35:'' 
occurring a t  about 200 fathoms (366 metres). I n  Long. 86" E. water of this sa'in'ty 
occurs a t  a depth of 500 fathoms (914 metres) and in Long. go0 E. at 30° fa*oms 
(549 metres). 
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In Text-fig. 122 I have plotted the results obtained from all observations (vide 
Tables 83 and 84) in a belt from east to west and lying between Lat. I" and roo N. of 
the Equator. We thus get a section that roughly follows a curve, extending from 

I and 1922. 



approximately Lat . I ' N. ; Long. 74" E. ,  passin5 through Lat. 10' N., I , ~ ~ ~ ,  900 E, : 
and finally terminating in Lat. 1-2' N. ; h n g .  96' E. I t  seems clear that there is a 
stratum of high salinity water, lying a t  a depth that steadily increases as we pass 
eastwards from Long. 78" E., a t  which point it leaves the actual surface, and that this 

can be traced right across the mouth of the Bay of Bengal. There can be no doubt 
tha t  this is part of the great Contra-equatorial current that is gradually sinking to 

reinforce the north Indian deep stratum. The lower limit of this saline stratum lies 
roughly between 300 and 400 fathoms (164 and 219 metres) depth in Long. 7 4 O  E. 
but  sinks to  700 fathoms in Long. 96" E .  In  the region of Long. 84"-go0 E, thereis a 
clear indication tha t  this mass of saline water is being depressed, and possibly split 
into two streams, by a mass of water of a salinity of under 35'0, that is sinking 
dowl1wards and appears also to  have a distinct trend towards the west. 

Comparing the results obtained by the ' Investigator ' in the two years 1921 and 
1922 (Text-fig. I Z ~ ) ,  we see that though, on the whole, they conform closely to the 
results shown above in Text-fig. 122, yet they show an interesting difference in the 
conditions present in the two years. In  1921 the eastwardly flowing current of high 
salinity water sinks so that  the 35.0 isohaline can be traced to 3 depth of I7j  

fathoms (320 metres) in Long. go0 E .  and then in Long. 92" E, bends back towards 
the west a t  a depth of approximately 300 fathoms (543 metres), finally bending east 
again in 1,017g. 82-S3' E. a t  a depth of 400 fathoms (732 metres). In 1922, however, 
the mass of water of less salinity tha t  is dividing the Contra-equatorial current into 
two, appears from the position of the isohalines to have been considerably increased 
in volume. There was in this year, as I have previously pointed out (vide supya,  
p. 270 et seq.), a very considerable lowering of the salinity of the surface water in the 
Bay of Bellgal in comparison with the conditions that were existing in the previous 
year, owing apparently to the greatly increased rainfall during the south-west 
monsoon, and this lowering of salinity can be seen to affect the various levels to a 

depth as great as 200 fathoms (366 metres) in Long. 83" E., in con.equence of which 
the 35.0 isohaline only extellds as far east as Long. 84" E. instead of to Long. 
92"-93" E., and the westwardly-moving mass of water of low salinity between 200 and 

400 fathoms (366 and 732 metres) is greatly increased. 
If now we plot the observations that have been taken io the eastern part of the 

Bay of Bengal in accordance with their respective positions of Latitude we get the 
result shown in Text-fig. 124, and here again we can trace the sinking downwards 
the less-saline water of the northern region of the Bay in a manner that agrees very 
closely with the result that  we obtained from a study the temperatures in the 

area. There thus seems to  be little doubt that, a t  any rate at  certain seasons , .  the 
Year. there is a descending current of water of increased temperature and low sal'nltY 

that  passes from the northern area in I,at. 7"-10" N. downwards and fillally Ou 
t of the 

Bay of Bengal, and the only consideration is the direction in which this current 
flows after i t  has left the Bay of Bengal region. 

In  this connection i t  is extremely interesting to  note that at severa1 stations 
in the Bay of Bengal abnormal temperatures have from time to time been 
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~t first sight one might be inclined to regard these variatio~is from the normal as 
due to errors in the thermometer or, less likely, to  careless~less in reading the result, 
and thus be also inclined t o  disregard these records; but there is n certain degree 
of agreement between these readings and the presence of the area of water of 
low salinity and raised temperature that  we have just been considering. I n  
Table 86 I have given the details of these abnorliial temperatures; in two 
instances marked* in the table, temperatures actually higher than tha t  of the water 
either above or below have been obtained ; in a third instance the same teinperature 
was recorded a t  275 fathoms (504 metres) as a t  250 fathoms (457 metres) ; and in a 

*, 
~EX'I'-I:I~; .  rz4.-Showiilg the isohnlines i l l  the  133)' of Re~ignl i l l  a ~lor th-south  direction. 

fourth, a temperature of l l .z°C (or nearly 2°C. above the normal) was recorded a t  
a depth of 300 fatllolnq (549 inetres). In  every case these abnormal temperatures 
occur at depths between 200 and 400 fathoms (366 and 732 metres) and thus closely 
correspond to the area of low salinity water tha t  we have just considered. A study 
of the results obtained by the 'Valdivia' (vide Schott, 1902) reveals that  the same 
kind of result was obtained a t  'Valdivia' Station 214, Lat. 7' 43' N . ;  Long. 88" 
45' E., where a temperature as high as 9.6"C. was recorded a t  I ooo metres (547 
fathoms). It muqt, however, be admitted that  these abnormally high temperatures 
have for the 1nost part beell recorded in the months of April and May, whereas 
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the records of water of low salinity below the eastwardly moving layer of high 
salinity water, st a depth of 300-400 fathoms (164-218 metres), were taken in the 
months of October or February. Were this deep water derived from the surface 
in the eastern part of the Bay, one would, however, expect to find that its 
temperature was abnormally high in April and May, the hottest months of the ge,qr, 
and its salinity abnormally low in October and February, following on the dilution 

of the surface water by the rainfall of the two monsoon seasons. Have we here 
evidence of a deep current, lying below the great Contra-equatorial current, and 
possibly to a large extent caused by i t  ? I know of no direct evidence of the existence 
of such a current, though i t  would be somewhat surprising if a current of.the volume 
and rapidity of the Contra-equatorial current did not induce a compensating current 
flowing in the opposite direction, and if tha t  is actually taking place the direction 

Long. E. . .  8" 06' 18" 12" 14' 06" 6" 07' 00" 5" 59' 50" 15" 00' 6" 16' 11" 26' 
Depth i n . .  70 01 30 70 54 30 80 11 oo 81 42 55 85 oo 90 44 01 54 
Lat. N. -- 

fms. metres April October April May April April April 

Table 86.-showing abnormal temperatures in India11 waters at depths of 209-400 fathoms. 

of such a compensating current would be from east to west. In this connection it is 
interesting to  note that  Stanley Gardiner (1903, pp. 154, 158, 173-5 ; 1907-9, PP. 431 
131, 134) has called attention to  evidence that  certainly appears to point to  the 
existence of deep currents in the region of the Maldive Archipelago and the 
Seycllelles that extend down from the surface to 200 fathoms or more, and in nearly 
all cases noted by him these surface currents were setting from east to west though 
in one locality in the Chagos Archipelago and again off the Saya de Malha Banks 
this westwardly flowing current was, apparently, a t  depths greater than 16"'~ 
fathoms replaced by a still deeper current flowing in the opposite direction. Final'yf 
a reference to  Text-fig. 79 (vide aupm, p. 284) shows clearly that during the modhs 
of September-December, that  is to  say exactly a t  that time of the year in which we 
have obtained proof of the sinking downwards of a lnqss of less saline water in Or about 
Lat. 10' N., Long. 88" E., there is a well-marked surface current flowing out the 
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Andaman Sea basin towards the south-west tha t  in exactly this region meets the 
surface drift of the Contra-equatorial current and splits i t  into two parts, one stream 
passing to  the north into the Ray of Bengal and the other continuing eastwaids 
towards the coast of Sumatra. There can thus be little doubt that  this surface drift 
of less saline water towards the south-west is forced downwards beneath the Contra- 
equatorial current and in all probability continues its course towards the south-west 
or west a t  a depth of some 300 fathoms, and that  i t  is this westwardly-flowing 
current that is responsible for the creation of the oscillations in the isothermal lines 
that we have seen to  be present off the south-east corner of Ceylon (vide sufira, p. 369). 

The next point tha t  we have to  consider is the relationship between the 
temperature of the water a t  different depths in the Bay of Bengal and in the 
enclosed area of the Andaman Sea that  lies immediately to  the east of it. The 
Andaman Sea is one of that  group of enclosed sea-basins that  present certain 
interesting characteristics as regards the temperature of the enclosed water. The 
Andaman Sea, however, as I have already shown, (vide supra, p. 9) is not a 
single basin but is formed of a group of three;  a large one comprising the whole 
of the central and southern area, and two small subsidiary basins, lying close 
together in the north-west region. The large basin possesses a depth of 2,200 fathoms 
(4,023 metres), but the two smaller ones are approximately only 1,100 to 1,200 fathoms 
(2,012 to 2,195 metres) in depth. On the west side the main basin com~nunicates with 
the Bay of Bengal through two channels, namely Ten Degree Channel and Great 
Channel, having respectively depths of approximately 450-500 fathoms (823-914 
metres) and 760-800 fathoms (1,390-1,463 metres). The exact depth of the deepest 
channel between the two areas is not known, owing to  insufficient sountlings; 
Carpenter (1889) has given a contour map of the Bay of Bengal and the Andaman 
Sea and shows the depth of the various channels between them as ranging froin 
I50 to 760 fathoms. A depth of 760 fatlioms (1,390 metres) is the deepest sounding 
that has up to the present time been taken in Great Channel and the trend of 
the contour lines (vide Plate V) shows that  it is certainly of less depth than goo 
fathoins (1,646 metres). One of the characteristics of such enclosed basins is that  the 
temperature of the water remains practically constant a t  all depths below tha t  of the 
deepest channel connecting them with the open ocean. I n  the case of the ~ n d a m ' a n  
Sea a study of the tenlperatures in the main basin and those of the waters of 
the Bay of Bengal shows that  the two series agree very fairly closely down to  a depth 
of 800 fathoills and that  below this depth the water in the basin shows but little 
variation, being approximately 5.0°C. whereas the temperature of the water outside 
the basin, falls with increasing depth to as low as I-IOC. ; this would indicate that  
the maximuln depth of the channel is in the near vicinity of this fiqure, namely 800 
fathoms. 

Kriimtnel (1907, p. 35), in one of the schemes of classification of these enclosed 
sea basins, divides them according to  the difference that  exists between the salinity 
of the water of the enclosed sea and that  of the neighbouring ocean; according 
to this method these seas fall into three groups, namely (I)  those in which the 
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salinity is higher than that  of the ocean; ( 2 )  those in which it is the 
and (3) those in which it is considerably less. The Andaman Sea belongs to th; 
third of these groups in spite of the fact that the salinity of the surface water of 

Bay of Bengal is low, for the combined outflow of freshwater from the great rivers of 

Burma causes a marked lowering of the surface salinity to an extent that rendcrs it 
even lower than that of the surface-water of the Bay. I t  has been pointed out that 
the currents of water between the open ocean and a neighbowing enclosed Sea-basin 

will primarily depend on the difference in the specific gravity of the water in the two 
regions, the surface water always tending to move from the area of low specific 

gravity towards that of higher specific gravity. Conditions in the Andaman Sea are, 
however, complicated somewhat by the fact that  there are several distinct and 
separate outlets from the sea into the Bay of Bengal on the west and one on the 
south-east into the enclosed seas of the East Indian Archipelago ; furthermore, the 
main direction of the prevailing winds is completely reversed every six months with 
the onset of the south-west and north-east monsoons. There is little doubt that 
the main tendency is for the surface-water to flow in a westerly or south- 
westerly direction across the Andaman-Wicobar ridge into the Bay of Bengal 
and although this flow is completely reversed by the effect of the wind during 
the south-west lnonsoon during the period June-August, the movement is largely 
reinforced by the north-east monsoon during the months November-January. During 
these latter moiiths one would expect to  find that the temperature gradients on 
the two sides of the dividing ridge, that is in the Andaman sea-basin and on the 
east side of the Bay of Bengal respectively, would show evidence of an inflowing 
current through the deep channels in order to counterbalance the marked outflow 
of the surface-water. In  the following table I have given the average bottom 
temperatures a t  different depths on the two sides of the ridge separating the two 
areas, and owing to the coniparative paucity of observations I have cO*hined 
the results of the two months, October and November.- 

Depth (1) (11) - Ray of Bengal Andaman Sea Difference 
fms. metres east side basill (1); (11) 

"C. "C. C. 

zoo 366 roy 10.9 0'0 

300 549 9'5 9'5 0'0 

400 732 8.5 7'7 
0.8 

500 914 7'3 6.7 
0.6 

600 1,097 6.5 5'7 0.8 

700 1,280 5'6 5'3 0.3 

800 1,463 5 '0 0'0 
5 '0 

4'9 
- 0.6 goo 1,646 4'3 

4'8 
- 1'0 

1,000 1,829 3 '8 

From these results (vide Text-fig. 125) it is clear that at  this time of the year 
the waters of the Bay of Bengal are warmer at  all depths from 40° 7" 

(732 to 1,280 metres) than those a t  the same level in the Andaman 
The evidence a t  our disposal tends to  show that a t  these depths the" is a 

steady fall in the temperature of the water a t  the same leve1 we pas 
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the west side of 
go" E. and then 
this, I think, ca 

the Bay off the south-east corner of Ceylon to Lat. 10" N. ;  Long. 
on through Ten Degree Channel into the Andatnan Sea basin; and 
.n only be due to the eastwardly flow of the warin tropic water 

Depth 
zn sat horn^. 1" 2' 3' e0 5' G O  7' 8' 9' 10' 11" 12' 13' 06 
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TEXT-FIG. 125.-Showing the Temperature gradients in the Bay of Bellgal and the 
1111darnal1 Sca i l l  the 111011th of October-Nove~nbcr. 
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derived from the Arabian Sea and the descending current in the B~,,  of Bengal 
that  in this region lies a t  about this depth, namely 400-700 fathoms. 

I n  the following month, namely December, we can detect the 
a marked change in the teinperature relationships of the two areas, and in the 
following table I have given the average results obtained from all available observa- 

tions. The data for the Bay of Bengal come for the most part from about lat. 
15' N., and are, therefore, rather far removed from the region of the channels 

connecting the two areas; but up to  the present they are all that are 
for comparison. 

Depth (1) (11) - Ray of Bengal, Andaman Sea Difference 
fms. metres east side basin 

"C. 
(1) - (11) 

"C. ". 
200 366 10.9 10.9 0.0 

300 549 9'4 9.0 0.4 
400 732 7'4 7'7 - 0.3 
500 914 6.3 6.9 - 0.6 
600 1,097 5 '4 6.3 - 0.9 
700 1,280 4'6 5 '8 - 1.2 
800 1,463 3'9 5 '4 - 1-5 
900 1,046 3'6 5'1 - 1.5 

1,000 1,829 3.1 4'8 - 1.7 

The first point to note is the change in the temperatures at  the different levels 
in the two areas; in the eastern part of the Bay of Bengal between the depths of 
400-800 fathoms (732-1,463 metres) the temperature has risen by approximately 
1.0" C. and below this even down to 1,000 fathoms (1,829 metres) there has been a rise, 
though not quite to so marked an extent; on the other hand in the Andaman 
Sea basin the temperature of the water is slightly reduced at the 300 fathom (549 
metres) level, but a t  400 fathoms (732 metres) there has been no change; below this 
depth from 500 to 900 fathoms (914 to 1,646 metres) the temperatures exhibit a 
distinct rise that is greatest a t  600-700 fathoms (1,097-1,280 metres). Much of this 
difference is, doubtless, to be attributed to the action of the north-east monsoon that 
during this month will tend to  cause a depression of the water levels on the west side 
of the Andaman Sea basin, with a consequent rise in the temperature at the deeper 
levels, while on the west side of the Andaman ridge the action of the wind will tend 
to  cause an upward movement of the deeper water strata to replace the surface 
water tha t  is being blown away from the coast, and thus to cause a lowering of 

the temperature a t  any given level. At a depth of goo-1,000 fathoms (1,646'1~~9 
metres) the change in the temperature of the water of the Bay of Ben€!al is not 
quite as great as one would expect and is certainly not so great as in the higher 
levels and I am inclined to attribute this to an outflow at or about this depth 
of warm water from the Andainan Sea basin through the deep channels int0 the Bay 
of Bengal. 

During the next two months, January and February, this outflowing dep 
current appears to  increase very considerably in volume. In the following tab'e I 
have given the average temperatures recorded at different depths in the basin and 
the open waters outside :- 
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Depth - 
fms. metres 

zoo 360 
300 . 549 
400 732 
500 914 
600 1,097 
700 1,280 
800 1,463 
900 1,646 

1,000 1,829 

(1) 
Bay of Bengal, 

east side 
"C; 

10.4 ? 
9.0 ? 
7'9 ? 
6.8 
6. I 

5 '0 

5.0 
4'9 
4'5 

(11) 
Andamau Sea 

basin 
"C. 

10.4 
9.0 
7'9 
7 '0 
6.3 
5'7 
5'2 
4'9 
4'9 

A study of the temperature gradients, for the month of January, as shown in 
Text-fig. 126, reveals clearly tha t  we now have two zones of water in the Bay of 
Bengal, namely a t  depths of 600-700 fathoms (1,097-1,280 metres) and 700-1,000 
fathoms (1,280--1,829 metres) respectively, in which the temperature is warmer than 
one would expect. Between 500 and 900 fathoms (917 and 1,646 metres) the  
temperature of the Andaman Sea, as shown in the above Table, is higher than that  of 
the Bay water a t  the same depth, as one would expect a t  this season of the year in 
which the pressure of the north-east monsoon causes the temperature levels on the  
west side of the basin to  be depressed; but in the two zones mentioned above the 
water of the Bay has a temperature that  closely approxitnates to  that  of the basin 
water. This, I think, can only be attributed to  outflowing currents of water from the  
basin to the Bay through the two channels viz., Tell Degree and Great channels, the  
depths of which correspond very fairly well with the depths of these warm zones. 

Unfortunately I have too few records taken during the month of March t o  
enable me to make any comparison between the two areas in this month;  but in 
April the conditions in the Bay appear to be returning to what i t  was in the month of 
December. I give the average temperat~lres in the two areas in the table below :- 

Depth 
w 

fnis. metres 

(1) 
Bay of Beugal, 

east side 
"C. 
9'0 
7'8 
0.7 
5'5 
5'1 
4'6 
4'0 

(11) 
Andaman Sea 

basin 
"C. ' 

9"' 
8.0 
6.7 
5'8 
5'4 
4'9 
4'8 

L)iff erence 
(1) - (11) 

"C. 

From the above i t  would appear that  there is in this month a marked diminution in 
the outflowing current of warm water through the deep channels. The formation of 
this outflowing current in December, its rnarked increase in the months of January- 
February, and its dimillution in April, clearly indicate tha t  i t  is the result of the  
north-east Inonsoon ; a t  first sight one would expect to find that  the production of a 
"rol~g surf:lce-current flowing fro111 north-east to south-west out of the Andaman Sea 
basin would tje accolllpallied by a deep currelit flowing, not out of the basin but into 



384 R. B. S. SEWELL. 

it, through the channels connecting it with the Bay ; one must, however, bear in 
tha t  during this season of the year there is an enormous volume of water entering the 
basin from the great rivers of Burma, an i n f l u  that will continue for some time 
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after the actual monsoon has died out, and that, in addition, owing t o  the effect of 
the north-east inonsoon on the waters of the western Pacific ocean and the enclosed 
seas of the Malay Archipelago, there is a very greatly increased inflow of water 
through the shallow Straits of Malacca into the south-east part  of the Andaman Sea. 
To compensate for this excessive addition of surface water, i t  seems tha t  there is an 
outflow of deep water through both channels, from the Andaman basin to  the Bay of 
Bengal. 

Every serial observation that  is taken on the temperature of the water a t  differ- 
ent levels shows clearly that  a t  a depth of about 50 fathoms (91 metres) there is a 
very rapid drop. The average temperature of the surface-water, as calculated from 
all the observations given in Table 87, is 2Bm310C., and there is, as a rule, but 
little change in the upper 25 fathoms (46 metres), a t  which depth the average 
temperature is 26 75OC Immediately below this depth, however, there occurs a 
rapid change and the temperature falls abruptly. The region of this rapid fall 
of temperature has been termed the ' discontinuity zone'. 

Schott (1902, p. 178 ct seq.) attributes the presence of this zone partly to  the 
alternating effect of the seasons, whereby the surface-water becomes condensed and 
has a raised temperature during the hot weather, but  during the cold season this 
evaporated water cools and then sinks to  find its proper level a t  a depth of some 
50 to 75 fathoms (91 to 137 metres) below the surface ; and partly also to  the effect 
of lateral movements of the upper stratum, whereby the increased horizontal move- 
ment and the consequent thinning in depth of the surface currents cause the deeper 
and, therefore, colder and more saline water to approach nearer to  the surface. 
Kriin~mel (1911, p. 393 et seq ), however, refuses to believe that  this sudden change 
in temperature a t  depths as great as IOO metres ( 5 5  fathoms) can in any way be due 
to the heating up and evaporation of the surface-water. He points out that  the 
true discontinuity layer in other seas occurs a t  a level that  is only a few metres, 15 
to 20 (or 8 to  11 fathoms), below the surface and is due to  the heating up of the 
uppermost levels in summer, so as to form a sharply-defined layer, and thnt such a 
process inust be entirely prevented by both wave-action and surface-currents in the  
open ocean. ' Only in seas without waves and currents,' he remarks, ' can we expect 
a sharply marked discontinuity layer'. The for~nation of a sharply defined belt of 
water, in which the temperature gradient is as high as 1'75°C. in 25 metres or 3-0°C. 
in 25 fathoms, is ill his opillion due to one of two causes; either (I) to ascending 
movements of deep strata that  carry cold water towards the upper levels, which have 
been warmed by the s u l ~ ,  or ( 2 )  to  horizontal movements of large inasses of water 
due to surface-currents, the warn1 upper layer thus becoming sharply separated from 
the deeper colder water by a so-called discontinuity zone. I n  the Bay of Bengal we 
appear to get such a discontinuity zone thnt is produced in yet another manner, a t  
least in par t ;  in this case we filld that  the surface-water is, especially a t  certain 
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seasons of the year, diluted by rain or river-water and thus, in consequence of itp 
reduced salinity and specific gravity, floats on the top of the more saline water, thus 
preventing the usual convection currents from making their appearance and so re+ 
tricting the heating up of the superficial layer by means of the sun's action to the 
upper and less saline stratum, the discontinuity zone in this case being situated where 
the two layers of unequal salinity meet. 

Schott (1902, p. 178) points out that the average fall of temperature between 
the surface and a depth of 200 metres is approximately I~OC. or an average fall 
1'75°C. for every 25 metres. He remarks, 'Das Kriterium sowohl dafiir, ob ijber- 
haupt eine Sprungschicht vorhanden ist, als auch dafiir, in welchem Niveau cine 
vorhandene Sprungschicht im einzelnen Falle liegt, kann auf zweckmassig Weise 
darin gefunded werden, dass der mittlere Wert des Temperatur-Gradienten von 
1-75" pro 25 m. nach oben und unten hin als Schwellenwert gilt I. He fixes 2-o°C. as 
the temperature variation in a depth of 25 metres that indicates the presence of a 
discontinuity zone. 

In  Table 87, I have given all the available observations on the temperature at 
different levels in the Laccadive Sea and Bay of Bengal and the region to the imme- 
diate south of Ceylon. At depths a t  which no actual temperatures have been 
recorded, an approximate temperature has been calculated by plotting the series and 
taking the temperature thus indicated. A study of these observations shows clearly 
tha t  the average temperature falls rapidly from 28.5"C. at  the surface to 13'2'C. at 
a depth of 125 fathoms, a fall of 15.3"C. This is equivalent to a fall of slightly 
over 3°C. in each 25 fathoms or 1'65°C. in 25 metres, a result that agrees very 
closely with Schott's figure of 1.75"C. We inay then assume that a discontinuity 
zone exists a t  those depths in which the fall of temperature in any interval of 25 

fathoms exceeds 3.1"c. and the total extent of the zone is given by taking the 
difference between the temperatures recorded a t  intervals of 25 fathoms and noting 
the depths a t  which the gradient exceeds this amount. 

Schott, from a study of the data before him, concluded that in the Indian Ocean 
the discontinuity layer lies at  a depth below the surface that is intermediate between 
that  found in the Atlantic and Pacific Oceans, and he gives the deptlls in the three 
regions as follows :- 

In the Atlantic Ocean between 25 and 80 metres depth 
,, ,, Indian Ocea~l ,, go a ~ l d  140 nletres ,, and 
,, ,, Pacific Ocean ,, 110 and 180 metres ,, 

A closer study of the data from Indian seas appears to me to indicate that. 
although Schott's figure of go to 140 metres depth is the average deptli at which the 
discontinuity zone occurs, it by no means exprerses the whole state of affaifi. 
In Table 86 I have given the serial observations and the temperature in each zone 
of 25 fathoms depth in accordance with the degree of Lot~gitude in which it War 

taken and the whole series covers a belt frunl 700 E. to 95' E. If now we d i d e  
this belt into intervals of 5' of longitude and calculate the average fill1 of tempep 



Date 
1 Position 

I Lat. N. Long. E. I 
Egeria 

Investigator 

Planet 
Vitiaz 

Valdivia 
Egeria 

I 

Serial Temperatures at depths in fathoms below the surface 

Investigator 
? 
? 
?, 
? 
? 
? 
? 
? 
? 

Planet 
Valdivia 

Investigator 

2 j  

Vitiaz 
Valdivia 

j0  

- 

19.8 
18.6 
19-3 
18.6 
28.9 
27'6 
26.3 
19.2 

21.0 
21.3 
22.3 
23.0 
21.6 
21.2 
20.8 
25.4 
23-2 

270 
24'5 
25-6 
23.5 
23.6 
24.5 
23.8 
24.6 
22.5 
25.1 
23'2 
26.1 
20.4 
26.9 

-. 

Table 87.-The Serial Temperatures a t  intervals of 25 fathoms in Indian waters. 

- 
75 
- 

16.9 
15.6 
16-5 
16.1 
20.3 
24.4 
18.0 
17.6 

15.6 
17.3 
17'4 
18.6 
16.9 
16.5 
16.6 
18.8 
19.1 

22.3 
20.4 
20'7 
18.7 
18.2 
16.0 
17'9 
19.5 
17.6 
19'3 
16.7 
20.6 
17'4 
17.5 

O I I00 

- 

15.7 
14 I 
15.4 
14.8 
15.9 
16.8 
13.6 
16.2 

13.1 
15.1 
I j .0 
16.0 
14.7 
14.1 
14.8 
15.4 
15.6 

15.6 
15'4 
16.4 
15.9 
15.1 
13.8 
14.6 
15.4 
14'7 
14.2 
14'0 
16.5 
14'5 
12.5 

I25 
- 

14.7 
13.3 
14.4 
13.9 
12.8 
12.9 
12-3 
14.8 

11.8 
13.5 
13'6 
14.2 
13.4 
12.7 

14'2 
14'2 

. . . . . . . . . . . . . . . . . . . . . . . .  
13.0 
13.3 
14.0 
14.3 
13.2 
12.7 
12'9 
12.8 
13.0 
13.1 
12.6 
14.4 
12.9 
11'4 

28.0 
26.2 
27.8 
26.7 
29.0 
28.2 
28.0 
28.9 

30'4 
27-1 
27'4 
27.6 
27'3 
27.8 
27.8 
27'3 
27.5 
29.1 
29.9 
27.8 
28.9 
29.8 
27.8 
28.3 
27.4 
30.0 
28.2 
29.1 
30'4 
29.6 
28.5 
28.0 

25'4 
23.9 
26.4 
23'3 
27'8 
28.1 
27.2 
24.6 

26.7 
26.1 
26.2 
26.7 
26.2 
26.2 
27.1 
25.4 
26.9 
27.4 
29.0 
26.8 
28.0 
28.5 
26.6 
27'0 
26.3 
28.4 
26.6 
29.0 
27'3 
28.6 
27.4 
27'4 

150 
- 

13.7 
12.8 
13.5 
13.2 
12.2 

11.5 
11.4 
13.5 

11.6 
12-4 
12.6 
12.7 
12.4 
119  

13.1 
13-4 

11.8 
12.0 

12.2 

13.3 
12.0 
11.8 
I 

11'4 
11.7 
12.1 
11.8 
12.6 
12.3 
10.5 

400 

9.6 
9.3 
.... 

8.2 
8.6 

. . . . . . . . . . . .  
8-5 
.... 
8.6 
8.6 

8.7 
. . . .  

.... 
8.5 

7.9 
9.1 
9.2 

8.8 
6.3 

j00 

8.0 
8.3 
8.3 

6.9 
7.9 

.... 
7'4 
.... 
7.4 

. . . . . . . .  
7.8 
7'2 

7'5 
7.5 
7.7 
7'6 
6 8 
7.9 
. . . .  

. . . .  
5.5 

175 
- 

12.8 
12.3 
12.7 
12.6 
11.9 
10.9 
10.8 
12.3 

10.4 
11.5 
11.9 
11.6 
11.5 
11.2 

12.1 
12.8 

11.2 
11.2 
11.4 
12.3 
11.1 
11.2 
11.0 

10.9 
11.0 
11-7 
11.2 
12.8 
11.8 
9.8 

200 

12.0 
11'8 
12.0 

12.0 

11.5 
10.5 
10'3 
11.2 

10.8 
10'9 
11'4 
10.9 
10'9 
10.6 

11'2 

12.3 
11.8 
11.0 
10'5 
10.6 
11.8 
10.3 
10.6 
10'7 
10'5 
10.6 
11.4 

12.0 

11'4 
9'1 

300 

10.3 
11.1 
10.7 

. . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . .  
9'4 

10-2 

9'9 

9.8 
. . . . . . . . . . . . . . . . . . . .  

9.6 
11.2 

9.6 
. . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . .  

9.3 
9.6 

. . . . . . . . . . . . . . . .  
9.1 

10.0 

. . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . .  
9.9 
7'9 

225 

11.2 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

10.3 
11.1 

ro.2 
10'4 

10.9 
8-7 

250 
------ 

... . . . . .  

. . . . . . . .  

. . . . . . . .  

. . . . . . . .  

. . . . . . . .  

10'0 

. . . . . . . . . . . .  

. . . . . . . .  

. . . . . . . . . . . .  

. . . . . . . .  

. . . . . . . .  

. . . . . . . .  

. . . . . . . .  

9.8 
10.5 

9.8 
10.2 

. . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . .  

10.5 
8.3 
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ature in each 2 5  fathoins from the surface downwards we arrive a t  the following 
result :- 

Deptll in  25 fatho111 intervals below the surface 

0-25 25-50 50-75 75-100 100-I25 
Between Lollg. u. "C. "C. "C. "C. "C. 

70"-75O 2 6  5'7 2.8 1'3 0.9 
75"-80" 2.6 3" 4.9 2.0 1'4 
80'-85" 1'9 3'.7 4.7 5' 1 2'0 

85"-90" 1.2 3'2 5'8 3'3 1.9 
90"-95' 1'3 3'7 5'9 J-CP 1'5 

'I'l~ese differences in the depth of the zone in the various regions clearly denlollstrates 
that in the 1,accadive Sea and round the south end of Ceylon the depth below 
the surface a t  which the discontinuity zone lies is comparatively small, but tha t  this 
depth steadily increases as we proceed eastward. This would appear to  bear out 
Kriii~lmel's view that  the zone is caused by the gradual sinking of the warm saline 
water of the Contra-equatorial current as it flows eastward and ineets the less saline 
surface-water of the Bay of Bengal. 

Schott (1902, p. 182 et seq.) has pointed out that  during the hot season, under 
the influence of increased evaporation, the upper layer oE water will become 
condensed and that  on subsequent cooling this layer will sink downwards, the depth 
to which i t  will sink depending on the density of the water a t  the different levels. 
He has sl~own that  in the region of the eastern side of the Iildian Ocean off the west 
coast of Sumatra the surface-water, from the effect of evaporation and subsequent 
convection currents, will sink to a depth of a.bout I IO  metres or 60 fathoms; i t  
is interestillg to coinpare his results with those obtaiiled in the region of the Bay of 
Bengal. The average salinity of the surface-water off the east coast oE Ceylon in the  
month of April, 1924, was 34.29 and the average tenlperature was 29'45°C. At this 
period of the year the tenlperature of the lower layers is as follows :-- 

A t  25 fath0111s 20.7'C. allil the correspolidi~lg density would, therefore, be 22.30 
,, 50 21'0 P 23.97 
,, 75 15.6 ,, 25.31 
,, 100 ,, 13'1 9 I P Y  9 I ,, 25'84 

The average observed density in this area is as follows (vide table 37. p. 182)) 

It is clear, then, tllat in this area water that  has beell concentrated 011 the 
surface to a salinity of 34.29 may on cooling sink to  a depth of very nelrly roo 
fathoms and in the case of the Laccadive Sea, in which the surface water liad in the 
111011th of April, 192.4, a of 34.76, or in the same month in 1914 a salinity of 
34'82, inigl~t sink to a still greater depth. This is very considerably deeper than 
Schott suggests. It i~lus t  be borne in mind that  i t  by no means follows that  the  
~inkinq of water of raised salinity will be it, the vertical direction. We have already 
seen that the surface-waters of this area are in a continual state of ~noveinent 
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and ally current that brings mure salille water fro111 the western area into tile Bay of 

Bellgill will cause couvection currents to be set up, ~ h i c h  will result ill the sinking of 
tllc Illore saline and denser water. 

L ) e ~ t h  in fatholns below thc surface. 

J atluary 
1;cljrunry 
AIarcli 
.ll)ril 
JIay 
July  
October 

0-25 25-50 3 - 7 5  75-100 100-125 125-150 150-175 175-200 
"C. "C. "C. "C. "C. "C. "C. "C. 

. . 1.1 7.0 3' o 2.9 1.6 0.b 0.5 0.4 

. . 0.83 1.30 7'87 4-23 1.37 0'97 0.70 0.50 

. . 4.30 j 1-60 1.40 1'40 1'30 1-20 1.10 

. . 2'10 f'o 7 5'17 .7'.?2 1'55 1'10 0.43 0'38 

. . 1'13 f'oo 4.70 2'56 1.44 1.04 0.84 0.63 
. . 1.30 2'50 8'50 2'20 1-10 0.90 0.60 060 
. . I.b.3 f I .7 28 1'69 1.06 0'71 0.53 

'l'ahle 89.-Sho~vi~lg the level nlld extent of tllc Discontinuity Zone in Iudian waters in  difiere~lt 

111u11t11s of  the year. 

On the other hand a study of the data given above also appears to indicate the 
possibility that a change of level of the discolltinuity zone may be the 

of 

seasonal, as well as local, changes. In  the area to the ~ 0 ~ 1 t h  of Ceylon 
far tile 
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greater number of observations have been takeu during the months of ,4pril aiid May, 
wllereas those in the western area a t  the mouth of the Laccadive Sea were, with a 

exception, taken in October, and iu the region of the Bay of Bengal in April or 
October. I have, therefore, in Table 88 given the available data month by month and 
ill Table 89 the average temperature gradients in each 25 fathoms below the 
surface in each nionth ; i t  is unfortunate that  there are several montlis for which we 
have no data a t  all and we are, therefore, compelled to  base any co~~clusioi~s on an 
iliiperfect series. The average depth of the discolitinuity zone has beell plotted in 
text-fig. 127 and this seems to  indicate very clearly that  there is a marked seasonal 
cliaiige in the deptli ;und also in the vertical extent of this zone. In the inontli of 
January the zone lies co~nparatively near the surface and in the nlaili is confilled to  a 
depth between 25 and 50 fathoins (46 and 91 metres), though the close approxiiiintion 
of the amount of the fall of temperature between 50 and 75 fatlioins, namely 3'o°C., 
to the figure that  we have taken to  indicate the presence of the discontinuity zone, viz., 
3'I°C., shows clearly that  the zone nlust extend for some distance below tlie 50 fathoms 
91 metres) level, and in all probability nearly reaches the 75 fathoms (137 metres) mark. 
A inonth later in February the data a t  our disposal indicates that  the zone has 
lnoved downwards and is now situated a t  a deptli extendiiig between 50 and ~ o o  
fathoms (91 and 183 metres). In  Marc11 the zone lies actually 011 the surface and 
extends downwards only to the 50 fathoms (91 metres) level. I n  April the zone has 
again increased very considerably in extent and a t  the saine time appears to have 
sunk to a greater depth, for the evidence before us indicates that  it is, as in the 
month of January, situated between 25 and 75 fatllonls (46 and 137 metres). In 
July the zone has again contracted till it occupies a deptli of only some 25 fatl~oms 
(46 metres) but this is situated from 50 to  roo fathoills (91 to 183 ~ ~ i e t r e s )  below 
the surface. I have no data for the llio~lths of either August or Septenlber, but in 
October the zone has greatly increased in extent and now is situated a t  a deptli 
of 25 to IOO fathoms (46 to  183 ~iietres). One calillot place too mucli reliance 
on these figures for in the case of the lllollths of January, Marcli, and August I have 
ollly a single observatioil ; nevertlleless, it would appear probable that  tlle disconti- 
lluity zone exhihits a double variation during the year both as regards the deptli 
at which it lies and also the thickness of the zone itself. 

Reference to  Text-fig. 127 shows that  the upper liniit of this zone exliibits 
two very clear fluctuatiolls during the year, in the latter part of January and 
I;ebruary and again during the tnoiiths of June to  September, that  is to say 
during exactly those periods of the year when the two monsoons, wit11 their 
lllcreased rainfall, :,re in full swing ; and a coinparison of the upper level of the zone 
with the annual in the surface temperature in the gulf of 11Iannar (fig. 

36, p. 209 nfttc) reveals a close Tlie increased rainfall and lowered 

"rface salinity of the tllollsooll periods causes a contraction of tlle discontinuity 
zolle alld, owing to the increase in the depth of the upper layer of water of low snliuity, 
forces the zone tlowllwnrds to greater dept.11~. Tlie lower liinit of the zone, however, 
appears to show a triple oscillatio~~, sinking deeper iu the months of February, 



April and again in October and rising nearer the  surface in January, March and 
~t would thus  appear t h a t  there is some additional factor acting from below tllat 
causes this oscillation ; any change in the temperature or in the strength of the 
deeper currents would have the  effect of altering the temperature gradient a d  
thus of modifying the  discolltinuity zone and I shall have to  refer to this aspect 
of the  subject later (vide infra,  p.  411). 

SEASONAL VARIATION I N  THE TEMPERATURE OF THE WATER AT DIFFERENT DEpT~s,  

The collditions, as regards both temperature and salinity, that exist in the 
different levels of the Bay of Bengal and ~ le ighbour in~  waters are continually 
goillg changes t h a t  must be attributed to  external causes and especially, so far as the 

changes in the upper levels are concerned, to  the alternating influences of the two 
lnonsoon periods. I have already (vide supra,  pp. 157, 165 and 179) pointed out that 
the  periodic variations in the  salinity of the s ~ r f a c ~ - ~ a t ~ ~ ,  experienced in botll 
the  Ray of Bengal and the Andanian Sea, indicate that  in these waters there is 
a colltillual to-and-fro lllovement or ' seiche ' of the deep-Water in the basins, and 
i t  is clear tha t  such a movement will of itself tend to  cause in both the iso-haline 
and iso-thermal levels a t  all depths a corresponding oscillation that will be parti- 
cularly noticeable round the  coastal regions and,  where the ' seiche ' is a. bi-nodal one 
as i t  appears t o  be in the  Bay of Bengal, a t  a point inidway between the two nodes. 
Schott (1902, p. 174) has further pointed out t h a t  the alternating effect of the 
two inonsoons must t o  some extent modify the effect that  in other oceans is 
produced by a more or less co~lstailt wind and that  in consequence the depression of 
the  warmer water on tha t  side of the ocean towards which the wind is blowing, and 
the  compensatory raising of the  colder water levels on the side away from which 
i t  is blowing, is not so well marked in tile Indian Ocean as it is in the Atlantic, 
though i t  can still be traced. I n  addition, i t  is well known that the mechanical 
effect of the rotation of the earth causes in the  northern hemisphere a depression 
the  warm upper stratum on the  east side of any great ocean, and the same must be 
t rue of the Bay of Bengal and the Arabian Sea, so tha t  a t  one period of the Year this 
effect will be exaggerated by the  added influence of the south-west inonsoon, while at 
another period i t  will be neutralised, either completely or in part, by the influence " 
the  north-east monsoon. There are the11 a number of different factors that lnay 

either all the  year ro~lnd,  or a t  certain stated seasons, affect the leve1 the 

isotherms in this area. 
I n  the region around India and t o  the immediate south we get great 

Equatorial system of surface currents tha t  run from east t o  west or vice verse' across 
the  whole width of the India11 Ocean. As Krunln~el (1911, p. 666) has pointed 
in the Indian Ocean we have during the north-enst inonsoon a system currents 

t ha t  closely resembles tha t  of the  Atlantic and Pacific Oceans. On the north side we 

have the  great North Equatorial current tha t  flows in the main from east to 
moving from the  Andaman Sea past the southern end of India and Ceylon and On 

towards the  Somali coast;  a little further to  the south between Lat. 2"-5' 
lies the 
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great Contra-equatorial current running from west to  east;  while further to  the south 
again lies the South Equatorial current, extending between Lat. 10" and 27" S. Dur- 
ing the period of the south-west monsoon very considerable changes are brought 
about in the arrangement of these currents, for the North Equatorial current 
completely disappears, the whole of the water-masses lying to  the north of Lat. 5" S. 
being in a state of movement towards the east. I t  is unnecessary for me here to  go 
into details regarding the various lesser changes that  take place; this subject has 
already beentreated very fully by Willimzic (1929) and Moller (1929), and I have 
previously given a somewhat generalised account of the changes in the Indian region 
in an earlier part of the present publication (vide supra, pp. 284, 286, 289 and 292). 

The Contra-equatorial current is no mere shallo~v surface drift, as is indicated by 
the fact that its effects can be traced down to  a considerable depth. Schott (1902, p. 
174) has given a table of the temperatures of the water a t  different depths a t  the 
Equator on the two sides of the Indian Ocean, namely off the  Somali coast on the 
west and off the Sumatran coast on the east, and I take the liberty of reproducing 
these data here :- 

Depth - 
f ~ n s .  metres 

0 0 

27 50 
55 100 
S2 I50 

(1) (11) 
Somali Sumatra I)iffere~~ce 
cnnqt coast (1) - (11) 

"C. 'C. 'C .  
26.5 28.3 - 1.8 
25'8 27'7 - 1.9 
L j ' o  20.0 - 3.6 
15'3 15. 3 0'0 

These temperatures show that  a t  a deptll of ~ o o  metre.; there is on the two sides of 
the Indian Ocean a difference as great as 3.6"C., the water a t  that  depth being by 
this arnount warmer off the Sulnatrall coast than off the Somali coast. Further to  the 
north conditions, however, may be exactly the opposite for iu 1888-89 two sets of 
'erial observations were taken by the S.S ' Vitiaz' that  gave the followillg results:- 

Dcptli (1) (11) - 1,at. N. G o  56' 1,nt. N. 0" 07' Diffcrcncr 
fms. n ~ c t r r s  1,ollg. B. 7s0 57' 1,nllg. B. o z "  0,;' (1) - (11) 

" C. ' C. " C. 

These observations were take11 in the month of Januarjr, that  is to say a t  that  season 
of the year in which the north-east lnonsoon is a t  its maxi~uum, and the positio~l 
of the two stations lies ill the full strellgtl~ of the North-Equatorial current; here the 
water on the west side of Indian Oceall a t  a depth of 100 metres (55 fnthoms! is 

l l l l l ~ l l  as 7.5"C. \varlller tllall the water :lt the same depth on the east side and a 
'liffcrcncc i l l  tllc snlile tlirectioll call he traced al tllc 50-~nctre (27-fatho~n) levcl and 
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even down to n depth of 200 metres (109 fathoms). Below this at depthr of 
100 to  Boo metres (219 to 137 fathoms) the water on the east side is slightly 
than that  on the west. Scllott attributes the differences in temperature in the 
equatorial region to the easterly-flowing current ; he remarks, ' The Indian contra- 
equatorial current flows in the northern winter to the east and south-east as far as 
Sumatra ; i t  conveys warin water eastwards (like the Guinea current in the Atlantic 
Ocean) ; whereas a t  its source on the Somali coast and in the region of Zanzibar 
solnewhat colder water pours in from higher latitudes '. He has shown in the 
published (Schott, 1902, P1. XI)  the extent and direction of this flow. At 100 metres 
( 5 5  fathoms) depth it can be traced across the line of the Maldive Archipelago and 
the11 onward in an easterly direction past the south end of India and Ceylon in 
approxii~~ately Lat. 8" N.; it then bends towards the south-east and impinges on the 
west coast of Sumatra. The differences in the two sets of observations taken by the 
' Vitiaz ' during the winter months in Lat. 6-7" N. are equally clearly to be attributed 
to the influence of the North Equatorial current, combined with the effect of the 
north-east inonsoon Both sets of observatioiis show clearly that these currents are 
strong drifts that  may affect the uppcr strata of the ocean to a depth as great as IOO 
metres ( 5 5  fathoms) or more, and in consequence we should expect to find that the 
reversal of the currents under the influence of the alternating monsoons causes on 
eitller side of the Bay of Bengal a marked depression of the warm upper stratum at 
one period of the year and an equally marked upwelling of cold water from below 
during the opposite season, the effect varying on the two sides in accordance with 

mollsoon is blowing and, therefore, which coast is to windward and which to  

leeward. Unfortunately, I have no records of the conditions existing in this area 

during the south-west Irlonsoon ; but I give below such data as I have been able to 
collate regarding the changes that occur between the months of October to May) 
both inclusive. 

( I )  October. 

I n  making colnparisons between the temperatures at  different depths on the two 
sides of an area such as the Bay of Bengal it is of the greatest importance that, 
whenever possible, we should compare data taken on the two sides in the same Year. 
We have already seen the extent to which ;I difference in the strength of the monsooll 
and the amount of rainfall can affect the salinity of the surface-water (vid' 
s f~pra ,  p. 212) and this difference appears to be by no means confined to the super- 
ficial stratom (v idc saprit, p. 376). In the table on next page I have given two sets of 

serial temperatures from Table' 87, taken in close proxi~nity to each other ill t"'o 
consecutive years :- 
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Depth (1) (11) - Lat. 10" 10' 18" N. Lat. I O O  21' 00" N. Difference 
frns. metres Long. 89'55' 12" E. Long. go0 17' 30" E. 

1921 
(1) - (11) 

1922 
" C. " C. " C. 

o o 30.0 28-2 I .8 
25 46 28.4 26.6 I .8 
50 91 24.6 22.5 2.1 
75 I37 19.5 17.6 

IOO 183 
1'9 

15'4 14'7 
12.8 

0.7 
125 229 12.7 om I 

150 274 11.4 11.7 -0.3 
175 320 10.9 11.2 -0.3 
zoo 366 10.5 10.6 -0.1 

It is thus clear tha t  in these two years the water on the  east side of the Bay of 
Bengal was very considerably warmer, down t o  a depth of over IOO fathoms (183 
metres), in 1921 than in 1922 and that  this difference is most marked a t  the 50 fathom 
level, where i t  was as great as 2.r°C. An exactly similar state of affairs prevailed in 
the south-west region of the Bay in these years ; if we compare the different tempera- 
tures recorded in 1921 and 1922 in this region we find the following differences:- 

Depth (1) (11) 
w Lat. 6" 51' oo" N. Lat. 6" 38' 30" N. Difference 
fms. metres Long. 83' 22' 30" E. Long. 83" 34' 30" E. (1) - (11) 

1921 1922 
" C. " C. " C. 

o o 29.8 27'9 1'9 
25 46 29.0 26.6 2 '4 
50 91 27.0 24.6 2 '4 
75 I37 21.0 20.4 0.6 

roo 183 15.6 15'4 0.2 
I25 229 13.3 13.3 0'0 

150 274 12'2 12'0 0'2 
I75 320 11'5 11 '2  0.3 
zoo 366 11.0 10.5 0.5 

Here again we see tha t  in these two years there was a difference in temperature 
in the same area down t o  a depth of over loo fathoms, the water being throughout 
this depth warmer in 1921 than in 1922; and the maximum difference again occurs 
at a depth of about 50 fathoms (91 metres) where i t  was as great as 2'4°C. ; a t  I25 
fathoms the temperature is the same but below this from 150-202 fathoms (274 
to 366 metres) it is again slightly warmer on the west. 

If now we had been comparing the results taken on the south-west side of 
the Bay in 1921 with those froin the east side of the Bay in 1922 we should 
have found the following difference between the two sets of observations::-. 

Depth (1) (11) - 1,at. 6' 51' oo" N. Lat. 10" 21' oo" N. Difference 
fms. lnetres 1,ong. 83' 22' 30" E. 1,ollg. 90° 17' 30" E. (1) - (11) 

1921 1922 
"C. "C. "C. 

o o 29.8 27'4 2.4 
25 46 29.0 26.6 2'4 
50 91 27.0 22'5 4'5 
75 I37 21.0 17.6 3 '4 

100 183 15.0 14'7 1.1 

125 229 1.1'3 13'0 0.3 
1.50 274 12'2 11'7 0.5 
'75 320 11.5 11'2 0.3 
200 366 11.0 10.6 0.4 
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I n  this comparison the difference in the temperature of the water on the two 
sides a t  50 fathoms (91 metres) depth appears to  be as great as 4.5"C. or nearly twice 
as great as we know actually to have been the case in either year, and at 75 fathoms 

(137 metres) depth is as great as 3.4OC. Annual differences such as this may thus to 
a very great extent either exaggerate or diminish or possibly even totally mask any 
difference tha t  might be due to either surface currents or even seasonal changes, 

If now we compare the conditions on the two sides of the Bay in each year 
find the following :- 

I921 
Depth 

(1) (11) 
Lat.  N. 6" 51' 00" Lat. N. 10" 10' 18" Difference 

w 1,ong. E. 8.3' 22' 30" 1,ong. E. 89" 55' 12" 
"C. (1) - (11) fms. lrietres "C.  "C. 

0 0 29'9 29'9 0'0 
25 46 29.0 28.2 0.8 
50 91 27'0 24.6 

21'0 
2.4 

75 I37 19.1 
15.6 14.2 "9 

100 183 1'4 I25 229 13'3 12.4 
12'2 11.4 

0'9 
150 274 0.8 
I75 -320 11.5 10.9 0.6 
200 366 11-o 10.5 0.5 

2922  

Depth 
(1) (11) 

1,at. N. 6" 38'  30" Lat. N. 10" 21' 00" Difference - L O I I ~ .  E. 8 3 O  34' 30" Lollg. E. 90" 17' 30" (1)  - (11) 
fms, metres "C. "C. "C. 

I n  both years it is clear that a t  this period of the year the water in the south- 
west part of the Bay is warmer, with the exception of the actual surface, than that 
on the east side down to  a depth of approxitaately 150 fathoms or rather more, and 
that this difference is greatest a t  a depth of 50 to 75 fathoms. These results are 

therefore in complete agreement with, though not so marked as, those obtainedb~ 
the 'Vitiaz' (vide su$m, p. 393). 

(11) December. 
I have no serial observations taken in this month, but a llurllber of observations 

of the surface and bottom temperatures a t  different depths have been taken around 
the coast and in the following table I have given the averages of all these Observa- 
tions on the two sides of the Bay. While these figures do not conform to the 
requirements that I have given above, namely, that for the purpose of c o m ~ a r ~ ~ ~ ~  
observations should be taken in the same year, it is, however, probable that the 
average of a number of such observations taken in different years will at least give 

an approximately correct picture, since the variations from the normal will tend to 
neutralise each other. 
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Depth - 
fnls. metres 

0 0 

IOO 183 
150 274 
200 300 
250 457 
300 549 
400 732 

Bay of Rcngal 
(1) 

\Vest side 
"C. 

26.6 
18.5 
14.2 
12'1 
10.5 

9'3 
7'8 

(11) 
East side 

"C. 
23'8 
17.0 
12'1 
11'3 
10.4 

9.1 
7'6 

Difference 
(1) - (11) 

"C. 
2.8 
1'5 
2'1 
0.8 
0'1 

0'2 
0'2 

Here again we find tha t  the temperatures on the west side of the Bay, as was the 
case in the month of October, are warmer than those a t  the same depth on the east 
side; but there is this difference between the present data and those that  we have 
been previously considering, that  the maximum temperature difference occurs either 
on the surface itself or a t  a depth of about 150 fathoms (274 inetres). 

(111) January. 

I have already (vide supva, p. 393) given the data that  were taken by the 
'Vitiaz' in this month and we have seen that  they show that  the water in the 
western region is warnler than the water a t  the same depth in the eastern area, espe- 
cially a t  a depth of 5j fathoms (100 metres). 

For convenience of reference I give the data again below :- 

Depth - 
f ~ n s .  ~lietrcs 

0 0 

I4 25 
27 50 
55 100 

109 200 

219 400 
437 800 

(11) 
Lat. Y. 0" 07' 
Long. E. 92' 03' 

28.5 
28.2 
27.2 
'9'9 
13 3 
10.8 
8.2 

A strong North Equatorial current flowing from east to west would cause the 
temperature of the water jn the upper strata on the west side to be warmer than 
that on the east a t  the same depths; but i t  is extreinely interestii~g to  note that  in 
this northern zolle of Lat. 6-7" N, in this month there is a t  a depth of about 300 
metres (164 fathoms) and continuing down to below 800 inetres (437 fathoms) 
a very clear reversal of the condition found to be present in the upper stratum, for 
between these latter depths the water on the east side of the Bay is warmer than that  
on the west. We have already seen (vidc sufiva, p. 377) that  a t  certain seasons of the 
Year there seems to  be evidellce of a deep current caused by the less saline water in 
the northern part of the Bay of Bellgal sinking downwards and then flowing towards 
the west or south-west underneath the Contra-equatorial current and it seems 
possible that the alteration in the temperature relations of the two strata, as indi- 
cated above, inay be due to the presence in the deeper level of such a current. 
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Among the data given by Schott (1902, p. 140, PIS. XXI, XXII) we find two 
other sets of temperature readings on the two sides of the Indian Ocean but more 
to the south, namely a t  or near Lat. 2" N., and again a t  approximately Lat. 3°-10 s, 
In  the first instance the results are as follows : - 

Depth 
(1) (11) 

Lat. N. 2" 30' Lat. N, 1-2" - Difference 
Long. E. 76" 47' Long. E. 96-97" 

metres fms. Date 18-ii-gg Date 3-5-ii-gg 
(1) - (11) 

"C. "C. "C. 
0 o 28.0 28.0 0.0 

25 14 27'7 27.6 0. I 
50 27 27'3 27'3 0'0 
75 41 26.7 27. I - 0.4 

100 55 26.1 26.6 - 0.5 
125 68 23.0 19.2 
150 82 I 6.3 15'3 1.0 

3'8 

I75 96 14.0 12.8 1'2 
200 109 13.0 12.0 1.0 
300 164 11'0 10'0 1'0 

400 219 10.2 8.7 1.5 
500 273 9'7 8.3 I 4  
600 328 9'2 8.1 1.1 

700 383 8.3 7'8 0'5 
800 437 7'5 6.6 0.9 
900 492 6.9 5'9 1'0 

1,000 546 6. I 5'6 0.5 

In  this series we find that the water exhibits approxi~nately the same temperatureat 
the two stations between the surface and a depth of 50 metres (27 fathoms), but 
below this the water on the east side a t  a depth of 75 to IOO metres (41 to 55 
fathoms) is slightly warmer than that a t  the same depth on the west; below this 
latter depth, however, the condition is reversed and the water at a depth of 125 

metres (68 fathoms) to as far down as 1,000 metres (546 fathoms) is appreciably warm- 
er on the west side of the ocean, the greatest difference, amounting to 3.8' C., being 
found a t  a depth of 125 metres (68 fathoms). In  the second series to the south of the 
Equator we get the following results :- 

(I) (11) 
Depth Lat. S. 2" 57' Lat. S. 3° 41' Difference 
w Long. E. 67' 59' Long. E. 101" 00' (I) - (11) 

metres fms. Date 28-11-99 Date 21-1-99 
"C. "C. "C. 

o o 28.3 27.8 0.5 
25 14 28.2 27.0 1 '2  

50 27 28.0 20'5 1'5 
75 41 26.b 20.5 0'1 

100 55 21 I 26.4 - 5'3 
125 68 20.0 19.2 0.8 
150 82 18.5 15.1 3'4 
I75 96 16 8 12.6 4'2 
200 109 15'7 11.7 4'0 
300 104 11.8 11.0 0.8 

.too 2 I C )  10.3 - 0'2 
10'1 

9'4 
- 0'1 

500 273 9'3 
600 328 8.6 8 8 - 0'2 

700 383 8.0 
- 0'1 

7'9 
800 437 7'4 7 1 

0.3 

900 492 6.9 6.0 0.9 
1,000 546 6.2 5'9 0.3 
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Here again we see tha t  the surface-water extending from o to  75 metres (o to qr - 

fathoms) depth is wariller on the west side of the ocean, but a t  IOO metres (55 
fathoms) this condition is markedly and suddenly reversed and the water on the west 
side is now as much as 5'3°C colder than that  on the eas t ;  between 125 and 300 
metres the water on the west side of the ocean is warnier than tha t  on the east but 
below this depth the conditions are again reversed and between 400 and 700 metres 
depth the western area is colder than the east. 

(V) April .  
During this month as many as four different sets of serial observations have been 

taken by the 'Investigator' and of these two lie on opposite sides of the Bay of 
Bengal in the neighbourhood of Lat. 6" N. while the other two are from further north 
and are close together in about Lat. 10"-11" N. I give below the results of the first 
pair :- 

Depth 

0 o 
25 46 
50 91 
75 737 

IOO 183 
125 229 
150 274 
'75 320 
zoo 366 

(1) (11) 
Lat. N. 6" 07' Lat. N. 6" 16' 

Long. E. 80" 11' Long. E. goo 44' 
"C. "C. 

30'4 29.1 
26.7 29.0 
21'0 25'1 
15.6 19'3 
I3.I 14'2 
11.8 13'1 
11.6 12.1 
10.4 11.7 
10.8 11.4 

Difference 
(1) y (11) 

C. 
1'3 

- 2.3 
- 4.1 
- 3'7 
- 1'1 
- 1'3 
- 0.5 
- 1'3 
- 0.6 

In this series the telllperature of the water on the eastern side of the Bay of 
Bengal is, with the single exception of the surface, wariner a t  all depths down 
to 200 fathonls (366 metres) than that  a t  the same depth on the west and this 
difference is i~lost marked a t  a depth of 50 fathoins (91 metres) though i t  is still 
considerable a t  75 fathoms (137 metres). 

A comparison of the results a t  different periods of the year clearly reveals 
that there are very marked changes in the prevailing conditions. Schott (1902, 
P. 174) states ' Kurzuin, wahrend des ganzen Jahres staut sich an der suinatranischen 
Seite des Ocea~ls  AS wasser des Oberflachenstron~es; daher also ist der relativ 
warmste Zone van 50-100 In. Dicke an diese Ostseite des Oceans verlagert, daher 
ist auch die Ausbildullg der Sprungschicht gerade hier sehr intensiv.' While this 
lnay be true of the region lying further to the south in the tleighb~urhood of 
Lat. so S., in which area there is little or no change ill the direction of the main 
surface currents througllout the whole year, i t  does not hold true for the more 
northerly region of the Bay of Bengal and the area lying immediately to the 
south. The northerly area, that  we are conceriled with, is subject to  very great 
changes in the direction of the surface currents, due to  the complete reversal a t  
certain seasons of the year of the main direction of the prevailing wind, and i t  
is of interest to  compare the variations in the relative temperatures on the two 
sides of the area wit11 the monthly current charts for this region given by Mijller 
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(1929, PP. 34-35 and 42-43). In October the Contra-equatorial current occupies a 
northerly position and the surface-water as far north as Late is moving 
across the southern Part of the Bay of Bengal; one would, therefore, expect to 
find that the water on the east side was warmer a t  the same depth than that on 
the west, whereas, as we have see11 this is not the case. M6ller, however, shows 
that in the eastern part of the Bay there is in this month a very , convergeno, 
Zone, the easterly-moving water of the Contra-equatorial current meeting the 
westwardly-moving water flowing out of the Andaman Sea, that runs in an s-+haped 
course from approximately Lat. 5" N.; Long. 95' E. to Lat. 17" N.; Long 83" 

Along this line surface-water is, as we have already postulated (uide supro, 3711: 
forced downwards and owing to the land-locked nature of the area is driven towards 
the south and probably south-west, passing in the southern part of the Bay beneath 

the upper stratum that is flowing from west to east. We thus have a complete 
explanation of the conditions of salinity and temperature that we have just been 

considering (vide supra, pp. 367, 377). In  the month of December the whole of the 
surface water of the Bay is moving from east to west and this must result in a depres- 
sion of the isothermal lines in the western part and a tendency towards the upwelling 
of colder water from below on the eastern side; we should thus expect to find that 
the water on the western part of the Bay is warmer at  the same depth than that 
on the eastern portion and this is clearly brought out in the data given above 
(vide supra, p .  396). 

In  the month of January, as we have seen, in the region of 1,at. 6". there 
is clear evidence of the water on the west side of the Indian region being warmer 
than tha t  a t  the same depth on the east side down to a depth of about 300 metres 
(164 fathoms), and, as I have already pointed out, this can equally clearly be 
attributed to  the effect of the North Equatorial current that under the influence 
of the north-east monsoon is flowing from east to west. 

In the month of February the only data a t  our disposal lies further to the 
south ; we have, however, data for two belts, one a t  Lat. 2-3" S. and the other at  
about Lat. 1-2" N. In both these zones we find that the water on the east side is 
either of the same temperature or a little colder than that on the west down to a 

depth of 75-100 metres, a t  which depth there is clear evidence, that is especially 
strong in the southern belt, that the water on the east side is now considerabl~ 
wartner than on the west. This condition is the exact opposite of the condition 

that  we found to be present in the previous month, January, in the region more 
to the north ; it seems clear that this difference is due to the fact that the southern 
data in the month of February are from areas lying within the influence Of the 
Contra-equatorial current and that the water was in movement fro111 west to 
though more markedly so in the southern zone. 

Finally, in the month of April the whole of the water in the region unq,r 
examination is in a state of movement from west to east, the *orth ~ q ~ ~ ~ ~ ~ ~ ~ '  
current having been con~pletely obliterated, and it is in this month 

we . find 

the conditions in these more northerly areas agreeing exactly with the condltlOn 
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to which Schott called attention in the equatorial zone, the  water on the east side of 
the area being warmer than that  on the west a t  all depths down t o  about 400 
metres. 

In both the Atlantic and Pacific Oceans the Antarctic Bottom Drift is believed 
to pass across the Equator to  some distance northwards and there is no doubt that  a 
similar condition of affairs is present in the Indian Ocean. Schott (1go2, p. ~ 5 4  
and 1926, p. 426, fig. 29) shows this northward extension of the deep current very 
clearly and he has also pointed out (loc. cit., 1902) tha t  this drift appears to divide 
into two great tongues one of which lies between Long. 60"-70" E., on the west 
side of the ocean, and the other between Long. 100"-110" E. on the east side. 
Matthews (1926, p. 186) has called attention to the low temperatures of the bottom 
water in certain regions of the western area of the Indian Ocean and he remarks ' the 
bottom temperature falls from about 4°C. in 1,300 metres (711 fathoms) to  2OC. in 
2,400 metres (1,312 fathoms) and then more slowly t o  about 1'7°C. in 4,000 metres 
(2,187 fathoms). A reading of I.I"C. was obtained a t  4,459 metres (2,438 fathoms) 
in go 34' S. Lat. and 52" 26' E. Long. ; this was the greatest depth reached. 
Temperatures as low as this are found just southward of the line joining Mauritius 
to the south of Madagascar, and there appears to be free communication here in 
the deep channel lying between the two islands'. A study of the numerous 
records of deep temperatures in the north-east part of the Indian Ocean shows 
that water having a temperature as low as or even lower than I.I"C. can be traced in 
the Bay of Bengal as far north as Lat. 9" on the west side of the Bay and to  
Lat. 12" N. on the east side and I give below a list, compiled from all available 
sources, of these low readings in various parts of the northern region of the Indian 
Ocean, and where available, I have also given the name of the ship by which the 
observation was taken. I n  order to facilitate reference I have given the depths 
in both metres and fathoms. 

Temperatures of 0.56"C. 
Latitude N.  Longitude B. Lkpth in Depth ill [ N d c  .-All these ten~peratures 

0 3 * 0 I 'r 
111etres 

were take11 in the year 
5 4.3 00 87 51 00 .LO50 2,160 1913 and together with 
5 48 .30 87 .$5 .lo 4.02.; 2,200 certain readings of 
5 47 no 87 07 no 4,20O 2,.300 

5 47 oo c)o 27 oo 1,650 r.r0C. takcn ill the snllle 
.<,or7 

5 48 j o  01 LS on 1,020 2,148 year form part of a 
5 49 (10 01 55 -30 4,OL i 2,200 series iu which tlie t e ~ n -  
5 51 oo 80 11 30 1,004 2,020 nerature was read to .. . . 

5 52 30 00 12 oo 2,810 1,540 only the nearest degree 
5 40 42 88 05 30 .1.087 2,180 Fahrettheit ; they, there- 
5 53 oo 02 rc) no 4,401 2,407 
5 53  .<(I 01 12 ,lo .1,75s 2Po.55 fore, car111ot be taken as 

5 55 00 01 4.3 00 .1,990 2,185 exact. The name of the 
5 55 42 92 1.i .$O 4,243 z , , ;20  ship w l ~ i c l ~  took them is 

10 40 oo 6 2  30 oo 4,575 2,409 not stated. ] 
1 1  2 6  oo Go 21 no 4,493 2,457 
1' ' 0  j o  57 42 30 3,347 1,830 
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Temperatures of l.o°C. 

Latitude N. Longitude E. Depth in in 
0 1 1 0 8 N 

metres fathoms 

8 34 00 91 03 00 3,411 1,865 ' Investigator ' 
1 1 0 7 0 0  8 9 1 1 0 0  3,173 1,735 
111100 9 0 0 6 0 0  ,$  3,173 1,735 
11 15 00 91 16 00 3,365 

I ,  

1,840 ,, 

Temperatures of I -I "C. 
0 # 1, o r  n 

4 42 00 56 10 00 4,916 2,688 ' Stork ' 
5 37 00 83 44 30 4,098 2,241 ? 
5 37 42 84 14 42 4.075 2,228 ? 
5 -38 00 84 45 30 4,023 2,200 ? 
5 39 00 85 16 00 4,060 2,220 ? 
5 41 00 86 15 30 4,023 2,200 ' Investigator ' 
5 41 00 85 46 00 4,151 2,270 > 
5 41 00 86 45 30 4,088 2,235 ; 
5 43 00 83 59 30 4,075 2,228 ? 
5 45 00 85 00 30 4,078 2,230 ? 
5 45 30 89 27 42 3,522 1,926 ? 

5 45 30 85 31 00 4,060 2,220 ? 
5 47 00 86 30 30 4,170 2,280 ? 
5 47 30 86 00 30 4,042 2,210 ? 
5 52 00 89 42 00 2 ~ 9 9 ~  1,635 ? 
6 30 30 83 27 42 4,060 2,220 I Investigator ' 
7 18 00 86 18 30 3,903 2,134 I ,  

8 03 12 89 35 00 3,658 2,000 , , 
8 41 30 91 04 30 3,639 I999O ) I  

8 43 00 81 41 45 3,530 1,930 I ,  

8 45 00 85 29 00 3,694 2,020 ,, 
g 11 30 81 25 00 3,639 1,990 ,, 

10 10 30 65 17 oo 4,448 2,432 ? 
10 22 00 64 01 00 4,418 2,416 ? 
10 38 00 63 10 00 4,459 2,438 ? 
12 16 30 j7 57 00 3,731 2,040 ? 
20 27 30 67 44 00 3,051 I ,668 I Investigator ' 
24 24 00 61 42 00 2,130 1,165 I I 

Note :-Except for the observations taken by the Stork ' and ' Illvestigator ' those marked ? 

belong to the series noted above alid were take11 in the year 1913. 

Temperatures of 1'2OC. 
Depth in  Depth in Latitude N. Loilgitude E, lnetres fatholns 

0 1 .  O , n  

7 16 00 91 07 00 3,174 1,735 Ilivestigator ' 
7 25 00 88 16 oo 3,722 2,035 ? 

7 43 00 88 45 00 3,692 2,019 Valdivia 
7 58 00 91 47 00 3,974 2,173 I ,  

10 16 30 88 13 00 3,402 I ,860 Investigator ' 

Temperatures of 1'3°C. 
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Temperatures of 1.4"c. 

' Valtlivia ' 
'Stork ' 

Temperatures of I - ~ O C .  

Temperatures of 1.6" C. 

Temperatures of I.~"C). 

In Chart VI, which for purpose of reference I reproduce again here, I have given 
a more or less gelleralised plnll of what I believe to  be the main course of the 
Antarctic Bottonl drift frolll the South Polar region through tlle 11ldian Ocean to  the 

and a reference to  this shows thnt there appear to  be three main tongues of 
bottom water, of which the first or most westvrly appears to end on the east of hlada- 
gascar, while the second and third can be traced respectively into the Arabian Sea 
On the west of India and the Bay of Bengal on the east. Each of these latter tongues 

flows at first towards the east, but  under the itlflue~lce of the earth's rotation, corn- 
hilled in the case of the Bay of Bengal current with the obstruction to its path of the 
And~lna~ l -~ i co l~ : i r -~u l~ la tra  ridge, the streams develop n t e n d e ~ l c ~  to  sweep round in a 
left-handed ctlrve alld ill consequellce their course, which is a t  first in a n ~ r t h - e a s t e r l ~  



directioil, gradually veers towards the north and finally to the n ~ r t h - ~ ~ ~ t ,  the 
eastern current smeepiilg across the  lllouth of the  Bay oi Bellgal and i1npiaging oo 

the  east coast of southern India and Ceylon. 
I n  the  region of the  Bay of Bellgal a study of the  bottom temperatures indicates 

tha t  the  illajor portion of the  bottolil drift undergoes a further division into tnto 

subsidiary streams aild the cause of this bifurcation can in all probability be found 
in the  obstruction t o  its flow tha t  is offered by the  rising ground of Carpenter's 

CHART VI.-C\1iart of t l ~ e  Inrlinn Ocean 5110willg the  I,rl)bablc i l istri l~ntio~~..of t h ~  I)~tt()lll-drift 

Alltarctic water.  

ridge, wllich runs toward5 the soutll ill L ~ ~ ~ ~ .  goo-O1o E. Of the two red t i l l q  

strealns olle pnwes t o  the northwnrrls hetween Carpenterp? ridge 011 

the Andalnnn-Nicobar rirlqe on east, tllrough tile (leep cl1nnnel that i? .onletlllle' C % 

referred t o  as the ' Investigator'  Deep, wllere water of a telnperatnre ;I* 101~  
I ' 

can be tracer1 on the  hotton, as f a r  llorth ;15 I,at, N. Tile other r~lrrel~t fln\\lstn- 

ward? the west and i n e e t i ~ ~ g  the obstructioll (,f Ceyloll ;111rl Soutli In(1i.l aPI'e.lr' '' 
again divide into two, one l,ortine colltinuing westL\rards ;,cross the saatberll 

"I 

Ce~ lo l l  illto the Laccarlive Se.1, w]lile tile other bendi towar(li the llortll all(l fin'* "I' 
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TEXT-FIG. 1 ~ 8 . S h o w i n ~  the probable course of the m o v e ~ l i e ~ ~ t  of the water lnasses at the bottoln of 
the Bay of Beugal. 
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illto the Bay of Bengal alouq the east coast of India, where water of a telnperature o[ 
0111~ 1'1OC. has been fou i~d  a t  a depth of 1,990 fathoms as far north as L , ~ .  

111 Text-figure 12.8, I have plotted the various observations of the bottolll 
temperatures of the Bay of Bengal and I have endeavoured to deduce from these 
observations the probable course of the flow of the bottom water, ~t will be 
that  the eastern current a t  first flows towards tlie north betweell Carpenterps 
tile hdaln~ln-Nicobar  ridge till opposite the southern end of the Andanlan islauds; 
i t  the11 in the main gradually bends towards the west and establishes a rotary move- 
ment in the centre of tlie Bay, the centre of the circular lnovement lying apIjroxi- 
l n a t e l ~  in the neighbourhoocl of Lat. 13" N. and Long. 86" E. The western branch 
of the bottom drift, meeting the coast of India and Ceylon appears to turn 
northward along the coast and finally bending towards the north-east, seems to be 
flowing straight towards the 'Swatch of no ground' a t  t.he mouth of the Gangetic 

Delta. As a result of the opposite directions of these two great bottom streams in 
the Bay, the one flowing clock-wise around the western and northern portions and 
the other flolving counter-clock-wise up the east side and then round the central area, 
a number of subsidiary vortices appear to  be established in different regions of the 
Bay, as indicated in Text-fig. 128. As I have previously pointed out (vide supra, 
p. 47) Carpenter (1887, p. 231) niany years ago insisted that there must be a sub- 
marine inflow fro111 the soutliward into the Bay of Bengal, in order to conipensate 
for the great loss of water from the surface by evaporation, and he even went so fa r  
as to  suggest that  ' altliougli surface disturbance by wind would be unlikely to affect 
deep currents, yet i t  is just possible that  the great climatic difference between the 
two nionsoons may upset the balance in other ways and so alter the rate of submarine 
inflow ' .  To what extent he was correct 1 shall have occasioti to refer to later when 
considering the changes that call be traced in the deep strata a t  different seasons Of 

the year. 
The last remnant of the iilost easterly branch of the bottom drift appearstosweep 

westward to  the immediate south of Ceylon. On tlie west side of India we have a 

submarine mountain chain that  extends fro111 north to south; the Inore 
portion of this chain is occupied by tile Laccaddive Archipelago and lies roughly be- 
tweeu Long. 71" 30' and 73' 30') while the central part is crowned by the 
and lies slightly further to  the east between Long. 72" 30' and 7.3' 30' E. Between 

these two regions in Lat. 8' and 9" N. there is a break in the coiltiiluity of the ridge 
and we get a depth of some 1,250 fatlloins, forming Eight and Nine degree cha'"lelsl 
separated by the island of Yinikoi. To a large extent this ridge cuts off the 'fa 
between it and peninsular India, that  is known as the ~accadive Se:l, from the 
to the west or the Arabian Sea proper; to  the south, however, the 1.3ccadive Sea " 

widely open to  the southern part of the Indian Oceall and in this part of the ridge the 
depth of water between the atolls of the Maldive Archipelago gradually increases 
we reach the gap between the filaldives and the Chagos Archipelago, that cro"ls 
the southern end of tlie niountaili chain. Between ~a t i t udes  2" N. and '' jo' '' 

there is below a depth of solne 700 fatllorns an unbroken barrier, so any 
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current flowing froin east to west meets this obstructioil and is of necessity deflected 
from its course. 

In Text-fig. 129, I have plotted tlie results of three serial observations, taken in 
about Lat. 13' N. ; of these the most westerly series lies to the west of the Laccadive 
Archipelago in Long. 70'54' 30" E., the secolld lies on the Laccadive ridge and the 
third is in the Laccadive Sea near the coast of India. It is seen that  a t  a depth of 
500 fathoins the temperature recorded is the same a t  all stations; but that  in the 

J e P  
L n 

fa tho 
0 

, , 
1~x.r-FIG.  I Z ~ . - S ~ I O W ~ I I ~  tile isotl~erulals i l l  tllc eastern part of the .Irabiali Sea and the Laccndive Sea. 

deeper levels the recorded temperatures are slightly higher in the Arabian Sea than 
in the eastern portioll of the Laccadive Sea, thus at  a depth of 1,000 fathoms in 
the Arabian Sen the telnperature is 3-61, whereas on tlie east side of the 1,accadive 
Sea a t  the sanle depth it is only 3'33OC. At the same time the isotherms in the 
Laccadive Sea do not rull l~orizoiltally but exhibit a distinct upward trend as we pass 
froln west to east across the cllannel 
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A temperature as low as 1.56'C. lias been recorded a t  the entrance to the cull 
of Manaar in Lat. 7" 11' N. ; Long. 78' 47' E. a t  a depth of 1,466 fathoms ( ~ , 6 8 ~  
metres) by the  ' Investigator' in 1888-89, while temperatures of 1.67' to 1.95'C have 
on several occasions been recorded around Ceylon, as shown in the table below :- 

Lat .  N. Long. E. Depth in fms. 'I'emperature Ship 
0 / 11 0 I C o n  

Date 
L. 

8 47 30 70 10 00 2,402 1.67 . . . .  ? 111 1913 
8 2 1  30 70 56 00 2,118 1.67 . . . .  ? 111 1913 
7 08 00 73 48 1 2  1,.50.3 Egeria I IV 1894 1'95 
9 47 30 74 I9  42 1,418 1.0.5 Investigator 29 IV 1892 
7 11 00 76 35 30 1,006 1.90 Investigator 5 I 1901 
5 43 30 80 05 30 1,500 1.70 Investigator ? I I913 
5 48 I5  So 56 00 870 1.90 Investigator 10 I 1901 

A study of the  bottom temperatures in the Laccadive Sea further indicates that 
a t  a given depth the  temperature is considerably less on the east gide than ou the 
west and in 1,at. 10' N., Long. 74" E. a t  n depth of 1,150 fathoms the water has 
a temperature of only 2 .zCC,  whereas this temperature is only reached at a ~ n u c h  
greater depth in Long 72" E., the temperature a t  1,150 fathoms being 2.89" C. There 
thus seems t o  be some evidence tha t  the last part  of the Antarctic Bottoin drift after 
passillg across the south of Ceylon is deflected by the Maldive ridge to the north and 
flows northwards into the Laccadive Sea and especially along its east margin. 

SEASONAL CHANGES I N  THE TEMPERATURE OF THE WATER A T  DIFFERENT LEVELS. 
It is now generally recognised tha t  in temperate climates, in which there is a 

wide range of temperature between winter and summer, there is a regular seasonal 
variation of temperature and salinity in the  upper levels of the ocean and that just 
as we get succeeding periods of summer and winter a t  the surface, so we also get 
correspo~lding seasons in the  deeper levels but  a t  opposite times of the year; in these 
regions we find t h a t  a t  a depth of about roo fathoms (183 metres) the warm period 
occurs in the  months of December-January, when the surface water is coldest, and 
the cold season in August, when the  surface water is warinest. In Indian waters it is 
a matter of some difficulty t o  decide to  what extent the temperatures at the 100 

fathoms level a t  different times of the year may be due to  true seasonal changes such 
as occur in temperate seas or to  changes in the  currents under the influence of the 
prevailing winds and the consequent depression or elevation of the isothermal lines 
along the  windward or leeward sea coast. I n  the  followi~lg table, I have given the 
data  derived from the  average of four serial observations taken off the south-east . . .  . side . 
of Ceylon in the  months of April-May, and two observatioll~ in the ilear vlclnlty lo 

the  month of October : -- 
Depth ill ( I )  (11) - Lat .  5°-0" N.  O 0  N. I,iffercuce 

f n ~ s .  ~rietres 1,ong. 81"-82" E. 8.3" E. (I) - (11) 

April- May October 
"C. "C. "C. 

o 0 27'9.3 28.88 - 0.95 

50 91 22'25 25.96 - 3'71 
roo 183 - 0.51 

15-04 15'5.5 
zoo 366 11.47 10.74 0.73 
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It is clear tha t  the water in the month of October is warnler thall i t  is in April- 
May down to  a depth of over 100 fathoms and that  the greatest difference is found a t  
or near the 50 fathoms (91 metres) level. 

A study of the average temperatures recorded a t  the bottom in the region of the 
east coast of India gives a very similar result, as is shown by the temperatures a t  
different depths in the months March-April and again in December :- 

Depth 
w- 
fms. metres 

0 0 

IOO 183 
150 274 
zoo 366 
2.50 457 
300 549 
400 732 

(1) 
March-April 

The temperature of the surface-~vnter is ilnturally higher in the hot-weather 
months of Marc11 and April than in December, which is the period of the north-east 
monsoon ; but from xco fatlioms (183 metres) below the surface down to a depth of 
nearly 250 fatlioms (457 metres) tlie water is distinctly warmer iu Dece~ilber than a t  
the same depth in March-April, tllc 111~ixim~111 difference occurring a t  a depth of 150 
fathoms (274 ~netres) ,  a t  which level i t  is 1.5"c. *At the same time i t  has to be borne 
in milid that  these differellces ill tenlperature niay be due to  the efiect of the north- 
east monsoon wind ill causing a depression of the isothermal strata on the west side 
of the Bay nncl a correspolidiiig up\velling of cold water 011 the east side. 

In the Indian regiou, as I have previously pointed out (vide sz~fir(1, p. 57 el seq.) 
we have an annual double rise and fall of the air teinpernture, tha t  is niore marked 
on the west side of India than on the east and that  we also find a corresponding double 
valiation in the telllperature of the su~face-water (vrdc sl~fim, p. I42 and p. 208) the 
two periods of maxilnum temperature being in A p ~ i l  and September respectively. I f ,  
therefore, any changes are set up in the deeper levels by convectiou currents as the 
result of the heating up and colisequeut evaporation of the surface-water in these two 
warm periods, we should equally expect to find that  there is evidence of a corresponding 
double change in the tenlperature of the deeper water. 

The actual data a t  111~ disposal is so~newliat scanty, but in the following table I 
have given the average telllperatures a t  the surface and a t  intermediate depths down 
to 100 fatlloms during the tllree three-monthly periods of the year in which I have 
records, namely (I) August-October, the hot weather period following on the cessation 
of the south-west lnonsooll, (11) Novcniber-Jnuunry, the coldest period of the year 
and tile period of the north-east nlonsoon, and (111) February-April, the period of 
hot weather precedillg the onset of the south-west nionsoon ; unfortunately I have no 
data for the period May-July. 
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Deptli (1) (11) (111) - August- November- February- 
fms. ~ n e t r e s  October J a ~ ~ u a r y  April Difference 

"C "C "C (I)-(II) 
"C 

(II)-(IIl) 
o o 29.6 26.9 28.0 'C 

27.1 2.7 -1.1 20-40 37-73 23'7 26.0 
40-Go 7.3-110 22.2 23.8 3'4 -2.3 

24.2 -1.5 -0.4 
60-80 110-146 19'7 22.9 23.1 -3'2 -0'2 80-100 146-183 . . '9'7 18.1 . . I .6 

It thus appears that  from the surface down to a depth of 40 fathoms (73 metre) 
the teniperature is high during the period August-October ; it then falls during the 

next periocl and rises again in the months February-April. Between 40 and 80 
fathoins (73 and 146 metres) the temperature is low in August-October, when the 
surface-water is a t  its maximum temperature, but rises steadily during the next 
six months ; and finally the tei~iperature a t  a depth of 80-100 fathoms (146-18~ 
metres) is clearly lower in the months ,4ugust-October than it is in the next three- 
monthly period, since in November-January the temperature a t  this depth is the 
same as that  recorded a t  a depth of 60-80 fathoms (110-146 metres) in August- 
October; is apparently a t  its maximum in November-January and falls again in 
February-April. It thus appears that  in these waters, as in the temperate zone, 
there is a reversal of the seasons a t  a depth of about IOO fathoms (183 metres) and 
that  a t  this depth, that  is approximately the depth of the edge of the continental 
shelf and the colnmencement of the continental slope, the ' summer ' occurs in 
Nove1llber-Januar~ ; and, further, that  the seasonal range of temperature at a depth 
of 60-80 fathoms (110-146 metres) is in the neighbourhoocl of 3'5°C. 

We now coille to  the consideration of the possible existence of a periodic varin- 
tion in the temperature of the water in these regions at  depths greater than 100 

fathoms. It is generally assumed that  a t  depths below this, that is to say below the 
depth a t  which seasonal changes, due to  convection currents and produced by the 
alterllatioil of the seasons, can be traced, the telnperatut-e in any locality is COlnPar:l- 
tively constant and especially so in the deep strata ; but a reference to the datathat 
1 have already given regarding the tenlperature of the different levels on the 
eastern side of the Bay of Bengal alld in the Andaman Sea in different months 
(vide supra,  pp. 379-385) shows clearly that  there lnay be considerable variation 
from month to  month. At the same time one has to  recognise that small differences 
in the records of deep temperatures may be due to  ( I )  error in correctly estimating 
the depth a t  which the reading was taken ; Carpenter (1887, p. 231) gives a very pod 
description of such an error in a sounding taken inLat. 19" 31' N. ; Long. 91' 97' E , ~  
iu which ' the temperature shown a t  a cart of 1,400 fathoms, made in 1885,. . . 
far more suitable to  a depth of 1,000 fathonls ' and a subsequent soundillg i n  the 
same spot gave a correct reading of 912 fathoms. Errors of less magnitude may . "I" I 

occur unless care is taken to  see that the wire of the sounding lnachineisstralgllt "' 
and down ' and even then they may still occur owing to the wire being affected by 
deep horizontal currents, though in modern times with the use of fine wire "Y 
froin this last cause will be small ; or (2) error in the thermometer. 
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~ f ,  however, in a comparatively large series of observatiolis we find that  the 
average temperatures a t  different depths show not only a definite variation 
in the deeper levels a t  different times of the year, but also corresponding and simi- 
lar variations in the deeper levels of two adjacent areas, such as the Bay of Bengal 
and the Andaman Sea, one is justified in assuming that  these variations are definite 
evidence of seasonal or, a t  least, periodic changes. 

I have been carefully through all records of temperatures taken a t  different 
times of the year in the above-mentioned areas and by taking the averages for differ- 
ent months I have been able to compile the following gradients :- 

Depth October- December January February April - November 
fms. metres "C. 'C. "C. O C .  "C. 

. . . .  .... 200 366 10.9 11.0 .... .... . . . .  300 549 9.5 9'0 9 '0 

400 732 8.5 7'4 7'9 9.4 
6.8 8.1 

8.9 
500 9'4 7'3 6.3 

6. I 
7'9 

600 1,097 6.5 5'4 7' 3 7'0 
700 1,280 5'6 4'6 5'" 7'4 6.2 
800 1,463 5'0 3.8 5'0 4'9 ? 5'4 
900 1,646 4'3 3'6 4'9 5'4 

1,000 1,829 
4'6 

3'8 3'1 4'5 5'2 4'1 
1,100 2,012 3'4 2.4 2.7 3'6 3'5 
1,200 2,195 3'0 2'0 2.4 3.3  2.8 
1,300 2,377 2'7 1'9 2.1 .{'I 2.1 
1,400 2,560 2'4 1.8 1.8 2'9 

1.6 
1'7 

1,500 2,743 2'1 1'7 2'7 1.6 
1,600 2,926 2'0 1'7 1.2 2'4 1.6 
1,700 3,109 1'7 1'7 1.1 2'2 1.6 

1.1 (Oct ) 1'7 1.1 1'7 1.6 to 
or over r*800 3*292) 1'7 (Nov.) I.3 

Table 90; showi~lg the average bottolll temperature a t  different depths and ill different ~ l l o l ~ t l ~ s  in 
the Bay of Rengal. 

From the above figures, that are based on records of over IOO observatio~ls taken 
in depths ranging fro111 104 to 2,230 fathoms, there seeins to  be every reason to  
conclude that throughout there is a definite seasonal change, the temperature a t  any 
depth from zoo to 1,700 fathonls being co~nparatively high in the nionths of October 
and November ; but below this, a t  a depth of 1,800 fathoms and over, the tempera- 
ture seems to be somewhat greater in the latter month. During the succeeding 
month, December, the temperature of the water down to a depth of r,doo fathoms has 
fallen considerably and appears to  have reached its minimum, though ill depths 
greater than this the temperature still continues to  fall till January. Between 
January and February the temperature a t  all levels rises, and between February and 
April shows a second clear fall. There thus appears to be in the deep waters of the 
Bay of Bengal a double fluctuation in the temperature a t  all depths, having its first 
maximum at about the end of February and its second probably about the end of 
September or early in October, though I have no actual evidence of this latter ; 
alternating with these niaxima are corresponding minima in December and May or 
June. I t  is significant that these two periods of lninimuin temperature in the deep 
levels correspond closely with two of the periods in which the discontinuity zone 
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shows an elevation of its lower limit (vide Text-fig. I 2 7 

p. 390). If now we make a similar analysis of the' 
records of bottom temperature in the Andaman Sea we 
get the following results :- 

Depth - October- 
Nove~llber December 

fms. metres "C. 'C. 

zoo 366 .... 11.9 

goo 1,646 5 '0 4'7 

1,000 1,829 
or 

over over 

Depth - 
fms. metres 

1,000 1,829 
or 

over over 

Jauuary 

"C. 

10.6 

9'0 

7'9 

7'0 

6.3 

5'7 

5'3 

5'3 

February 

"C. 

11'0 

9.8 

8.8 

7'8 

6.6 

5'9 

5'3 

5'3 

March- 
April 
"C. 

11'2 

9'8 

9'0 

8.0 

6.7 

5'8 

5'1 

5'1 

TEXT-PIC. 130.-Seasonal variation in the Temperature of the deep 
water, from 300-1,000 fathoms, in the Ray of 
Bengal and Andaman Sea. 
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For the sake of coinparison I have plotted both these sets of temperatures in 
~ ~ ~ t - f i g .  130, and it seems to be clearly indicated that in both areas the temperature 
at any given level tends to follow the same course. At all depths in each area the 
rise and fall oi the temperature follows an allnost identical curve; but with this 
difference, that the changes in the Andaman Sea appear to lag behind those in the 
Bay of Bengal by an interval of about a month. In  the Bay of Bengal the first max- 
imum occurs at  about the end of September, or the beginning of October, whereas in 
the Andaman Sea it is delayed till the end of October or the beginning of ~ o v e m b e r  ; 
the minimum occurs in the Bay of Bengal in December but in the Andaman Sea 
this is not well marked and seems to occur about December or January; and the 
second lnaximum occurs in the Bay of Bengal in the end of February or early in 
March, but in the Andaman Sea a t  about the middle of this latter month. Exactly 
the same sequence occurs a t  all depths in both areas between 400 and 800 fathoms 
(732 and 1,463 metres) and the explanation seems to  lie in changes tha t  are going on 
in the Bay and are transmitted to the waters of the Andainan Sea basin. A further 
point to note is that the maximum variation a t  any one level occurs a t  or about the 
700 fathoms depth and i t  seems probable that these changes are dependent on corres- 
ponding changes, either in volume or in temperature, of the gradually sinking Tropic 
water, that in this area of the Bay lies a t  about this depth (v ide  supra, p. 371). 

I have already (vide supra, p. 369) called attention to the oscillatioil in the 
temperature of the water down to a depth of a t  least 220 fathoins (400 metres) that  
has been described by Matthews (1926, p. 190) from observations taken by the 
'Valdivia' and ' Sealark' in an area extending between Lat. 6-10" S. and Long. 
50-57" E. This oscillation Matthews considers to be due to ' deep currents, of which 
we know so little that it is useless to pursue the question further a t  present'. If, 
however, we take the same serial observations and plot them, not according to their 
geographical positions of Latitude and Longitude, but according to the time of year 
at which they were taken we get a series that, though incomplete in the months 
of December and January, gives us some indication of the changes that  are going on 
in these depths during the period from October to  March inclusive. 

I have plotted the results in Figure 131 and have shown the probable course of 
the isothermal lines. These certainly appear to indicate that there is a definite 
oscillation in the teinperature at  all levels down to a t  least 400 metres, with maxima 
In the early part of November or somewhat earlier a t  the greater depth of 350-400 
metres, and again in the latter part of February ; between these two maxima there 
apparently occurs a mininlum phase in or about the end of December or early 
January, but unfortunately we have no actual data for this period. A comparisoll of 
these oscillations with those shown to exist in the deep waters of the Bay of Bengal 

and Alldalnall Sea reveals a close degree of similarity. Passing from west to east 
we thus have three adjacent areas in each of which there is some evidence of a periodic 
variation in the temperature of the water a t  depths ranging from the surface to 500 
metres to-273 fathoms) or more on the west and from 549 to 1,829 metres (300 to 
It000 fatllo~nq) on the east, and further, that this variation occurs at  a progressively 
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later time of year as one proceeds eastward. It seems probable that these 
changes are due to  seasonal alterations in either the temperature or volume, or both, 
of the Tropic water tha t  gradually sinks in the more northerly region of the Arabian 
Sea and flows east and south-east to form the north Indian deep stratum. The rise 
of temperature of the tropic water a t  depths of 549 to 1,829 metres (300 to 1,000 
fathoms) seelns to  correspond closely with the rise and fall of that of the surface water, 
as shown in Text-fig. 37 (vide p. Z I I ) ,  but as it is clear that some considerable time 

TEXT-PIG. 131.-Evidence of seasonal variation in the Temperature of the deep water 
of the Arabian Sea and the neighbowing part of the Illdial1 Ocean. 

must have elapsed since the water sank below the surface and made its appearance 
a t  these great depths, it is equally certain that these changes in the deep levels 
cannot be attributed to  the concurrent surface variation but must be due to changes 
that have taken place in the surface waters some months previously. 
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THE BOTTOM TEMPERATURE OF THE ANDAMAN SEA BASIN. 

Kriimmel (1911, p. 494) has pointed out that in an enclosed basin such as the 
Andaman Sea, if the mean winter temperature over the basin is lower than the 
temperature of the water of the open ocean a t  the level of the deepest entrance channel, 
then the basin will be full of water having this winter temperature ; but that if the 
mean winter temperature is higher than the temperature of the water of the ocean a t  
the level of the channel, then the water of the basin will have the temperature of the 
water of the open ocean a t  this depth. It is clear that in tropical regions, such as 
these with which we are dealing, an enclosed basin should follow the second of these 
alternatives. 

As Kriimmel (1907, p. 479) has pointed out, there is a quite considerable range 
of variation in the temperatures that have been recorded in the deeper waters of the 
Andaman Sea basin, that is, from depths greater than that of the deepest channel 
through which the waters of the basin can communicate with those of the Bay of 
Bengal; he, however, pays but little attention to these variations and assumes that 
throughout the basin the temperature is uniform and in the vicinity of 4'75°C. 

Schott (1902, p. 176) gives the temperature of this basin as 5'4°C. between 1,270 
and 1,500 metres (694 to 820 fathoms) and 5'2°C. below this depth down to the 
bottom. Alcock (1898, p. 9) has, however, recorded a temperature a t  a depth of 
1,159 fathoins (2,120 metres) as low as 4.z°C. There,is thus evidence of a consider- 
able range of variation in the deep temperature of this area. One of the characteris- 
tics of inland basins such as this is the uniformity of the temperature of the water 
below the level of the deepest entrance channel and while recognising that the 
Andaman Sea is probably no exception to  this general rule, it is, I think, worth while 
to attempt to find some explanation of the variations that have been observed, since 
these variations are in my opinion too great, and, as we shall see, too consistent to 
be due to mere accident or to careless observation. Any marked variation in the 
temperature a t  or near the bottoin of such a basin may be attributed to one or other, 
or possibly to both, of the following causes, namely ( I )  to a change in the tempera- 
ture of the water outside the basin or (2) to  a heating up of the water through some 
internal agency in the basin itself. We have already seen that the water of the Bay 
of Bengnl does show a periodic variation in its temperature and this may be sufficient 
to accoullt for the observed variation in the water of the Andaman Sea; but a 
further a~lalysis of the data a t  ~ n y  disposal seems to indicate the possibility that the 
second factor may also be concerned. 

I t  is now generally accepted that the deeper water of an inclosed sea must be in 
a constant state of circulation ; only by assuming this, even if no actual proof were 
forthco.lil~g, can one explain the freedom from stagnation and the presence of living 

at the bottoin of such areas, for both these conditions require the presence of 
Oxygen in solution and its constant renewal, together with the removal of carbon 
dioxide gas. The cause of this circulation is believed to be the heating up of the 
bottom layers of water, where they are in contact with the earth's surface, and the 
conwquellt col~vectioli currents that rise upwards in the centre of the basin, counter- 
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currents in the downward direction being produced round the margin. ~f it be 
admitted that the ordinary sea bottom is capable of producing this efiect and of 
causing a rise in the temperature of the bottom water, it seems only reawnable to 
suppose that  in an area that  is known to be volcanic, and, moreover, still to some 
degree active, such a heating process on the bottom might be more marked than 
usual or than in areas tha t  are non-volcanic. 

I have previously shown (vide supra, p. 9 et seq.) that the Andaman Sea is 
traversed by a volcanic chain that  forms a wide sweep and in the southern part of 
its length is inextricably blended with the non-volcanic continuation of the Aracan 

Yoma, that  forms the main mass of the Andamans and the western part the 
Nicobar ridge. The volcanic range, of which Barren Island and Narcondam are the 
only peaks that rise above sea-level, is still sufficiently active to maintain a hot 
spring on Barren Island and within recent times there must have been an actual 
eruption in that part of the range that  runs down the east side of the Nicobars, for, 
as I have already mentioned (vide supra, p. 11, footnote) in Lat. 8' 32' N.;  Long. 
94" 10' E. large lu~nps  of Olivine Basalt, that  had only very recently been erupted, 
were brought up in the trawl ; the depth from which these masses were obtained was 
1,260 fathoms (2,304 metres) and i t  seems probable that there had very recently been 
an active submarine eruption that  must have had a profound effect on the local 
temperature of the water. Further to the south the continuation of this volcanic 
range becomes extremely active in Java and Sumatra and it does not seem beyond 
the bounds of possibility that  this active volcanic area may have a general effect, 
quite apart from any local effect due to isolated eruptions, in heating up the deeper 
waters of the Andaman Sea basin. 

Assuming that  volcanic activity may play a part in causing variations in the 
temperature of the deep waters of such a basin, this heating up of the bottom stratum 
might be either local or general throughout the whole length of the range; and 
in this respect certain observations made by the ' Investigator' are of some interest. 
In 1897, in Lat.  1z006'30'N.; Long. 93"32'42"E., a t  a depth of 513 fathoms 
(936 metres) a temperature has been recorded as high as IZ.ZZ~C., or  approximate'^ 
5.0°C. higher than one would expect; this may, of course, be due to error, caused 
by the thermometer failing to act properly, but on the other hand the sample 
of the sea-bottom obtained a t  the same time was also very peculiar; it is described 
as consisting of 'hard white clay', such a deposit is known from no other localitym 
the whole basin and the neighbouring deposits are all either green or blue mud* This 
station lies about mid way between Barren Island and ~ i t ch i e ' s  Archipelago the 

east of the Andaman islands and due north of Invisible Bank, that is ill all probability 
part of the volcanic range. There is also a small area lying between Lat' 130 I! 
and 13" 35' N. and Long. 93" 14' and 93" 44' E., in which on no less than 
occasions a t  depths ranging from 405 to 1,068 fathoms (822 to I.954 metw' 
temperatures have been recorded that were distinctly higher than what One would 
consider normal for such a depth. The details of these observations are fo'lows: 



This area lies about 50 miles to the west of the island of Narcondatn, itself an old 
volcano, and about 10 miles to the east of the station in Lat. 13'17' N. ; Long. 
93'07' E., where a number of phosphatic nodules were brought up by the dredge. 
Tipper ( I ~ I I ,  p. 16, footnote) who reported on these nodules found that the phosphatic 
deposit was surrounding and enclosing the remains of fish ; and he suggests that these 
fish had been killed by volcanic activity, namely, ' by an eruption of the volcanoes, 
Barren Island and Narcondam, the former of which was active in quite recent 
times'. I t  is, however, possible that the centre of this volcanic activity was 

Diff. 

- 

0.30 
0.37 
O.74 
1.00 
0'25 
o 25 

submarine and lay in the near vicinity of the deposit, namely in the area noted above 

Normal 
temperature 

- 

4'75 
6.80 
8.15 
7'20 
4'75 
4'75 

in which the abtiormally high temperature-readings were obtained. 

Year 

1890 . . 
1890 .. 
1896 . . 
1897 . . 
1903 . . 
1903 . . 

h study of the temperatures recorded from the deeper waters of the Alida~naii 

Long' 

0 l r, 

9.3 27 00 

93 I7 15 
93 I4 30 
93 26 oo 
93 44 00 

93 44 00 

N '  

0 ,  n 

I3 21 00 

I3 34 15 
I3 27 00 

rg 15 -30 
I3 I3 30 
I3 26 30 

Sea seems to indicate that a t  depths greater than 800 fathoms (1,463 metres) and thus 
below the level of the deepest entrance channel, the temperature tends to vary with 
the proximity to or distance from this volcanic range. The average bottom tempera- 
ture recorded along tlie line of the ridge or in its near vicinity is 5.4n°C.; it is 
possible that this average is sornewhat too high sitice in several of tlie records 
readings appear to have beeii taken only to the nearest degree in the Fahrenheit 
scale, but even after allowi~ig for this and taking all such readings a t  their lowest - 
possible value, namely half a degree lower than that stated, the average still reaches 
5'2s°C. In contrast to this the average temperature recorded from stations renlote 
from the ridge gives a figure of only 495OC. There thus appears to be a11 appreciable 
difference ill the te~llperatures recorded in volcallic and non-volcanic regions of the 
basin. If this difference be due to the volcanic activity of tlle range we ought 
to be able to trace some relatioiisliip between the average temperatures in different 
years and the k ~ l o ~ ~ ~  activity of the range; ill the followiiig table I have grouped 
together in one series all records from areas that inay be suspected to be volcanic and 
in the second those that have been obtained in regions where no such activity 
is suspected : 

Depth i11 
fathoms 

922 
538 ' 

4O5 
498 

1,068 
935 

Year 1888-89 1890 1891 1897 1898 1902 1903 1910 1913 1915 
Average in 
volcanic 5.11" 5'zR" 5'25" 5.14~ 4'94O 5.00" . . . . 5.28" 5.28" 
areas 

Observed 
temperature 

5'11 
7'17 
8.89 
8.20 
5.00 
5.00 

.... . . . . . . . . 5.00" 4.78" 4 . 7 ~ ~  4'67" . . . . . . . . 
areas 
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There seeins good reason to  suppose that  the temperature of the bottom waterin 
the volcanic region is undergoing a periodic rise and fall. a maximum being reached 

NO, &&nic ErupLiom in ih Bottom tempera fur& Bottom tem,veralun in 
Year: SouZhern part oft& Volcanu r e & .  in VoZcenic area.  n.nn-Voha& area, (Sumatra - Java ) 

'~EXT-FIG. 132.-Showing the degree of volcanic activity in the sumatra-Java area, and the variatio" 
in the bottom temperatures in the Andaman Sea in both volcanic and non-volca1lic regions. 

about 1891 and again about 191 3-15, with a nlinimum in 1902. I n  that part of the 
volcanic range that runs through the Andaman Sea there is now nu definitely active 
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volcano, the eruptions of which might be taken as an index of the activity of the 
whole range ; but to the south in Sumatra, Java and Flores there are a number of 
volcanoes that are frequently in a state of eruption and in an Appendix I have 
given the years in which these volcanoes have been known to be active within recent 
times. I t  is clear that the activity of the range has its main centre in the island of 
Java, and that this activity gets steadily less and less as we follow the chain towards 
the north, till we reach Barren island, where there has been no actual eruption since 
1852 but where there is still a hot spring. It is now well recognised that  there is a 

distinct periodicity in volcanic outbursts and in Text-fig. 132 I have compiled a graph 
based on the actual number of volcanic eruptions in the range under consideration for 
periods of every three years commencing with the three-year period 1877-79 and ending 
with the period 1913-15. From this it is clear that there was a con~paratively small, 

though clear, increase in volcanic activity during the period 1883-85 ; this was followed 
by a decrease in the number of eruptions between 1886 and 1894, after which there 
was a steady rise until we get the maxiinulll number in the period 1907-09 ; and finally 
there was again a decrease lasting a t  least till 1916-18, beyond which date my data 
do not extend. In the same text-figure I have plotted the variations in the average 

temperature of the bottom water in the two areas, volcanic and non-volcanic, of the 
Andaman Sea basin. The data seems to indicate that these temperatures follow the 
same general rise and fall but a t  some considerable time later. The similarity of the 
curves suggests that the two phenomena are related, and two possible explanations 
present themselves. In  the first it seems possible that the volcanic activity in the 
region of the island of Java, which involves a great increase in the tenlperature of 
the range in that region, gradually causes by conduction along the range a slow but  
gradual heating up of those portions of the range to the north in the neighbourhood 
of Barren island, which eventually makes its presence felt by a heating up of the 
bottom water some ten years later. The water in the bottom regions of the non- 
volcanic parts of the basin does not show the corresponding rise till some three years 
later still, but this is, I think, only to be expected ; for assuming that in certain 
areas there is a slow but steady heating up of the bottoin water from some such 
source as a volcanic region, the actual elevation of the temperature will be but small 
since it will a t  once set up convection currents in the whole mass, and since the 
bottom circulation must be comparatively slow, some considerable time, possibly 
several years, must elapse before this local heating can make its presence felt in the 

more remote parts of the basin. If this argument is a sound one and the heating up 
of the water along the volcanic parts of the range is due to increased volcanic acti- 
vity many hundreds of miles away, one ought to find that there is some agreement, 
at least, between the interval of time known to elapse between the increased acti- 
vity in Java and the increased bottoin temperature in the region of Barren island 
On the one hand and the rate a t  which a rise of temperature will be conducted along a 

mass of basalt of this length on the other. In this connection I have to acknowledge 
With thanks the help of Dr. A. M. Heron of the Geological Survey of India, who has 

my attention to a paper by Poole (1914)) which deals with experiments on 
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Basalt and Graphite that were designed and carried out to test the conductivity 
of these substances. Poole (1914) has shown that for temperatures up to gooo or 
fjooOC. the conductivity of the earth's crust may be taken as about q x ~ o - '  without 
any risk of making a serious error, unless the conductivity is sensibly affected by 
the large pressure involved. According to Poole the heat flux (Q) in calories pr 
centimeter per second can be calculated from the formula 

where 14- is the product Current X P.D. and 10'14 is the length of the experimental 
cylinder of basalt. For such a cylinder the value of Q works out to 0.12 calories 
per cm. per second. The approximate distance between the central area the 
volcanic region of Java and Barren island in the Acdaman Sea is 1,790 miles, so 
that  if heat can be transmitted along such a volcanic ridge for this distance and if the 
rate of flux of temperature was a t  a rate of I cm. per second, it would take approxi- 
mately 9.1 years for the heating up process to affect the region round Barren island. 
I n  Text-fig. 132 it will be seen that the first maximum of volcanic activity occurred 
in 1884 and the corresponding maximum of the bottom temperature in the volcanic 
region of the Andaman Sea is in or near 1893, an interval of nine years. Dr. J. R. 
Cotter of the Geological Department, Trinity College, Dublin, to whom I submitted 
the above possible explanation, does not think i t  possible that a periodic variation 
in temperature in Java could reproduce itself a t  any considerable distance; but he 
suggests, as an alternative explanation, that  there is periodic activity all along the 
ridge, in which the maxima a t  successive points occur at  successive intervals of 
time ; "Suppose that periodic volcanic activity is due to a gradually increasing 
stress which finally finds relief in an eruption. This relief of stress throws extra 

stress on neighbouring regions, and, if there is a line of weakness, the next ruP- 
ture will probably take place a little further along that line, and the next a little 
further still. I do not think that the fact that some of the islands are volcanoes 
which have long been extinct really invalidates this argument. The weak spots ma!' 

change in course of time, while still remaining on the old fault ". 
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VII. THE TOPOGRAPHY AND BOTTOM DEPOSITS OF  T H E  
LACCADTVE SEA. * 

In the following paper I have attempted to bring together from a variety of 
sources, including my own observations, the available information regarding the 
mode of origin and subsequent history of the present character of the west coast of 
India and of the great chain of islands and atolls that lies to the west and south-west 
of the Indian peninsula and coiistitutes tlie 1,accadive and Maldive Archipelagoes. 
I have also given at  the end of the paper a few notes regarding the distribution and 
general characters of the deep-sea deposits in this region that is termed the Laccadive 
Sea. 

THE LACCADIVE REGION. 

The Laccadive Archipelago for the most part arises from a single basic plateau, 
that over the greater part of its extent lies a t  a depth of about 1,000 fathoms, though 
at  its southern end this increases to 1,100 fathoms. At this south end there are not 
sufficient soundings to enable one to be certain of the exact run of the contour lines ; 
thus Agassiz regards Sulieli Par as being connected with Kalpeni, while he shows 
Kuvaratti as arising froni a separate bank, while Oldham, whose chart I have in the 
nlain followed, considers that Kuval-atti and Suheli Par together Inark a south- 
westerly extension of tlie ~nain plateau and that Kalpeiii arises separately. Alo~ig the 
east side of the Archipelago the coiltours of tlie sea-bottonl are some\vhat complicated 
in the accompanying chart (Chart VII), mrhicli I have slightly nlodified fro111 that 
give11 by Oldham (C.F., 1895, pl. I). 

The whole of the 1,accadive group is see11 to be enclosecl, aiid a t  its north easterly 
corner connected with the nlass of coiitiriental India, by the 1,100 fathom line, which 
~qlcock (1902) in his chart of tlie Indian Seas terms Old l i an~ '~  Line. Oldha111 in his 
origillal chart showed the presence of an isolated basin, having a depth of over 1,100 
fatlloms, lying between the 1,accadives and the Indian coast ; according to 11inl Androtli 
is situated at  the extremity of a submarine penii~sula that is supposed to jut out 
from the colitilielital slope of India towards tlie south-west. He remarks (1895, 
P. 2) 'in Latitude 11" N. a ridge, on w-liicli are situated the Elicalpeni reef and 
Androt11 island, projects for fifty miles to the south-west '. If this were indeed 
the case we should have between the 1,accadives and India an isolated basin, cut off 
both to the north and the south-west by a raised area with a depth of only 1,035 
fatllollls, and having along its west and southern sides a depth of over 1,150 fathoms. 
-- - 

* I'aper was n~r i t tcn ,  and received for publication by the Asiatic Society of B e ~ i ~ a l ,  before its Author  left India 
In  A ~ r l l .  1933, nllcl prior to 111s sppoint t~~rl l l  as Leader of the  Jolin AIorray Ocranograpliic Expedition. 

Noven~ber,  1934. G e r ~ r r n l  Secretary,  A .S .B .  
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The deep water of such a basin, if i t  existed, should show the persistence at all depths 
below that of its deepest entrance passage of a uniform temperature, that, also, 
agree with the temperature present in the water outside the basin at the depth of c 
connecting channel. In  the table below I have given a series of temperature observa. 
tions in the supposed basin, in the other part of the Laccadive Sea and in the area to 
the west of the Laccadive Archipelago. 

Depth in fathoms. 

I 

Supposed l~asin. 

1,104 
1,109 
1,117 
1,120 
1,122 
1,126 
1,128 
1,130 
1,131 
It133 
1,138 
1,139 
1,140 
1 , I45 
1,152 
1,154 
1,155 
1,160 
1,161 
1,179 
. . ~~ 

I t  will be noted that there is, in the records given above, a certain degree of 
variation in all three sets of observations, and that the temperatures recorded in both 
the supposed basin and the southern part of the Laccadive Sea are slightly colder 
than those obtained a t  corresponding depths in the open waters of the Arabian Sea; 
there is not sufficient evidence of any great difference between the two areas in the 
I4~ccadive Sea and I conclude, therefore, that such an enclosed area, as Oldham 
postulated, does not exist and that the Elicalpeni Rank is separated from penillsular 
India by a deep and narrow channel and forms an integral part of the 14accadive 
Archipelago. It is extremely interesting to note that the position of this bankcorre9 
ponds very closely with the eastward trend of the hill ranges of the peninsula! . . 
where the Western (:hats turn round to be continued into the Eastern Ghats, and1tls 

possible that this feature may have influenced Oldham in reaching the conclusion 
mentioned above. 

THE MALDIVE REGION. 
Stallley Gardiner has described the Malclives as being situated on a plateau! 

of which from the few soundings tllat lie he estimated to he about 200 

"C. 

2.83 
. . 
. . 
. . 
. . 
. . 
. . 
. . 

2.78 
. . 
. . 
. . 
. . 
. . 
. . 
. . 
. . 

2.20 
. . 

2'22 

"C. 

. . 

. . 
2.78 
. . 

2.95 
2.78 
. . 

2.61 
. . . . 

2.7s 
,335 

. . 
2.78 
3'0.5 
2.78 
2.78 
. . 
. . 
. . 

Laccadive Sen between 
the Maldives and 

Ceylo~~. 

"C. 

. . 
3'22 
. . 

2'72 
. . 
. . 

3.05 . . 
. . 

3'22 
. . 

3.05 
2.89 
. . 
. . 
. . 
. . 
. . 

2.89 
. . 

The Arabian Sea to the 
west of the Laccadi\res. 
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fathoms ; he remarked (1903, p. 153) that ' the trend of the Maldives is such from 
~ ~ l ~ ~ ~ d u l u  to Ihava~ldifolu that i t  is almost certain that all must lie on the same 
plateau ' and subseque~ltly he stated tliat ' it is unlikely that the banks to tlie south 

north (of Kardiva Channel) are separated by any depth greatly in excess of tliat 
found in the central basin to the south or in the cl~aiiiiels between the atolls. . . . . 
Tile various banks then arise as so Inally plateau froni a cornmoil plateau, Jvhicli lias 
a general depth of about zoo fathoms.' Agassiz (1903, p. g), however, dissented 

from this view and by his inore nuinerous souiidi~lgs showed that ' tlie main chain 
of the Maldives does not lie alone upon a relatively shallow plateau a t  a depth of zoo 
fathoms ', hut that, like the Laccadives, tlie atolls are situated on a series of plateau 
separated from one another by chaiinels of very different depth, many of them being 
considerably greater than 300 fathoms ; a study of Text-fig. 135 (vide infrn, p. 438) 
shows clearly that the depth of.the intervening channels tends to becollie very much 
greater at the two elids of the Archipelago than i t  is in the middle of the area. 
Excluding the most southerly peaks on which stand the atoll of Addu and the islalid 
Fua-mulaku, we have to go as deep as 1,200 fathoms to find a line that will include 
the remainder of tlie Maldive group, or if we still further exclude Minikoi to the north 
and Haddumatti to tlie south, tlie 800-fathom line will encircle the remainder. It 
thus appears that we have two basic plateau, for the Laccadive and Maldive archi- 
pelagoes respectively, that lie a t  an average depth of, 1,100 fathoms, the actual depth 
gradually increasing from 1,000 fathoms a t  the norther~l end to 1,200 fathoills a t  the 
southern, while the 1,300-fathom line encloses a co~ltiiluous foundatioil tliat a t  its 
northern end becomes continuous with the peninsula of India and on either side of 
which at the southern end tliere is water of well over 2,000 fathoms. 

All alolig tlie west coast of India, as around all other cotitiiieiits, tliere is a well 
marked contiileiital shelf, exteildilig outwards froin the shore line to a depth that  varies 
somewhat in different regions but on tlie average is about IOO fathoms. By Inally 
scientists this co~itiiient~l slielf is regarded as an integral part of tlie land itself that has 
become s~bmerged, either by depressioi~ of the land area or by elevation of the sea- 
level. Others, however, consider that tlie shelf has been built up by the deposition 
of debris and detritus, derived froill tlie erosion of the continental surface, around 
the margin of the land area. UTe shall see tliat tliere is a very considerable inass of 
evidence that points to the occurreilce ia the past of extensive faulting all along the 
west coast of India a ~ i d  thus it is possible that tlie contineiital shelf lnay be a sub- 
lnerged part of the Indian peiiilisula; but on the other hand a study of the shelf in 
different regions of this west coast (Text-fig. 133) shows certain interesting differences 

can be accounted for by differelices in oceanic coiiditions a ~ i d  thus are attributable 

to variation in tlie rate and extent of depositioil of sand and silt. Along tlie west 
coast of India, extellding from Karachi in tlle ~ior th to Cape Coiiloriu ill the south is a 
t ~ l i ~ a l  shelf tliat has been terined tlie ' Uo~~lbay shelf '. Kriiinmel (1907, p. 113) 

this shelf as extellding fro111 Karxlii to Latitude 12" N. and liavil~g an area 



CHART VII.-Chart of the Laccadive Sea from ' Investigator ' soulidings (modified from Oldllsrn). 
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of 230,000 square kiloinetres and a depth ranging froin 50-100 metres ; but this estimate 
of the depth gives the average rather than the m a x i ~ n u n ~  depth of the edge 
of the shelf. This shelf is widest a t  its north end where in 1,at. zoo N. i t  extends out 
from the coast for a distance of over 120 iniles but towards the south i t  gradually 
narrows till off Cape Conlorin i t  is only some 30 iniles wide. All along this shelf tlie 

bottoln deposit is terrigeilous in character and in the  south is largely derived from the 
rivers that drain the Western Ghats ;  whereas tlle wide area to  the north is 

correlated with the inflow of several large rivers, the chief among them being the 
Indus and the Narbudda, the former, like the Ganges in the Hay of Bengal, haviug 
a deep gully or ' swatch ' off its mouth. 

Along the Malabar coast, lying to the east of the Laccadive Archipelago, as Alcock 

Suri;ce (1902, p .  165) has pointed out, the 

700 
ocean floor slopes very gradually 
' to  a depth of roo fathoins but after 

200 g 

F 
that ,  a t  a distance of 75 t o  35 iniles 

300 Q from shore, it inakes an  exceedingly 
-$: 

400 steep descent '; but  as we follow this 

500 
coast to  the south we find tha t  the 

c continental shelf and continental 
600 ' 3  

slope show very interesting differ- 
700 2 

% 
ences in different localities. Oppo- 

aoo 6 site Mailgalore and dowil as far as 

900 Cochin, the shelf slopes gradually to  

7000 about 65 fathoins ancl then drops 

TEYT-FIO I 1 1  -5ectioli ~ ~ ) ~ ~ t ~ ~ ~ ~ ~ ~ t ~ ~  q ~ l c ~ f  .,,I(I \I,,,,c rapidly away to  the 1,ooo-fathonl 
\V qlde of India at- line and the same coilditioil is again 

I .  AIangalore-Cochi~i 
2 .  Quilon. 
3.  Trivandrum. 
4 .  Cape C o ~ ~ ~ o r i n .  

met with in the region of Cape 
Comorin; but a t  Quilon the shelf 
widens coilsiderably and a t  first 
slopes gradually to a depth as great 

as 190 fathoms but the11 further seaward rises again to a depth of 170 fathoms before 
it falls steeply away ill the continental slope ; i t  seems probable that  ill this region the 
formation of a simlle coi~tinental slope has been prevented by some nleaos or other, 
such as an oceanic current ilnpillging on the land and preventing the deposition of sand 
and mud in shallower depths. The Crlrrent Charts for the India11 Ocean published by 
the Koninklijk Nederlandsch Meteorologisch Institut (1927--30) show that  in the 
month of March two strong currents, the one from the north-west and the other from 
the sooth, having a velocity of 40-49.9 sea-miles per day, impinge on the west coast 
of India at ahoot this point (Idat. lo0  N.) ; but in May the current froin the south 
disall~ears and we now get a stroilg current setting southwards along this part of the 
coast; a similar condition is agaiii found in the month of September, though in this 
latter nlollth the current is less strong and is only of a velocity of some 10-14.9 sea- 

Per day. Passing further south to the region off Trivandrum, we there find tha t  
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the continental shelf is comparatively narrow, being only some 25 miles wide and the 
cont ine~~tal  slope drops steeply fsoln the 50-fathoin level down to a depth of 
800 fathoms, a t  which depth there is situated a wide submarine plateaLl, to which I 
shall have occasion to refer later. Around the coasts of Ceylon the continental sheu 
is narrow and is largely overgrown by coral. As there are no very large riven in 
Ceylon and as the land sorface is coinparatively small, it is not a matter of surph 
if we regard the shelf as being formed by land detritus, that this shelf is narrow. ~t is 
interesting to note that  along the east coast of this island the shelf exhibits a number 
of deep indentations, especially in the following localities :- 

(I) East of Little Basses Light. 
(2) and (3) North and South of Alphee Shoal. 
(4) North of Batticaloa Light, and 
(5) Off Trincomalee Harbour. 

The greater number of these indentations correspond roughly to the mouths of rivers 
and i t  might be argued that this furnishes support to the theory that attributes this 
continental shelf to the submergence of a part of the original land area, these 
indentations in the shelf representing the now drowned portions of the old river beds; 
on the other hand, however, since the greater part of this coast is fringed with coral 
reefs i t  must be obvious that much of the shelf must have been built up by the forma- 
tion of a talus slope fro111 the reefs and hence it is exactly in these regions, in whicli 
fresh water is being poured into the sea, that coral will be least able to flourish and, 

therefore, in which the talus slope forination will be slow or even non-existent. 
It seems more than probable that the proximity of three plateau, namely those 

on which the Laccadives and Maldives are situated and the olle off the west coastof 
India, situated so close to each other and a t  depths that range from only 850 to 1,200 

fathoills is more than a mere coincidence ; and their existence is particularly iriterestilig 
in view of the opi~lioll expressed nlally years ago by Wallace (1895, p. 426) in his 
review of the distribution of the faLllla and flora of the various islallds of the westerrl 
part of the Indian Ocean. Wallace nlai~ltained tliat there could never have beell 

direct lallcl connection between Inclia ancl Africa, and tliat all the then know11 facts 
were best exl~lained 011 the assumption that these regions were originally separate, 
though riot widely so, a series of land areas forming a discontinuous chain, and that 
the extent of these co~~necting land areas is il~clicated by the various plateau that are 
situated a t  a depth of ahout I , O ~ O  fatlloms and on which the preseot-clay island' 
rest. Quite recently Scott (1932, 11. 139) from his study of the insect fauna of 

Seychelles and adjacent islands has scarlied tile conclusioo that ' the Seychelles 
of ancient continental origin. Whether the former land connections were "l)ridfes" 
in the older sense, or owed their existence and suhseqoent clisappearance to the 
placement of the continental lnnd-masses, is a problem heyollcl the scope of this paper' 
Rut assulni~ig the Seychelles to have beell connected with Asia and Africa, their isdam 
tion must have been brought about very long ago, or they could hardly 
high a degree of endemisnl in their fauna and flora. There are slight faunisticindica* 
tions that co~lnection ~vitll Africa tilay ]lave later than that \*it11 Asia,po"blp 
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to early Tertiary times, and that the connection with the two continents need not 
necessarily have included Madagascar .' 

regards the T,accadive ancl Maldive Archipelagoes there appears to be a ltlass 
of evidellce that is distinctly in favour of the generally accepted view that there lias 
ill the past been extensive subsidences of a very considerable area of land between the 
present west coast of India and the east coast of Africa, though how much, if any 
of the present coral reefs were formed during the process i t  is a t  present impossible 
to say, since the evidence lies sunk below the sea-surface. Agassiz (1894, p. 186) 
in a of the Maldives and the Bermudas remarks ' the islands and islets 
of the two archipelagoes named may be only the summits of a bank of very irregular 
outline, upon which corals have established themselves. Subsidence has taken place 

there to a very considerable extent, as stated by Darwin, but the position of the corals 
and the shape and distribution of the reefs have only been affected in a limited manner 
by it, any more than in such localities as the Bermudas and the Bahamas. The 

depth between Horsburgh -4toll and the southern end of the Mahlos Mahdoo Atoll 
(over two hundred fathoms) is no inore surprising than the great depth of the channel 
between the Mira por vos Bank ancl Crooked island Bank, or in the passage between 
the outlying banks to the south of the Bermudas. Granting that the deep channels 
have been formed by subsidence, i t  does not follow that the present distribution and 
existence of the corals on the suniinits of the banks is due to the same cause.' 

In a recent publication Fox (1931) has given a detailed account of the geological 
evidence of the existence of the great continent of Gondwana, that is supposed to have 
at one time connected India and -4frica and to have extended on either side to Australia 
and South America. Readers who wish to obtain further evidence on this subject 
should consult the above work ; suffice it to say here that ' from the evidence brought 
forward it appears to be practically certain that a vast continental area, relatively 
Permanent, in the upper Palaezoic and lower Mesozoic era, existed in the southern 
hemisphere and included what are now parts of India, South Africa, South America, 
Aiustralia and Antarctica. It is possible that these scattered regions were in close 
association with the South African tract a t  that time, as claimed by Wegener, and 
that they have since drifted apart. Although this theory has been criticized and other 
explanations put forward to explain the geographical features, i t  has, nevertheless, 
firlnl~ established the previous existence of Gondwanaland. However extended or 

this continental region may have been, there is little doubt that its shore 
line varied from time to time. In the Indian region there are evidences of continued 
variations in t l ~ e  coast line throughout the Mesozoic period until the final break up of 
Golldwanaland with the eruptioil of the Deccan lavas a t  the close of the Cretaceous 
period.' Pascoe (1927, p. 214) has given a brief but sufficient description of the 
general condition, as regards the distributioli of the land areas, a t  the end of the 
Carbolliferous and the comnlencen~ent of the Permian periods. At this time ' we 
fill(l India f o r ~ n i n ~  part of a great soutllern continent stretching across the Arabian 
Sea Indian Ocean, over the site of the Seychelles Islands to Madagascar and 
SOutll Africa, and thence south-westwards to South America and Antarctica ; to the 
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south-east i t  was united to Australia and may have covered the rest of the lndian 
Ocean. To the north, girding the greater part of the earth.; was a latitudinal 
the Tethys, of which the Mediterraneail is a dwindled relic. The backbone of th; 
Indian end of this old continent of Gondwanaland was the Aravalli Range, the oldeit 
mountain range in India, which a t  that time must have formed a lofty sno~~-vlad 

chain comparable to the modern Himalaya.' Still later in geological history a con- 
nection is supposed to have existed between India and Madagascar, the so-cded 
continent of ' I,emuria '. and this in turn s~~f fe red  a break up at the beginning of the 
Tertiary epoch. I n  Eocene and Miocene times, according to Blanford (1879+, 
Vol. I, p. lii) the west coast of India lay much further to the westward than it does 
a t  the present time, but in Pleiocene and Pleistocene times the whole area of the 
Arabian Sea and its coastal borders appears to have suffered great disturbance. Towards 
the close of the Tertiary Epoch the coast of Raluchistan appears to have assumed its 
present character by a process of faulting ; Blanford (loc. cit., 13. lxxi) has called atten- 
tion to the fact that  in this region ' there is a subiilarine cliff at a distance of about 
10 to 20 miles fronl the shore. This cliff extends from a little west of Cape Monze 

to the entrance of the Persian Gulf and is about 2,000 feet high, the depth of thesea 
increasing more or less suddenly from zo to  30 fathoms down to 300 or 400 fathoms', 
and, he adds, ' there is a possibility that  the line of the sublnarine cliffs may be a fault'. 
Associated with this movement there was a rise of land along the coast, resulting in 
the elevation of the marine beds of the Mekralla group. In western Sincl there is 

evidence of great disturbance about the salne time, accompanied by the formatjoll 

of the Sind mountains, anticlinal ridges running in a north alld south direction. A 
glance a t  the contour map (Chart VIII) shows that the Khirthar mountains, one of tlie 
ranges of the Sind mountains, run in a line from north to south in the northern part of 

their extent but that as they approach the coast line the range bends towards the south- 
west and a t  the present day appears to terminate on the coast at Cape Monze. Oldhaln 
(1893, P. 312) remarks, ' a low range of hills, forined of Gaj beds, extends to the south- 
west Past the hot springs a t  Pir Mangha (Mugger or Manga Pir) to the end of the 
Promolltory known as Cape Monze, and the same beds fornm the low hills east and 
north-east of Karachi, and furnish the material of which the houses of the tow11 are 
lnostly built. A small island called Churns, in the sea west of Cape Monze also consists 
of Gaj rocks.' Continuing the line of this range of mountains there is a well lllarked 

submarine ridge that rises froill a depth of 1,7oo-1,8oo f athorns oo each side to a deptl' 
of only 1,226 fathoms in the middle of the ridge, while near tlie extreme westenl end 
of the ridge, in about Lat.  zzO 18' N. I,ong. 62" 20' E., there is a peak that is covered 
by only 951 fathoms of water. There can be little doubt that this sobmarille ridge Is 

a submerged part of the Khirthar mountain range. 
I n  the middle of the Tertiary Epoch the Western Ghats hegall to asslllne 

present elevation. Oldham (1893, p. 495) dates  that at  this period ' the  dry land 
that  stretched westward into the Arabian Sea was depressed, and at  the salne 
that  to the east was elevated to form the western Ghah ' .  ~ s w c i a t e ~  with *' the 
movement i t  appears probable that there was the formation of a great 
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western coast of India. Fox remarks (1923, p. 126) that ' the presence of a great 
faultJ out at sea parallel to tlie west coast of India, has long been suspected and i t  is 
well known that tlie hot springs, which occur a t  intervals along the coastal strip of 
the Kollkan from soutll of Ratnagiri to north of Bombay, lie on a reinarkably straight 

indicative of a line of fracture '. La Touche (1919), when describing the sub- 
Inergelice of the western part of the island of Bombay, also remarks ' this is not the 
only illstance of a cllailge in the relative level of sea and land having taken place in a 
region which is perliaps illore tlian usually suspectible to such movements, since the 
western coast of tlie India11 Peninsula lies on tlie edge of a profound depression by which 
the land formerly coi~necting India with the African continent has been submerged 
beneath the waters of the Arabian Sea within a coiilparatively recent period of geological 
history ' . 

Quite recently Schuchert (1932) and Willis (1932) have each contributed very 
interesting papers on the changes that have taken place in these ancient land connec- 
tions and have brought forward a inass of evideilce derived from nulnerous sources 
and froin several different sciences in favour of their existence aiid probable extent. 
As regards the conilectioii between Iiidia and Africa, Willis (1932, p. 939) remarks 
'There is biologic evidence of inigrations between Africa aiid India which requires 
the existence of a land connection a t  least in Permian time. To define the probable 
path we may exailline the bathymetric inap to discover the positioii of the deeps and 
to trace the subnlerged ridges between them. The north-west basin of the Indian 
Ocean, sometitiles called the Arabian Sea, is a ty-pical oceanic basin of great breadth 
and characteristic depth. The adjoining continelits of Africa and India are widely 
mantled with sedii~lents of Permo-Carboniferous age, which were derived from upraised 
lands and thus testify to diastrophic movements. The latter according to the thesis 
of this discussion, are attributed to the activity in the ocean basins that delimit the 
land masses. . . . . . . The subnlerged ridge which may be regarded as the trace of 
the former istlimus betweeii Africa and India is tortuous, but well defined. It runs 
fro111 Africa east to Madagascar, tllence north-east through illinor islands to the great 
arcuate ridge of the Seychelles, which it follows south-eastward for some 500 miles 
to the broad, barely submerged bank, Saya de Mallia. From that plateau i t  crosses 
a channel that is 12,ooo feet deep to the long swell which supports the Chagos, Maldive 

Laquedive islands and which extends northward to tlie western side of the Indian 
cOntillelltal peninsula. 'l'lle general forin of this isthmus is that of the capital letter 
N.' 

There is aml)le ground then for the belief tliat tlie floor of the portioll of the 
Illdin11 Occail that now forins the deep chaiiilel between tlie Laccadive and Maldive 
Archipelagoes oil tlle one hand and Peninsular India on the other hand and is known 

the 1,accaclive Sen, RS well as a part, a t  least, of tlie Arabian Sea has ulldergone 
very considerable sul-~sidence; and if any further evidence be necessary i t  is to be 
fo~lld ill the abrupt inailner in wliich the Deccan Trap stops short a t  the present west 

of India. Oldhanl (1893, p. 255) remarks ' sollie faint idea of the extensive area 
O'c~ljied by this foriilatioil illay be gained fro111 the fact tliat the railway jouriiey 
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from Boinbay to  Nagpore, 519 iniles long, never leaves the volcanic rocks till it is 
close to tlie Nagpore station, and that the traps extend without a break from the 
sea coast a t  Bombay to Amarkantak a t  the head of the Narbada and from nea 
Belgaum to north of Gooni. Even this extent, great as i t  is, by no means represents 
the whole area originally occupied by the formation, for outliers are found east of 

Ainarkantak as far as Jainira pat in Sarguja, to the south-east a small outcrop occurs 
close to Rajamahendri, whilst to the westward the series is well developed in Kathiamar 
and Cutch, and is even believed to be represented, though only by two very thin 
bands, west of Kotu in Sind.' Glennie (1933) as a result of his studies of the crustal 
warpings of India has deduced that ' one of the foci of effusion of Deccan trap is 
centred a t  Bombay '. It is thus clear that the outflow of the trap reached 
the line that is now the Bombay coast and from tlie thickness of the beds in this latter 
area it is clear that  the flow must have proceeded very much further to the west and 
south-west. 

From their study of the Flora of the Maldive Archipelago, Willis and Stanley 
Gardiner (1901, p .  162) reached the conclusioil that ' the flora of the Laccadive and 
Maldives, as we now find it, nlay be equally regarded as due to the submergence of 
the former land areas, or to the appearance of new plants on an area appearing for the 
first time above the waves, or in other words i t  is valueless as evidence one way or the 
other, so far as our present means of interpreting the evidence go. Other evidence 
see111s to render necessary the supposition that where the coral reefs now are there 
was formerly a great extension of land, but there is no evidence from the present 
state of the flora for or against this view, nor ally certain evidence even of the con- 
tinual presence of land in the places occupied by the archipelagoes.' Later Stanley 

Gardiner in two papers (1902, 1906) has postulated an unbroken land connectioll 
betweell India and A4frica, that towards the eild of the Cretaceous period becali~e 
liarrowed in breadth, partly by subsidence and partly by inarine erosion, and that 
subseqrlent further marine erosion caused the breaking up of this connecting bridge 
illto a nuniber of separate areas. ' At about the colnlnencement of tlie Eocene the 
first straits were fornied, probably between the presellt Saya de Malha, Chagos 
Maldive Banks ', and as regards these two latter areas he considers that both area5 

were shaped ' by the cutting down of a land by the action of the seas, and by 
subsequent upgrowth of coral reefs, as the currents moderated. Subsidence lllaY have 
taken a part in perhaps paving the way for this: action, but in ally case we haw 

no doubt of the importance of erosioll in the past and present in shaping the archi- 
pelago.' In  the earlier paper (1902) he remarks ' the land nlay have been the 
Himalayas of a great continental land joining Ceyloll to Madagascar or, "5 Sir John 
Murray suggested to me, a series of volcanic erupted inasses. What it may be l S  

entirely a matter of theory and a question to the geological study of the India'' 

continent has so far yielded no clue. I t  may be contellded and perllaps truly that 
separate banks are the remains of some of the peaks; that 

Or 

6" fath0111h 
perllaps were the sites of ~nountail~s,  wllich were cut dowtl 20, 4" or even 
and tlle11 built up by the reef organisms to their present lt.vel.' 

111 his accoullt 
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tile ~aldive Archipelago, Stanley Gardiner (1903, p. 174) reaches the conclusion that 
'there was a connection with the other banks towards Madagascar, in fact that these 
reefs show the positions of the mountains of a great continental land, which once 

Ceylon and Madagascar, but the greater part of which has in past time sub- 
sided to great depths and left no trace a t  the present day. The existence of such a 
land in the past too is absolutely required to explain the distribution of both aiiimals 
and plants.' 

Schuchert (1932, p. 898), quoting from the works of several Geologists and 
~ ~ l ~ ~ ~ ~ t o l o g i s t s  remarks that " in tlie extreme south and south-east of tlie African 
continent there occurs, according to Du Toit, a long series of detrital deposits beginning 
with the Lower Cretaceous (Uitenliage series) and closing with the Upper Cretaceous 
(Danian). The Uitenhage series (Sundays River beds) is rich in bivalves and am- 
monites (Hamites, Hoplites and several forins of Holcestr+hanus). The Trigonias (9 
species) are closely related to those of Cutch, India, and likewise of German East 
Africa (Tanganyika) and Madagascar, showing connections with eastern Tethys and 
not with the western part of this Mediterranean. Soine of this Uitenhage fauna 
(including Holcestcfilza~zus in 3 species) recurs in Bolivia, Chile aiid Argentina, proving 
a migration route along the southern side of Gondwana. On the other hand, the 
flora of the Uitenhage is like that of the upperillost Gond\vana series of India, indicating 
continuous land between those places.' Again Clark (The Crinoids of the Indian 
Ocean, 1917. Ind. Mus., Calcutta) has given a detailed account of the conclusions 
to be drawn froin the kiiowii distribution of the Crinoids aiid he has pointed out 
that 'Judging from the evidence offered by the recent forins alone tlie European 
Crinoids reached the European seas by passage froin what is now the Bay of Bengal 
north of what is now India, or a t  least Southern India. The Crinoids of south-eastern 
Africa represent a comparatively young fauna ; they inust have reached their present 
habitat by passage south-westward fro111 Ceylon along a more or less complete land 
bridge since submerged : but few of them,liave as yet entered t l ~ e  Arabian Sea.' 

Davis (1928, pp. 525-5:y) has recently given a summary of the views tliat has 
beell put forward regarding tlie Maldive and Laccadive regions and he has fornied 
the view that these atolls and reefs are 1,erclied on tlie top of fault-blocks, derived 
frolll the remains of Gondwanaland, that, as already mentioned, is supposed by geo- 

, \ I~?X'I'-I:I(>. 134.  -IIylx~tl~c.tic:~l scctiol~ ~ ~ I ) I I I  t l ~ c  Alnldivc atolls 10 thc sr111t11-\rest coast 

of Tl~dia. after l h v i s  (1yzS1. 

lo~ists to have inrlllded Australin, South Indi;~, Soutli Africa, part of South America 
and ~~ntarct i ra  ill one colltilluous area. He assullies ' tliat the foundation of the 
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Maldives was a double crested mass, a pair of long narrow fault-block fragments 
. . alld tha t  this mass either subsided somewhat inore slowly than the rest of tlr 

vanished continent or perhaps experienced a local upheaval during the general sub 
sidence elsewhere' (Text-fig. 134). Fringing reefs, he thinks, inay have been earli 
established on the slopes of this double crested north-south mass, which was later changed 

by into a pair of sub-Maldive, fault-block islands and the fringing reef thell 
became collverted into a single loop barrier over 400 miles long. ' But it is also 
probable that that great barrier was drowned a t  a time of rapid subsidence and 
replaced by fringing reefs of a new generation in the manner explained by Danvin 

that  as subsiclence continued these fringing in turn grew up as two separate 
barriers.' These, in their turn, were ' eventually drowned and replaced by some zo 
or 30 separate and nluch smaller barrier reefs corresponding to the separate small 

islai~ds into which the pair of large islands had by that time been resolved. It is 
these separate and sinall barriers that are supposed to have grown up, during further 
subsidence of their foundations, into the predecessors of the present Maldive atolls.' 
' The subsicletice during whicli the predecessor atolls were built up was not long ago 
reversed into a moderate upheaval ; . . . while upheaved, the predecessor reefs 
were inore or less dissected and thus resolved into rings of limestone islets. After the 
dissection was well advanced, subsidence vr7as for a time resumed at such a rate and 
to such an amount as to drown any fringing reefs that had been formed on the emerged 
atoll flanks during the dissection of their crests; and then during a pause in this 
subsidence each limestolle islet came to serve as the centre of a new and minute 
frillging reef ring. Subsidence the11 colitinui~ig a t  a more moderate rate, each fringing 
reef ring grew up for a time as a minute barrier reef, until on the disappearance of 
the central linlestone islet each minute barrier reef becalIle a minute atoll or fare 
Little reef patches in the Maldive lagoons may be explaiiied as similarly built up fronl 

residual islets formed by the dissection of the emerged lilnestone in the lagoon floors 
of the predecessor atolls. The present Maldive lagoon floors wonld thus represent 
the lagooil floors of those predecessor atolls, more or leas dissected and aggraded.' 
It will be noted that this theoretical history of the Maldives is entirely ill keeping 
with Darwin's theory of subsiding foundations. Stanley (>arcliner (1903, P. " 

reg. and foot-note) on the other hand renlarksJ ' i t  will (,bserved that while rejectil* 

the subsidence theory of Darwin as quite illadequate, I consider that the topogra~l~~~'  
conditions which made the forlllatioll of the coral reefs of this regioll po~illle, 11"' 

probably owed their initiation to the sinking of a great continental land ' J  but 'le 

states that  he could find no evidence that there had ever been any recent subsidence 
in this region. There seems but little doubt that  in quite recent tillles certain a"aL 

of the western coast of India have undergone slight thus ill Cutch 

was in 1819 a subsidence accompanied by eartllquake, a full accoullt of which 

been given by Lye11 (1875, P. 98 el scg.) and the occurrence of sub11lerkF~l 
"''I 

in  sit^, shows that the island of Rombay has quite recetltly ~1llderPll~ 
subsidellce~ 

accompanied by tilting (vrdc Ida Touclle, 1919, p, 214 and Fox, 1922. 1'. '26)' 
.4ll 

I~etaeell 
the evidence that we have been considerillg seems to illdicatc that origllla'ly 
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India and Africa lay a connecting mass or series of masses of land forming either a 
portion of a large continent, namely Gondwanaland, or a t  a possibly later stage a 

narrow i s t l ~ n i ~ ~ s ,  part of the supl>osed continent of Leinuria, that finally 

underwent subsidence and was drowned beneath tlie Indian Ocean, leaving only the 
topmost peaks as islands. One cannot howevei- ignore the suggestion put forward 
by Wegener in his work on the origin of Continents and Oceans that India and Africa 
were at olle time part of the same land mass and that they have gradually driftecl 
apart. 

The whole process lias been suiilmarized by Wait (1931) who points out that 
'according to the displacement theory India and Africa were united until tlie critical 
rift a t  the close of the Secondary Age. The lava flows of the 1)eccan ancl 

East-Africa would form parts of tlie same great series of outbursts which occurred in 
the vicinity of the rift, and would thus be brought into close relatioiisl~ip with ep-cli 
other in space as well as in time. \Yhen the rift had conipletely opened and the 

drift of India begall, tlle upheaval of the Himalayas nlay be described as a concertii?n- 
like compression of the floor of the Tethys, which fore-sl~ortened India and allowed 
for the ever widening gall between that country and Africa, until the illovenlent was 
completed.' In orcler to account for this nortllvr~arcl drift of India and the resulting 
colllpression of the Hilllalayas one lias to presuppose that the position of the two poles 
was entirely different then froill what i t  is nowadays and it  is supposed that the 
glaciated areas of Brazil, Inclia, and Australia were grouped around a South Pole that  
was situated in the centre of South Africa. It is further assumed that as the contineilts 
drifted apart detached portions were left behind ailcl fornled islands or series of islands, 
such as the Seychelles in the line of assullied drift of India away froin Africa and 
Madagascar. 

A study of tlie contours of the Laccadive and Malclive regions and of the soundings 
that have been taken on the two sides, shows clearly that the basis on which these 
coral reefs and atolls are perched is a inagnificent mouiltain range (Fig. 135)~ that a t  
the Present day rises a t  its southern end froill depth of over 2,000 fathoms and that, 
if we include the Chagos region, extends through a distance fro111 north to south 
of nearly 1,500 miles. This great mo~u~ta in  cllain runs in a nearly ilorth and south 
direction and as one would expect in a range of this inagnitude, exhibits a t  certain 
~ ~ ~ ~ l t s  alollg its length breaks in its continuity, some of great extent than others, that 
"re quite com1)arable to tlie various passes that one finds in mountain ranges on land. 
As a result of these breaks, the idands now marking the topinost peaks are divided 
Into geographical groups, each of \vhicli is still further stibdivided into a series of 

alld platenax. Moresby, who carried out the original survey of this area in 1834- 
ib, slleaks of all three gronps, nainely the Chagos, Maldives and Laccadives, as con- 

vi tot in~ one great rh;rin. Schott ( ~ g o r ,  p 117) has put forward the view that the 
ChaPs :lrchipelago ancl the southern end of  the Malclive Archipelago are connected 
togetll~r I ~ Y  s~lbniarine ridge ; this view is basecl on five deep so~tndings taken by the 
' Valdiviu ' and these certainly indicate the possibility of such a ridge being present, 
tlloWll Illore sonndings are required to enable one to say with certainty that  its 



~)rcserlce has definitely 1)een prover1 and to  define its limits. .4gassir ill Igoz nrried 
Ollt ;I 11~11llher of soulldi~lgs ill the Maldive region and these have greatly increavd 
ollr i;llonledge of the rlel'tlls of tlie channels between the various atolls but all that 
oIle Can clailll \\.it11 certainty is tha t  the situation of the Chagos plateau ill tile direct 
lillc of c ( )n t in~~nt ion  of tile ~ n n i n  chain alld the  presence a t  the souther~l elid 

. I . r:\r'r-~:r,:. I x i .  -1'1.111 of Lacc.~divc a1111 3Kaldive Archipelagoes. 

1l;dtlix-e L4rcl~ipelago of several outlying islaii<ls and atolls, surrouilded on all sides 
I)!- tleel) water,  nanlely :-- 

( I )  Xddu -Atoll, t h a t  rises fronl a clepth of over 1,500 fathonis 011 three sides 
ant1 is sel)arated fro111 

( 2 )  tlle islantl of Fua-JIulaku by a depth of over 1,000 fathoills 
(.;) Suvadiva ,itoll, with a depth of 1,282 fatlionis 011 the south and 1,130 fathoms 

on the n o r t l ~  side, aiicl 
(4) Haddunlatti .ltoll, wit11 a clel)th of 1,100 fatlloms bet\veen it and the llest 

atoll t o  the  ~ i o r t h ,  

seeills to  \varrant the assumptiorl tha t  they are all parts of one great system. 
At the northern encl of the great plateau 011 wllicl~ tile Maldives are situated, tile 

iliain chain is intermpterl hy Eight I)egree Cllallllrl, w]licll a clepth of at least $5 
fatll()lrls ; I)ut the nortll of this the ridge is colltiIluetl still further, thougll lt'itll a 
digllt trend towards tlie north-ea'st, tllrougli the Atoll of Minikoi as far as ' 111ve~tigatn~' 
P,ank. 

The iiorthern par t  of the chain, 011 wllicll the I,nccaclive :\rcl~il~elago is sitt1atedl 
is sel~aratecl from the Mi~ldive regioll by Nille 1)egrer Cllailnel, ill \rliich there is a 

(1el)tli of over i , r o o  fatholns. The lnain lllnss of the I,nccnrlive :\rchipelago is sittlatcil 
011 a single plateao tha t  lies a t  a rlelltll of nh()Llt 1 ,()(lo fatho~lls aild fro111 this a ser'cr 
of peaks rise up to  or iie;lrly to  the surface ; 11lc)st of t1ie.e peaks are sittlnte(1 s()lllcxl'at 
to  the  \vest of the c o ~ l t i ~ l u a t i o ~  of the lille tllrC)ugll tile Malrli~~es ; all(l tile wtlt"er'l 

end of the plntmo, on which Sukeli 1)ar is situ;Ltecl, al)pears to have 1)eell tllrllst "I"" 

what t o  tlie west. 011 the east side of the lll;lill group of tlie J,:LCC:~(~~V(. lie 
Otller 

banks, aainely Kalayeni (Elikalpetli Batik) alld Androtll Island, that at first 'lgllt 
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lnight be taken for a contiiluatioii of the Maldive ridge, but a study of the deep 
contours of the sea bottom shows tliat they are included with the remainder of the 
Laccadive group within the 1,100-fathom line and are separated from the Maldives 
by water of considerably greater depth than this, lla~riely about 1,400 fathoms (vide 
Chart VII, p. 428). The Laccadives continue the line of the chair1 to tlie north 
for a further distance of some 250 miles and we tlien again get a gap, with a depth 
of water of 1,066 fathoms between Coradivli, tlie extreme northerly bank of the 
Idaccadives, and peliiilsular India. I t  is possible tliat tliis gap lnay be illterruptecl by 

Adas Bank; this shoal is reported to have a depth of only 30 fathoms of water on i t  
but its positioil on the chart is only vaguely ilefiiied and, indeed, its actual existence 
appears to be somewlint doubtful. * At this point tlie line of tlie moutitain range has 

approached close to the edge of tlie coiitiiieiital shelf of the west coast of India and 
the range might be said to terminate; but it is interesting to note that in the direct 
colitinuatioll of the inaiil chain of suhlllarilie peaks and plateaux we find two more 
banks, situated on the contiiieiltal shelf itself, ilainely Angria Bank and Direction 
Bank. Sowerby (1868) attributes the forlnatioil of these two banks to the deposition 
of sand and inud that is brought down by tlie rivers tliat ope11 into the Gulf of Cambay. 
He believes tliat ' the deposit is carried down by the ebb tide along the coast to the 
node of the tide near tlie Maldive aiid Laccadive islands. This detritus finds its way 
gradually down the coast, where i t  is deposited on Direction and other banks, a poi-tion 
finding a resting place a t  the Laccadive and Maldive Islands.' The line coiiiiectiiig 
these two baliks and the 1,accadive ridge, if prolonged to the north, runs through the 
Gulf of Cambay; Oldham (1893, p. 408) remarks tliat the Gulf is said to be silting up, 
and there call be little doubt tliat it was once part of a broad irilet tliat led to the 
Ran of Cutcli, tlien an inland sea, ancl tliat tlie reinainder of tlie inlet has been con- 
verted into tlie alluvial plains of Ahmedabad, Rroacli, Surat ancl North-west 
Kathiawar; but tliis silting up, if the changes be due to that process, is of coin- 
paratively recent occurrence, geologically speaking. IVhatever view one takes of the 
formation and mode of origin of tlie continental slielf, whether one regards it as a 
' drowiied ' portion of tlie colltineilt or as an accumulation of lnud and debris derived 
by a process of erosion from tlie land, it seenis not iiilprobable tliat both Angria and 
Direction Baliks have a definite fo~unrlation and represent a further colltilluatioli towards 
the ~lorth of the Maldive and 14accaclive ridge, but tliat a t  tliis point the chain has 

becollle obscured by the deposit of silt along the coast of India. I an1 even inclined 
to believe that we call find a still illore northerly coiitilluatiorl of tliis great sublnarine 
rallges ill tlie Aravalli niountains of Rajputana; the trend of the Aravalli rallge is 
In the main from the north-east to the south-west, hut a t  its soutliennost end the 
]lne of the range tends nwre towards a southerly directioi~ and thus comes into line 

with the Maldive and 1,accadive ridge. To the east of the Gulf of Cambay there is 
a 

of hills known as the Sntpura range, that runs in a west to east direction, 



and i t  has been suggested that this latter range is a loop of the Aravalli range; this 
however, does not in any way invalidate the suggestion that the main line of th; 
.4ravalli iilountains may be continued to  the south. The view that the A ~ ~ ~ ~ , ~ ~  
lllountains were originally continued much further to the south than is indicated by 
the reiliains of this range tha t  we find in India to-day is clearly expressed by pascoe 
(1927, p. 217) in the short account that he has given of the geology of rndia, 
He writes ' During early Tertiary times the slow rise of the Himalaya along the 
Tethys coast produced along its southern flank a gulf which extended as far south 

as the meridian of Lansdowne. At its north-western end it curved southwards to 
enter the Arabian Sea which was formed about this time in the following way, a 
result probably of earth nlovement, a large block of Gondwanaland west of what is 

now the Bombay coast was broken off and submerged beneath the waves. The age 
of the Malabar coast and the Arabian Sea is, therefore, probably early Tertiary; some 

small coastal deposits near Quiloii with early Tertiary fossils confirm this. The 
straightness of the coast line and its lack of indentation are due to this fracture or 

faulting ancl to its comparatively recent age. The same cause brought about the 
truncation of the Aravalli drainage, alicl for this reason all the important rivers of 

Madras ancl Southern Honibay are easterly flowing and rise within a few miles of the 
west coast; they are in fact but the lower portions of older rivers which rose in the 
old Xravalli watershed further west. The disjunction of the submerged part of the 
continent was assisted by faults in other directions; one of these seems to have coin- 
cided with the southern boundary of the Kathiawar Peninsula and to have initiated 
the Narbada (river), the middle section of which has an uilusually straight course.' 
From the very nature of the case i t  is impossible to produce ally direct evidence of 
the geological continuity of the Aravalli mountains and the Maldive-Laccadive ridge, 
and i t  is probable that during the outflow of Deccan trap the denuded remains of 
such a southerly continuation of the older mountain chain would to some and 
possibly to a considerable extent have been buried beneath a layer of Baxer, 
but there are certain reseniblances between the two regions that are, to say the least, 
suggestive, and appear to be in favour of such a view. True mountain ranges in 

are very few and as both Blanford (1879-87, Vol. I, 11. vii) alld Oldham (1893, P. 4) 
pointed out, the Aravalli mountains are almost the only true n~ountaill range in the 
whole of peninsular India; Olclharll remarked ' there is not throoghoot the lellptll 
and breadth of the Peninsula, with the possible exception of the Aravalli, sillgle 
great range of mountains that coincide with a definite axis of elevation Tlle work of 

Oldham (loc. cit.) and Heron (1922) has clearly shown that the ~ravalli  range llaS 

been produced by an extensive upthrust, accompanied by great faulting On 
sot'th- 

eastern and eastern sides, and owing to the loanner in which the folds of the 
been thrust over towards the south and east the slopes on the east and south-eart 
sides are much steeper than those on the western and i~orth-western side. If, tlle"' 
the whole extent of the mountain range, including the ~ rava l l i  n l o ~ ~ ~ ~ ~ ~ ~ ~ ~  to the 
north, the 1,accadive and Maldive regions and ~ossibly even the Cllaf?os ArchipelapO 
to the south, are parts of the same mountail1 system, one would expect to find 
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same or similar conditions present throughout the whole chain. A study of the sub- 

marine slopes on tlie two sides of the Laccatlive plateaux shows that, as a rule, the 
eastern side slopes downwards much Inore rapiclly than the western side ; according 
to Alcock (1898, p. 52)  ' the bed rises very abruptly to the Plateaux which form the 
~accadive islands, the slopes being so abrupt that soundings of a thousand fathoms 
have several times been taken quite close to shore '. Oldhanl (C. F.,  1895, p. 2) also 
states that ' the outer slope from the plateaux on which the islands are nlostly situated 
is gradual ' and this is clearly indicated in the chart attached to his paper. At the 
same time he notes tliat most of the islands are situated on the east side of the lagoons 
and that large coral boulders are found on the beach on the east and north-east sides 
of the islands ; the explanation tliat he gives of this latter fact, namely, that i t  is due to 
the increased growth of the coral on the south and west sides, coiisequent on the influence 
of the south-west monsoon, while the fornlation of islets and the presence of masses of 
coral blocks on the east side is due to hurricanes in the Laccadive Sea that lies to the 
east of the group, nlay to a certain extent be true, but i t  does not account satisfac- 
torily for the difference in dip of the two sides of tlie plateaux; nioreoever, further 
investigation is urgently needed in order to decide whether tliese boulders and coral 
masses are, as Oldham tliouglit, fragineilts of tlie reef margin that have been hurled 
upwards and inwards by storins, or whether, on tlie otlier hand, they are not parts 
of a reef tliat has been elevated above sea-level and owe their present position to 
the rest of the reef having been eroded down to sea-level. 

Such soulidiligs as we possess seen1 to indicate that the same difference in dip of 
the two sides is also present in the Maldive region ; inany inore soulldillgs are required 
before one can state with certainty that this difference is present but a series taken by 
Stanley Gardiner (1902, p. 285) across the central basin to the south of the atolls of 
Ari and Male shows the difference in the dip on the two sides very clearly. Brouwer 
(1918) from his study of tlie subinarine slopes in the region of the Malay Archipelago 
has suggested tliat the differelice in the slope of the two sides of a submerged mountain 
chain inay be attributed to the effect of a thrusting over of the axis of the chain to one 
side ; in this instance it would be towards the east, thus causing an elevation of the western 
side and a diminished dip westwards, while tlie slope on the eastern side would become 
lnore steep. If the different slopes in tlie Laccadive aiid Maldive regions were due to 
this cause we should have a clear agreement between this inountain range and the 
Aravalli mountains to the north. It is interesting to note that in Carboniferous 
times the Aravalli mountains fornied tlie western boundary of a large sea area. Fermor 
(1924, p. 15) notes the discovery a t  Umaria of marine fossils and adds ' this discovery 
at Ulnaria suddenly provides evidence of the presence of the sea in Carboniferous 
tilnes over a portion of what is now Rewa State in the middle of the northern part of 
the Pellinsula, suggesting tliat in Talchir times the northern Carboniferous sea must 
have extended at least as far as Ulnaria . . . . We may perhaps picture this arni 
Or hay of the Carhouiferous sea as having 1,eeli flanked on tlie west by the Aravalli 
'"llges of Ziajputana '. 

Wlletller the 1,accadive-Maldive ridge, that I believe to be the continuation of 
hr:lv:dli molliitaiiis, was coinl,letrl y s~ihinergecl l)y tlle a~hsidence of the land 
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area to the west of the present coast cluring the Tertiary epoch there is no lneans of 

telling. Blanford (1879-87, Val. I ,  p. vii) puts the age of the Aravallis at notlater 
than older Palaeozoic, and the range rrlust have uildergone many changes since thel,, 
All tha t  is now left of the range are the inuch denuded bases of the original anticlinal 
folds. Assuming that the Laccadive-Malclive ridge is the continuatioll of this ranee 

C ) 

the sarne or possibly even greater denudation will have taken place, especially in 
the Laccadive area that  lies within the track of the fuil force of the south-west monsoon, 
With the sinking of the range subaeriai erosion will have been succeeded by marine 
erosion and the mountains may have thus been converted into a series of plateaux, 
on which a t  the close of the glacial epoch coral or coral-forming organisms would 
have been able to establish themselves, provided that the depth to which erosion 
had taken place had not exceeded that  a t  which such reef-forming organisms can 
exist, and allowing for the lowering of water-level that the heavy polar glaciation must 
have entailed. 

Such evidence, then, as I have been able to gather from the geological records of 
peiliilsular India points to the conclusion that  the Laccadive ailcl Maldive ridge assumed 
its present condition, except for such changes as marine denudation and coral- 

formation have subsequently wrought in it, towards the encl of the Tertiary epoch. 
I t  is interesting to  note that a very similar series of changes were siinultalleously taklllg 
place on the other side of peninsular India to the east of the Bay of   en gal; and 
a co~nparison of these two regions reveals a marked degree of resemblance. In botll 

cases a large sea to the west was increased by the subsidence of a large land area and 
a subsidiary sea became forinecl and ellclosed by a mountain chain that has beell ill 

the one case totally and in the other very nearly coinpletely submerged. 1 give belo\'' 

it1 parallel colunlt~s the main corresponding features in the two areas :-- 

The Laccatlive and Maldive Archipclagocs. The Alldaltlan ant1 Nicol~nr Isl:lll(ls. 

I. The Aravalli inoantait~s. 
2. Adas hank  (?). 

3. The Laccadive Archipelago. 
4. Nine Degree Chatlllel. 
5. Minikoi. 
6. The Maldive Archipelago. 
7. The bIaldive-Chagos gap. 
8. 'l'he Chagos Archipelago. 
9. The Laccadive Sea. 

10. Peninsular India. with the Western Ghats. 

11. Extensive fatlltittg along the Indian coast. 

'I'lze Arakan Range. 
Preparis Islantl. 
l'he Anclaman Islands. 
Ten Degree Chal~nrl. 
Car Nicobar. 
The Nicobar Islands. 
Great Chatlnel. 
Sumatra. 
The Alldaman Sea. 
Rurnla a i d  the Malay I'eninsula, with the 
, * lenasserim range. 

Probable faultillg hctwcen the A11da111311 lslatltls 

ant1 Rarren Islands. 

One might even carry the analogy still furtller. As I have previously pointed 
O u t  (vide supra, p. 16) the eastward slope of the Alldaman ridge is inuch steeper 
than the westward, and situated within the concavity of the range, on the eastem 
side, there is a second submarine ridge of volcallic origin ruening in a llorth-east 
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direction and separating off a portion of thc iindrunau Sea as a separate basill. In 
the Maldive-Laccadive ridge the slopes on the two sides are exactly si~nilar to those of 
the *bdaman ridge, being steeper on tlle east side, and the trend towards tlle north- 
east of the northern region of the Maldive plateau in the neighbourlloocl of Minikoi 
and 'Investigator ' 13anl;, together with the line occupied by Kalpeni. Androth and 

Elicalperi islands of the Laccadive group, provide a further superficial similarity. 
Schnlidt (1932, p. 255, Fig. 198) has put forward the suggestion, based on llis experience 
ill the ' Dana ', that there is a subinarine ridge, runlling in a north-westerly direction 
betmfeen the Chagos Arcllipelago and the island of Socotra and separating off a north- 
eastern part of the Arabian Sea as an isolated basin, but no corresponding ridge call 
be traced in the Andaman region of the Bay of Bengal. 

The subsideilce of such an extensive lancl inass must have been a slow and 
prolonged process ailcl inay we11 have continued on illto the Pleistocene and even 
the Post-Pleistocene periods ; iildeecl for all that oiie knows it nlay even be continuing 
at tlie preseiit day. Stanley Gardinel- (1903, p. 156) has pointed out tliat ' a nlost 
ilnportant point of difference froin north to south (of tlie Maldive chain) lies iu tlle 
gradual increase of the banks in depth, but mrhether this be correlated wit11 their 
positioil or with the perfecting of the atoll form is not quite clear. The snlall banks, 
having relatively a greater amount of reef arouiid them, would naturally be expected 
to be shallow, as is indeed tlie case. The large banks aclinit of a direct con~parisoli, 
and this shows an irregular illcrease from Tiladuma'ti to Koluilladulu ', and he might 
]lave added eve11 to Haddumati and Suvadiva, while Addu a t  the extreme south of 
the chain, altliougll only a colrlparatively sinall atoll, is very iiearly as deep as 
Haddumati and coilsiderably deeper than the nortliern atoll of Ihavanclifolu, of about 
the same size. It is possible that this progressive difference is to be attributed to a 
Progressive subsideilce of the ridge as we pass froin north to south. The fact that 
such a subsidence has occurred indicates that the area is one of instability of the 
earth's crust aiid the steady accuillulation of inasses of calcium carbonate built up 
by the corals and coral-forming organisins into extensive reefs may have initiated a 
later isostatic adjustment, thus causing a further subsidence of the basic nlouiltaii~ 
chaill on which the atolls and reefs are situated. In this connection one observation 
that was made by the ' Investigator ' in 1891 is of sonle considerable interest. At 
Station 124 on the 21st of Novenlber, 1691, in Lat. 10" 47' 45'' N. ; 1,ong. 72" 40' 20" E., 
frolll a depth of 703 fathoms the trawl brought up a nuillber of ' Large water-worn 
Eragmeiits of liccf-coral ' aiicl the bottoin is stated to have beell hard rock. Unfor- 
tullatel~, no attempt seems to 11ave been inade a t  the time to determine the species 

reef-forrnii~~ coral tliat were present but so experienced an observer as Alcock can 
have been inistaken regarding the type of coral that he \\.as dealing with and 

it seems possible that there is in tliis locality a submerged reef that can only have 
reached its present depth by subsiclence, though tliis may have been local, since 

no reef could have been formed a t  this depth. Throughout this area the 
of the botto~u appears to have been peculiar, and I give below the data 

a number of observations taken a t  about the same tiiiie by Alcock. 
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-- 

Date. 

(Corn1 mud). 
Grly Ooze I 

Position. 
,- - 
S at. N. t o n g .  E. 

Sand and Grey 
Ooze (coral 
mud). 

Grey Ooze (coral 
nlud). 

Grey Ooze (col-al 
mud). 

Grey Ooze (coral 
mud). 

GIPV Ooze (coral I 
mud). 

Depth in 
fatholns. 

Grey Ooze (coral 
mud). 

Grey Ooze (coral 
mud). 

Grey O07e (coral 
~ n u d ) .  

Nature of 
bottom. 

Grey Ooze (coral 
mud). 

Grey Ooze. I 

Amt. soluble 
in Acid. 

Grey Ooze. 1 

- 

A small residence (about 1%) 

of extremely refractoysheb 
of foraminifera, and about 
5 %  of pumice sand. 

About 30% fiue pumice sand. 

About 40% fine pumiee 0) 
sand. 

About 30% pillnice (?)  sand. 

109.; fine pumice (? )  ; a few 
foraminifera, fraglnents O[ 

coral and of large shells. 
I 8% fine punuce (? )  ; about 

20% of dry bulk consists of 
shells of foraminifera. 

15 % fine uniice (?)  ; about 
10% of Bry bulk co~~sists of 
shells of foraminifera. 

13:4 fine pumice (?) ; about 
5 of dry bulk consists ol 
shells of fora~ninifera. 

9qA fine puu~ice 0;; a fernfor. 
aminifera, fragme~lts of m d  
and sheus of pteropods: 
spicules of corallines and 
sponges. 

39% fine mud ; a few lor. 
aminifera ; srnall frapeots 
of coral and pulnice. 

About 4004 6ne lnud ; a few 
foraminifera. 

At the present day the great majority of the reefs in the Laccadive and Maldive 
areas are strewn with water-worn fragments of pulnice nluch of which is of quite 
recent origin and has, almost certainly, been derived from the great explosion of 
Krakatra in the early eighties, though other sources appear to be much older, Its 
Presence in this bottom deposit would thus be quite in keeping with the view that 
we have here a submerged reef. 

It seeins to me that the evidence that we have been considering is in favour of 
the view that the general conformation of the basis on which the atoNs 

and reefs of these Archipelagoes are situated is the result of subaerial and marine 
erosion on a gradually but continually sinking mountain range. Stanley Gadinerr, 
however, as I have already mentioned, has rejected the view that there has been 
recent subsidence in this region and attributes the general conformation the 

Maldives to the effect of submarine erosion of the ridge by deep currents dowll " " 
depth of some 200 fathoms. He remarked ( 1 ~ ~ 3 ,  p .  171) the position of the grO"p' 
too, would be one eminently favourable to the action of the currents, the plateat' 
rising abruptly and lying right in the middle of the Indian Ocean, fully 

to 

the two monsoons. The tidal wave sweeps across t l ~ e  ocean alollg the lines 
latitude, extending from the surface to the greatest r lep th~ I .  Wit11 regarr1 
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action of the tidal currents on eroding and moulding the contour of the 
.jubrnarine slopes, a study of the times of high-water a t  different points around the 

of the Indian Ocean shows that  the surface tidal wave swings round a mode 
that is situated in approxiillately 1,at. 2" S. ; T,ong. 65" E., passing to the north on 
tile west side and then swinging round the head of the Arabian Sea, and flowing to 
the south along the west coast of India. Oldl~nm (C. F., 1895, 11. 13) reillarks that  

'the tides are not strong in the Laccadives ; the flood sets to the north-east past the - 

northern reefs and east and south-east in the neighbourhood of the southern ones, 
that is, in a course of right angles to the lengtli of the reefs '. In  the regioll of the 

Maldives the tides are also weak and the main tidal flow, so far as the surface currents 
are concerned, would seein to be in a direction illore or less along the line of the ridge 
and not across it, as suggested by Stanley Gardiner. Two currents, however, do set 
across the ridge, namely, the north Equatorial and the Contra-equatorial currents. 
As I have already pointed out (vide part VI), these currents vary very considerably - .  

both as regards their direction and strei~gth a t  different seasons of the year in accord- - 
ante with the changes from the north-east to the south-west inonsoons ; indeed, the 
former seems to disappear coinpletely during the south-\vest monsoon, the whole of the 
surface water lying to the 11ortl1 of 1,at. 5" S. being during this season in a state of 
of inoveinent from west to east. To the south of this Latitude the south Equatorial 
current flows steadily from east to west, bu t  this lies too far south to have ally effect 
on the Maldive region If there has been any truncatioii of the ridge from deep 
erosion by marine currents I should be illclined to attribute i t  to the effects of the 
Contra-equatorial and north Equatorial currents rather than to a hypothetical tidal 
current. Stailley Gardiner (1903, p. 23) l~assshown that  in the Maldives there is a 
very strong surface currellt that  during the period of his observations appeared to be 
flowillg nlaillly towards the west, and varying fro111 N. by 1;. to S by , the effects 
of which in the cllailnel between north and south Male atoll could still be detected 
down to a depth of 15o fatl~oms. There is a further possibility that  below this surface 
current lies a still deeper current rullnillg in the saine general direction, n a m e l ~ ,  from 
east to west (vide s fh f i yn ,  Pt.  VI, p. 378)) a t  a depth of about -300 fatl~onls, but illore 
evidence is required before we call say with certainty that  such a deep current is actually 
Ilresent. A study of the actioll of deep currents in other parts of the world shows 
that such ctll-rents nlay coli~pletely prevent the deposition of ooze 011 the bottonl and 
thus wo~lld keep clear ally deep chanilel such as those between the various atolls of 
the Maldive Archipelago ; but Stanley Gardiner goes farther tllan this a i~i l  attributes 
these channels to the actual erosive action of these currents. He remarks that  ' The 
Reneral hard bottom call only be explained by the action of currents and on them 
lies the sdotion of the question as to the for~nation of the atolls and banks of the 
Maldives '. A stocly of the records of the nature of the bottonl does not, however, 

to me to justify the conclusioll that  the bottolll in the region of the Maldive 
plateaux is, as a rule, hard, for out of sonle eighty odd soundings that  were taken by 
'gnssi~ ill the Maldives niid that  range ill depth from 100 to 1,517 fathoms, there are 
'"ly eight that actrially record the occurrence of a hard bottolll, and, as every oceano- 
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grapher k~lows, i t  is iiot always safe to trust to the accuracy of such a record. T~~ 
situation in which these records have been made are as follows :- 
-- 

result of erosion by deep currents, we must admit that these currents have been active 

Lat .  N .  

r" 33' oo" 
2" 37' oo" 
2' 41' 00" 
4' 08' ooN 
q" gr' 30" 
4" 85' 00" 

5" 00' oo" 

5° 33' oo" 

- 

clown to a depth of a t  least l oo  fathoms. In every other part of the plateau the 
t)ottom is covered by detritus in the shape of sand or coral mud, and it is only at the 
above spots and such similar spots in the T,accadives, as the one mentioned above 
where the bottom consisted of hard rock (vide table above) that either (I) the original llard 

bottom still shows above the detritus that is continually being showered down, or (2 )  

Long. E. 

A study of the chart shows that every one of these soundings lies along tlie 1i11e 
conllectillg the eastern atolls and inoreover the depth is in most cases considerably 
greater t h a ~ l  the 200 fathoms that  Stanley Gardiner gave for the supposed deptli of 
the plateau on which the atolls were perched; so that if this plateau is the 

7.3" 18' 00" 
7.;" 20' 00" 
73O 22' 00" 
7.5' 31' oo" 
73" 24' 00" 
7.3' 27' 00" 

73" 25' OO" 

73" 23' 00" 

- - 

the deep currents are of sufficient strength to prevent the deposition of mud a~ld 

sancl. In  all probability the latter is the correct explanation, since it is obvious that 
in other parts of the plateau in the neigllbourhood the currents are sufficiently retarded 
to allow of the deposition of ooze and mud, but it by no means follows from this that 
the currents are actually strong enough to erode the rocky bases of the atolls. Even 
if we admit the possibility of deep currents eroding the original ridge down to this 

depth of 200-400 fathoms, we are still faced with the of how banks managed 

to become established and to extend upwards so llearly to the surface that reef-forming 
corals were able to establish themselves and grow up into reefs. Clearly this callnot 

have been done by tlie accumulatioil of sedimetit, for that is entirely contrary to tbe  
assu~nption that there was, and presumably to some extent still is, erosion I"% Om 

over the plateau, nor can i t  have been brought about by the establishment of deep- 
dwelling coral or other bank-forming organisms, such as nullipores, ol~les we Ire 

prepared to admit that since erosion took place there has been a complete cIlange'" 
the general conditions, and that, whereas a t  first there was sufficient force tv 
currents to  prevent the establishment of such organisms and to erode the rock bas's' 
subsequently, owing to  a change in the currents or to a rlirninotion of their strend''' 
organisms, such as Lithothamrrior~ or the coral Lofibolrdirr, were able to estab"sh 
themselves and grow up to the level requisite for reef-forming corals to 111 this 

established in their turn and w, give rise to the reefs as we find tllenl to-day. 

1)et)th in fatho~ns.  

283 

I40 
403 
319 

258 

259 

312 

.;-I2 

-- - 

Position. - 
East ol~ellillg of Kudahurada challllel, 

Ditto. 
Ditto. 

01y entrance to \Vadu cha~l~~e l .  
S. of Kal~du,  in east elltrance to c11a~~~~~l, 
111 \Vadu channel. 
1 mile II. of Karirlu, in cast entrallce to 

cha~lncl. 
N. of Fadiffolu, in chan~lcl betweeu it alld 

Maladu-Malad. 
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it is interesting to note that  this marine area does seeln to he l~articularly 
favourable to the gro\vth of this deep-sea coral ; A41cock (1898, 1). I )  remarked that  the 
work of the ' Investigator ' had shown that  ' the sea in which corals have heen founcl 
in tile greatest abundance and variety is the narrow basin between the Laccadive and 
Maldive islands on the west and the Malabar coast on the east. -At one spot in this 
sea, off Elicapeni Rank, a t  1,000 fms. we dredged over two hundred specimens of a 
large new species of Cnryofihyllia ; and a t  another spot, off the Travancore coast, a t  
a depth of about 430 fathoms, Dr. -4. R. Anderson, the present Naturalist on the 
"Investigator" lately dredged " nearly half a ton of living and dead coral . . 
such a haul I have never seen ". The corals on this occasion belonged to  the genera 
Solenosmilia, Lophohclza, DesmoPhyllum and Cnryofihyllia,' and a few years later (Alcock, 
1902, p. 293) he wrote regarding the deep sea corals of Indian waters, ' some of them, 
however, are compound branching forms, which must, a t  times, in certain places 
grow luxuriantly enough to  give rise to veritable subinarine reefs '. I, however, agree 
with Agassiz (1903, p .  xviii, foot-note 2 )  that  the fact that  Lofilzolzeliu may occur 
on deep banks does not necessarily imply or even suggest that  i t  call build up a deep 
bank from several hundred fatho~ns below the surface to  a height a t  which reef- 
forming corals could become established. 

I do not think that  one is justified in arriving a t  any conclusion regarding the 
formation and inoulding of the Maldive ridge that  will not equally well explain the 
conditions that are found to  be present in the other portions of the range ancl 
especially of the 1,accadive region ; i t  can hardly be su1,posed that  submarine erosion 
has caused the formation of the deep channels between the various banks in this 
northern archipelago any more tlian the equally deep channels that  exist I~etween the 
outlying atolls a t  the two ends of the Maldive group. 13lanford (11idc Stanley Gardiner, 
1902, P. 299) opposed the view that  there had been erosion down to a del~tl l  of zoo 
fatllol~ls, when this was first put  forward, and he added ' I would, therefore, suggest 
that, instead of the hank having been actually formed a t  a del)th of 2 0 0  fathoms, 
helow the sea, it was probably forn~ed very much nearer the surface, and that  i t  has 
sunk, producing precisely the conditions on wl~ich Darwin's theory of the forlllation 
of coral islands proceeds '. The same view is held by Davis (1928, 1,. 87) who con- 
cludes that ' there is no valid reason for believing that  the subsidence of a large land 
area-~o~~dwanalaucl--between India and Madagascar might not have here and there, 
llow alld tllen, gone a t  SIIC~I a rate as to per~ni t  the forlnation of fringing and 
harrier reefs around its sinking slopes and eventually of atolls a1,ove its su1)niergetl 
summits '. 

THE BOTTOM DEPOSITS OF THE I,ACCADIVE SEA. 

Murray (1889) publislled a paper on the marine deposits of the Indian and 
Antarctic Oceans and 11e rel~larks that  ' in the Ray of Rengal and -4rabiail Sea, terri- 
Renous matters froln the Indus ancl Ganges are also spread out over a wide extent of 
the ocean floor and this is always the case where large rivers enter the sea. The colour 
of the clayey matter of typical oceanic deposits is, as we have seen, us~lally red or brown, 
hut where land i n f l n a ~ c ~ s  prevail i t  is geaerally hluis11 ' and in the map attached to  
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this paper he shows the bottom deposits of the Laccadive Sea as being a telri- 
gellous mud in a belt along the west coast of India extending roughly to the footol 
the continental slope, while beyond this he shows an area of Globigerina ooze, 
where the archipelagoes of the Laccadives, Maldives, and the Chagos are she,,,,, 
coral mud. Again, in the report of the Deep Sea Deposits obtailled by the ' ('hallengel! 
he gives a very similar i n a p  Collet and Lee (1905) in a map attached to their paper 
011 Glanconite give what they believe to be the areas in all the oceans where deposits 
of Galuconite occur and it is of interest to see that they make no mention of ih 

occurrence along the Indian coasts. 
In the acco~npanying chart I have plotted all the available data regarding tlir 

character of the bottom deposits in the Laccadive Sea region of the Indian waters. 
Throughout the whole of the Laccadive Sea coastal region and around the soutll 

of Ceylon a study of the bottom deposits reveals the presence of two very distinct 
areas. ,Uong the continental slopes and extending outwards from the edge of the 
contirlenta1 shelf and down the continental slope to a depth of approxilnately 1,250 

fathoms there is an almost uniform deposit of Green mud or Green ooze, with, very 

occasionally, a sample that has been described as Blue mud. I t  is generally agreed 
that Green mud is merely a variety of Blue mud and that it owes its distinctive 
character to the greater preponderance in the deposit of Glauconite ; I have, therefore, 
treated both types of deposit as one for the purpose of comparison with the deeper 
ancl more \xresterly situated deposit of Grey ooze, that, as a reference to Chart IX sho\\'s, 

occurs throughout the whole of the western part of the 1,accadive Sea and throughout 
the Laccaclive and I~iIaldive Archipelagoes. In  a certain number of samples there mas 
evidence of stratification, the Grey ooze, and in one instance the Blue mud, being 
overlaid by a stratum of brown mud or ooze ; this difference in colour is in all pro- 
b a b i h r  due to chemical changes that have been going on in the deposit, as has been 
suggested by Murray and Hjort (1912, pp. 174-5) : ' thus, in Blue muds it seems to 
be the rule that the upper portion should be thin and watery and reddish-brown in 
colour, i11 striking contrast with the stiff compact blue lower portion, and this is 
apparently due to the ferric oxide or ferric hydrate being transformed into sulphide 
and ferrous oxide in the deeper layers ' . As Murray and Hjort (1912, p. 162) have 
pointed out Green and Blue muds are ' found most characteristically on the con- 

ti1lelltal slopes off high and bold coasts where currents from different sources alternate 
wit11 the season and although the western coast of Southern India perhaps llad'l' 

merits the term high and bold a t  the present time, owing to the intervention of t*  
low lying coastal plain between the sea and the true Western Ghats, it is possible that 
in times past the sea actually extended as far as the foot of these Ghats; the curxllt'l 
by which this coast is washed, are certainly alternating in accordallce wit11 the cha"ge' 
brought about by the two monsoon seasons, namely, the south-west and the llorth-e;l\t 

That the green colour of these deposits is due to the presence of (;laaconite ra'lllot 
be doubted and it is of interest to note that this substance is probably I ' ~ ~ ~ ~ ~ ~  'I' 

large quantities in certain areas, especially between 1,at. 7' .301 N. and loo In' ' black sand ' ; 
for in a nuniber of illstances the bottoln has beell stated to consist of 



T ~ E  T0PO(:RAPHJr AND BOTTOlll 1)EPOSITS Oh' T H E  LACICAULVE SISA. 44!) 

as h1url-a~ and Renard (1891, p. 236) have stated, ' the collections of the " Tuscarora " 
indicate that in depths of 100 to 400 fathoms, off the coasts of California, there are 
black sands which, if the specimens be in the state in which they were collected, are 
allnost wholly colnposed of particles of dark green glauconite ' . It is lxohable that  
these deposits off the coast of India, since they occur a t  very similar depths, are 

of the salne material. 
The floor of the Gulf of Manaar is almost entirely coinposed of Green inud or 

ooze. iZll along the west coast of Ceylon and the opposing coast of Southern India 

there are extensive coral banks, and a t  first sight one would have expected to find 
that the sea bottom, like that  of the Laccadive Sea, consisted of Grey mud or ooze, 
derived from the breaking down of the coral reefs; the reason for this difference in 
the two areas is in all probability to be found in the general set of the strong currents 
that exist in this region t l~rougl~out  the whole year (vide Southwell ancl Kerkham, 
1911). During the north-east moilsooil a strong current sets towards the north along 
the west coast of Ceylon and then bending round sweeps westerly along the souther11 
coast of India ; during the south-west monsoon the current, if the inonsoon be weak, 
flows towards the east around the south coast of India and towards the north along 
the west coast of Ceylon ; these two currents combine and pass out towards the north- 
east through the Painban Channel into the Bay of Bengal. On the other hand, if 
the monsoon is strong, the current sets eastwards along the south coast of India ancl 
then bending round, runs in a southerly course down the west coast of Ceylon. In  
either case the result will be to keep the floor of the Gulf of Manaar largely free fro111 
coral inud. In one part of the gulf the bottoin deposit appears to be of a somewllat 
ullusual character; a sample take11 in Lat.  5" 32' N., Long. /'go 37' E., froin a depth of 
675 fathoms, consisted in the inail1 of C>reen inud and is so listed in the 1,ist of Stations 
of the R.I.M.S. ' Investigator ' but inixed with this deposit were a lluniber of stones 
or llodules. A conlplete accouilt of this deposit has been given by Jones (1887) : 
'the llodules are stated to have been associated with sand and mud, which forined 
llllard calcareous crust a t  the bottoin of the sea. . . . Tlle stones are irregularly 
'oullded and vary in shape froin allnost spherical to roughly cyli~lcl~ical with rounded 
ends. The specitlleils received varied in size from 1-4 inches in length and I$-$ iiich 
in tllickness. Externally they are rough and mostly have one or two snlall excre- 
scences of the size of a pin's head, and a few sinall pittings of about the saine size ; 
tile colour is dirty light grey '. ii ~nicroscopic exainination showed that  the ' stones ' 
cO1lhistc~l of :I iiu1i11)er of sni:lll aggregates, each of which enclosed the ramains of 
f or i o l i .  The c1leinic;tl esaminatioi~ of the stones revealed ;I l~igli 
l'rr~ellt;~ge of I<;lri~un~ sulp1i;lte (;llq)rosilnately 75'y0), whereas the associ:~ted 111ud 
contailled ouly Aluulinic silicate with small quailtities of Calcic c:irbonate, some iroll 
"lld a trace of Manganese. Joiles concludes that  the nodules nlust have beell fonned 
at the bottoi~l of the sea, by a slow segregative action. 
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I .- T I  1 760 pj1 ouV r,joo (2,377) *so 53' 00" 54'38 
8' 11' 15" : 7.)'0.1'.10" 1,150 (2,103) I 75 
8" 14' jo" ! 73: 04: 50" 1,132 (2,071) I 75 

$8" 25' 00'' , 74 21 oo" I 1,545 (2,S25) 68.26 
*(jU 10' 00" i 72" 50' oo" 1.105 (2,185) I 0.131 I 11" 57' 05" 71' 34' ooW (12.1 (1 ,o#) I 

I 
55 

12" 00' 53.O / 7I0 23' .15" 1,1)5[1 (1,().;1) I 58 
12" 02' 35" 71" 20' 55" I 1,000 (1,9c).1) I 00 

7'" 3.3' 30" 1 SO.; ( I  ,578) 12" 05' 55" i 
00 

12" 13' 30" 71g 43' 25" SOZ (1,032) 00 
i 720 48' I 1,047 (1,915) I jO 28' 00'' 50 

. -. 
I i 

- - 

* I.'~VIII bIur;av. 

Table 92.-Calciuni carboilate coiitetlt in satllples of Globigerina ooze. 

Latitude N. 

- 

*5O 48' jo" 
*so 52' 00" 
*6O I I' oo" 
7O 11' 00" 

7O 11' 30" 
7° 25' 00" 

j H '  56" a. 201t 

9O 35' 00" 
9O 53' 34" 

10" 18' 30" 
11° 0.;' 45" 
11° 11' 45" 
11° 12' 10" 
11" 12' 45" 
11' 1.3' 15" 
11° 22' 45" 
'IO 37' 30'' 
11" 49' 30" 
13" 06' 00" 

I.{" "' 00" 

1.3'' 34' 45" 
13" SO' -30" 
14' 12' 00" 

-. 

* F r o ~ u  Murray. 

Table 93.-Calcium carbonate content in samples of Blue or Green mud or ooze. 
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CHERIICAL COMPOSITION OF THE BOTTOM DEPOSITS. 

As I have already inentio~led (vide supra, pp. 31 and 36 el scq.) &cock, duringhis 
tenure of the appointment of Surgeon-Naturalist on the ' Investigator ', carried out a 

number of analyses of bottom deposits and among these are several from the Laccadive 
Sea area. In  the following tables I have grouped these analyses according to the 
type of the deposit, namely, Grey mud or ooze, Blue or Green mud or ooze and 
Globigerina ooze. I have also given the latitude and longitude of the position from 
which the saiilple was taken as well as the depth in both fathoms and metres. 

A study of these tables shows that  there is a fairly close agreement, so far as the 
percentage content of calcium carbonate is concerned, between the samples of Globi- 
gerina ooze and those of Grey mud or ooze; while the samples of Blue or Green 
illud or ooze are, relatively, poor in calcium carbonate. In the following table, I have 
give11 the average calciuin carbonate content in both types of deposit, namely, Globigerina 
ooze and Grey inud or ooze, in descending zones of 500 metres depth 

Grey n~ucl or O O L ~ .  ,-/--. 
1)eptll ill ~uctres .  No. of I'crcentaqc 

saiul'les. of C'aCO,. 
=joo-1,ooo . . . . I 4"'" 

1,000-1 ,500 . . . . 8 49'4 
I, 500-r,ooo . . . . LO 00'5 
2,000-2,500 . . . . 1 3  59'5 
2,500-3,000 . . . . 3 76.7 

Globigerina ooze. - A - 
No. of Perce~~taye 

samples of CaCO,. 

111 110th these series tliere seems to be a clear illclicatiol~ of a progressive illcrease 
ill tlie percentage content of calcium carbonate as we proceed dowilwards. I halve 
alreacly pointed out that in other regions there is eviclence of a fall in the carbonate 
content as we pass from shallow water down to depths of over 1,noo it~etres (v* 
s l~f ir (r ,  p. 42))  the actual minimum occurring a t  a depth of about 1,500 llletres 111 
the case of tlie sa~nples of Green or Blue mud or ooze fro111 the 1,accadive Sea we get 
the followiiig results :-- 

(>ree l~  or Iduc 11rr1t1 or oozc. 
. - 

l)cl)tl~ ill ~ ~ l c t r c s .  No. ol sa11~1)lcs. l ' c r c c ~ ~ t a ~ c  oi 
c a l c i ~ ~ ~ ~ l  carl)ollalc. 

"-500 . . . . I ;o.o 

5"o-I.ooo . . . . 5 0 . 0  , 
I ,ooo-I .5"" . . . . 4 . i7'1 

I ,5oo-z,ooo . . . . 4 '4'7 
z,ooo-n,5oo , . . . 7 41'4 
z,500-~3,000 . . . . L 52'5 

3,"0O-3,50O . . . . J.1'7 , 

In  this series we get evidence of this fall ill cmteat of the del)osit a t "  

depth of 1,5oo-Z,oOo fathoms, a t  a ~on1e~ha . t  deeper level than in the case of the Bay 
of Bengal sai~iples but not so deep as ill tile salallles froill tlie East Illdial1 l~rcl~lle'a~o 
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(ride Fig, 4, p. 42 szrfir.u). Below this depth, as in the other regions, we get a rise of the 

carbonate content till mre reach a depth of 2,5o(1-3,000 metres, below which there is 
again a falling off as we reach still greater depths. Thus, while the samples of Rlue 

mud follow the usual course as regards the carbonate content, the sam]Aes of C:rey 
mud or ooze or the so-called Globigerina ooze sho\v a distinct variance fronl the nornlal. 

If now we take the sninples of Grey mud or ooze froill different degrees of latitutle 
we find that there are certain iilterestillg differences ; in the following table I have 
taken, according to their depths, the smnples in zones of -3 degrees of latitude, nanlely, 
tllose between 7'-9O, 10~-12~,  aiid 1.jO-15~ :- 

111 the case of the samples of n111e or Green mud or ooze we get the f~llo\.\~illg :- 

A comparison of these two tables illdicates that  a t  clepths betweell 2,000 
2,500 metres there is a distillct tendeilcy for the percentage of calcium carbonate in the 
bottoln samples to decrease as we pass northwards, thus in the case of the Grey ooze 
at a depth of 2,000-2,500 llletres the collteilt steadily diminishes from 66.7% in Lat. 
7'-9' N. to -12.5 in 1,at. 13"-15" N. ; and equally in the sainples of Rlue or (heen inud 
or ooze at depths between 2,000-2,5oo metres the percentage of calciunl carbonate 
decreases fro111 5a.o in I,atitude 7'-9' N. to only 12.5 in Latitude 13'-15' N. Another 
l1lteresti1lg point brought out by these tables is that  in low latitudes, frorn 7"-9' N. 
the l~laxilnunl calciunl carbonate content does not occur, as is usually the case, a t  a 

of I,~oo-z,ooo rnetrel, but  steadily increases below this depth till i t  reaches 
""ligh a figure as 76.71:, in a depth of 2,500-3,000 nletres, or 1,ooo metres deeper than 
llormal. 

111 order to see whether the anme phenomenon occurs in the  bottonl deposits 
from the ]jay of Hengal I have re-examil~ed the analyses froin tha t  reg-ion, with the 
f()ll()willg results. I11 the case of the deposits that  have been classed as Olobigerina 



ooze, \ye get the following fignres for the percentage of calcillm carbonate at differeIlt 
depths in different degrees of Latitude :- 

1)epth ill ntetres. 
0-500 

500-1 .ooo 
I ,000-I .goo 
1.500-2.000 
1.000-2.~jOO 

2.goo-3,000 
3.000- ',,500 
. ~ . ~ 0 0 - ~ , " 0 0  

Calci11111 c a r l ~ o i ~ a t e  content. 
I O ~ - I L ? O  N. I . < O - I ~ O  N. 16'-18' N. lgO-l10 x, 

. . . . . . . . 

. . . . . . . . 
75'" . . . . . . 

I n  the sainples tha t  have been classed as mud or ooze the results are as follows :- 

I )vl>th ill n~v t rc s .  
0-500 . . 

500-1.000 . . 
T .ooo-1 .5"0 , r 

1.500-2.000 . . 
1.000-1,500 , ' 

~.5oo-.; .ooo . . 
.;.000-,;.~0" . . 
;.500 4.o(x) . . 

Calcium cnrl)ollnte contcnt. 
7O-r)" N.  1 0 ~ - 1 2 ~  N. 1 . 1 ~ - 1 5 ~  N.  16'-18" N. 19~-21@ N, 

. . . . 12'0 . . . . 

. . . . . . 17'3 . . 
. . 10.0 tracc . . 

. . . . 4'5 tracc . . 

. . . , 12'5 7'0 trncc 

. . . . 21.0  trncr . . 
;6.0 ;0.0 ;0.7 . . . . 
04'" 10'0 . . 

Here again we see tha t  a t  a depth of 2,ooo-2,5oo metres there is evidence of n lowering 
in the calcimm carbonate content of the bottom cleposit as we  ass from lower latitudes, 
1.3~-15' N., in which the content is 12.5 to  higher latitudes I~"-zI"  N. where there is 

a trace t o  be found. I n  the  Bay of Rengal this difference may to a very great 
extent and possibly wholly be clue to  the greatly increased amount of terrigenous mu(] 
and silt tha t  is being brought down by the great rivers of Bengal but it is doubtful 
whether ally such explatlation call accoullt for the disappearance of the calci~~l~~ 
carbonate in the 1,accadive Sea, though, as I have already mentioned (vide sllf lrf l , 

P. 4.391, Sowerby considers tha t  the lnud and silt, brought down by the rivers tllat 

enter the G~l l f  of Cambay, is swept down the coast by tidal action and is deposibl 
on the wa floor in the region of the  I,accadive Maldive Archipelagoes. 11 sttldyn' 
the evidence seems t o  indicate that some other factor is involved. In this connectio" 
i t  is interesting t o  note that  a t  this depth of 2,000-2,500 metres lies the North Indian 
Deep Current, tha t  is in the main flowing from north to  south and the water of \ullicll 

exhibits a relatively high salinity and temperature and i t  is possible that at its 
origin in the Red Sea and the Persian Gulf and in its passai?e towar(" 
the south this deep current becomes more and Inore saturated with calcium carbo'lab 

and,  therefore, in more southerly latitudes is t o  dissolve less and less of thir "It 
from the bottom deposits over which i t  is flowillg, On the other hand, as severd 
ohservers have pointed out, there is a distinct tendency for cslciunl carhonate 

to 
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accumulate to a greater extent in tropical regions than in more northerly latitudes. 
Murray (1913, p. 215) remarks that ' Generally speaking, organisms secrete Calciuln 
carbonate much lllore abundantly and rapidly in warm than in cold water. In  the 

Arctic and Antarctic Oceans and in the deep sea, where the temperature approaches 
the freezing point of fresh water, there are no great accu~nulations of Calciuln carbonate 
due to secretion by beilthonic organisms, and the calcareous shells and skeletons 
secreted by pelagic organisms are thin and fragile. On the other hand, the most 

abundant secretion of Calcium carbonate, both by bentlionic and planktollic organisms, 
occurs in tropical and sub-tropical waters '. It may be, therefore, that in the higher 

latitudes of 19-21' N. we have reached a zone in whicli there are fewer chalk-secreting 
organisms both in the planktoil and the benthos and hence less calcium carbonate in 
the bottom deposit. 

One of the chief characteristics in which the deposits of Green or Blue inud from 
the continental slope of the Illdial1 Peninsula differ fro111 the Grey mud or ooze of 
the more westerly part of the floor of the I,accaclive Sea, apart from the lesser per- 
centage of calcium carbonate that we have already considered, is the much greater 
percentage of silica. In  coral rock or sand the silica content is very small; thus in 
anumber of specimens from different depths in the core obtained by boring in Funafuti 
atoll (vide Judd, p. 369) the illsoluble residue ' after submitting them to slow solution 
in very dilute acid so as to avoid risk of decolllposition of basic or hydrous silicates ' 
was extremely small in anloullt rangillg froin 0.001 to 0.083 in six samples, and of these 
residues one gave a percentage of 12.75 per cent. of silica. Stanley Garditier (1903, 
PP. 322-323) has shown that in coral rock or sand froin tlie Maldive atolls the 
Percelltage of silica varies froin 0.013 to 0.076, wliile in the inud fro111 tlie lagoon of 
Suvadiva atoll it ranged from 1.992 to 3.127 per cent. In coral rock from the 
Soutll sea islands, the percentage varies from 0.72 to 0.789 and in the raised coral 
rock and lilnestoiies of Rarbadoes i t  is as a rule from 0.13 to 3.10, though in oiie 
lllstance a percentage as high as 9.48 was obtained (v ide  Skeats, 1902). In  marked 
colltrast to this is the result obtained from analyses of certain bottom deposits in the 
Mediterranean Sea by Bucl~anan (1890, p. 131) in which tlie silicate content ranged 
frO1n 14.29 to 44.37, tlie depths froin which the samples were obtained ranging froin 
265 to I536 fathoms. 

Two samples of Green mud froin the Laccadive Sea have been analysed by 
C1latterjea (1927) ; unfortunately Cliatterjea has given to liis paper the title ' On three 

Deposits from the Bay of Rengal ', whereas only oiie of his samples was fro111 

area, the other two to whicli I refer being from the west side of India. These 
two salllples were respectively froin 

(1) 1,at. q0 44' on' N.: r4011g. 75' 29' 00" E., 725 fathoms. 
(2) Lat. 6" 29' 05" N., 1,011~. 78' 34' 07' E., 1,430 fatliolns. 

In the following table I have given the percentage results of analyses of some of 
more cotnmo~~ ingredients of Glauconitic deposits :- 
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\ 

Source. 

\ 

. . 2'41 

Hoskins. 
Knerr ai~d Schoe~~feld. 

the purpose of colllparison 1 have also given three analyses of Glauconitic 
rocks fro111 various localities. 

It is of some interest to  note that in the Glauconitic deposits from the sea bottolll 
there seems to be some evidence that  the percentage content of both Iron, in the 
form of the Ferric oxide, and Magnesium oxide appears to diminish steadily with the 
increase in the depth from which the example was obtained, while on the whole the 

silica content increases. The percentage content of the calcium carbonate also seems 
t o  increase ; unfortunately the two ' Investigator ' samples had been treated with 
acid for the estimation of CaCO, prior to  analysis of the insoluble residue and hence 
the calcium content is practically nil. 

Murray and Renard (1891, p. 387) state that  ' Glauconite is almost always acconi- 
yaniecl by quartz, orthoclase often kaolinized, wliite mica, plagioclase, hornblende, 
magnetite, garnet, epidote, tourmaline, zircon, and fragnle~lts of ancient rocks, such as 
gneiss, mica-schists, chloritic rocks, granite, diabase, etc. In addition to these minerals 
there seems always to be associated with Glauconite, in modern deposits, a considerable 
quantity of organic matter, often apparently of a vegetable nature.' 111 this 
latter respect the two samples collected by the ' Investigator ' were no exception, 
for Chatterjea states that  they contained respectively 31-89 and 31.34 per cent. 
of material that was lost on ignition and in the case of the specimen from 725 

fathoms-example I-he remarks (loc. &., p. 25) ' this mud mixed with Glauconite 
also contains a greenish amorphous matter which in part a t  least appears to be of 
organic nature for i t  blackens on being heated on a platinum foil, leaving an as" 
coloured by oxide of iron. This accounts for the high figure for " loss on ignition " 
as  given above ' . 

With regard to the comparatively high percentage of potash in these ~ l a u ~ ~ ~ ~ ~ ~ ~  
deposits Murray and Renard (1891, p. $39) pointed out that ' Glauconite was al'uaJ's 
associated with terrigenous minerals and in particular with orthoclase Inore Or less 
kaolinized, and white mica, and with the debris of granite, gneiss, micaschists and 
other ancient rocks. We cannot fail to  be struck with these relations, for it is just 
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these minerals and rocks tliat lnust give birth by their decomposition to potassium, 
derived from the orthoclase and white mica of tlie giieisses and the granites.' 

In this connectioll i t  is of sollie interest to recall the account given by Lomas 
(1~02)  Of a deposit obtained north of Rameswarani island a t  the head of the Gulf of 
Manar in Palk Bay ' where there is an almost complete absence of currents '. This 

deposit consisted in the iliain of 'concretions, irregular in form, with here and there a cast 
. . . .  of shell along with a few large shells in a fairly fresh but broken coildition The 

concretions, however, on treatment rn7itl1 a weak acid effervesce strongly and yield a large 
percentage of fairly coarse sand . . . . . . .  Round the periphery of the casts is a fine 
layer of calcite, which moulds itself into the inequalities of the shell's interior surface ; 
this is succeeded by a darker layer, and then the whole interior is seen to  consist of 
sand grains, quartz, tourmaline, felspar, and zircon, eillbedded in a inass of secondary 
calcite . . . . . . . .  The inorganic fragiilents dissolved out by acids and fractionated 
showed a great prep~iicle~ance of garnets. The heavier portions were pink in colour 
on this account. Other minerals found were corundum, tourmaline, zircon (inclosed 
in garnet and free), kyanite, quartz, mica, and felspar.' 

Further east Loillas notes tlie occurrence of Black mud, tlie aiialysis of wliicll 
gave the followiiig result :-- 

Water nut1 orgal~ic mattcr . . . . . . . . 16.60 pcr cent. 
Silica . . . . . . . . . . 5.5'00 ,, ., 
Carbo~~atc  oi 1,iil~e . . . . . . . . 3'50 ,, ,, 
Phosphate of 1.ii1ie . . . . . . . . 2'25 ., ,, 
Ferric Ositlc . . . . . , . . . . 4.10 ,. ,. 
.Alu~iii~~a . . . . . . . . . . 15% :, ., 
1Iag11esia . . . . . . . .  - 7 . -  5 , ., 

Finally, off the llloutll of Trinconialee Ray ill r r  fathoms Foraininifera saiicl was 
dredged, the inorganic colistitueiits of \vliicli ' include quartz grains, well rounded 
and ranging up to -3 inm. in dianieter, and a black po~vder liiucli of ~vhicli could be 
removed by a magnet. The non-magnetic portion was fractionated by nieans of tlie 
double iodides of mercury and barium, and slionled a great nmnber of garnets, corundum, 
tourinaline, and kyallite in tlie heavier fractions, nrhile quartz aiid a fernr flakes of 11iica 
made up the lighter portions.' 

iVadia (1919, 1). 49) liaspointed out tliat ' the crystalline and gneissic rocks of 
tlie Arclizan systeill forni an enorinous extent of the surface of India. By far the 
largest part of the Peninsula, the Central aiid Southern, is occupied by this ancient 
crystalline complex.' He further points out (lot.. c i t . ,  p. 50) that ' the constituent 
minerals of the co l~ i l~ io~~e r  types of the Arclizaii gneiss are ; orthoclase, oligoclase 
or microcline, quartz muscovite, biotite, and liornblende with a variable ainouiit 
of accessory minerals and some secondary or alteration products, like chlorite, tour- 

"laline, epidote and kaolin . Less frequent minerals, and occurring either in 
the main Inass or in the pegmatite veins tliat cross tlieem, are apatite, epidote, garnets, 
~capolite, wollastonite, beryl, tourmaline, tremolite, actinolite, jadeite, corundum, 
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sillimanite together with spinels, ilmeilite rutile, zircon, graphite iron ore, etc. T - , ~ ~ ~  
can thus be no doubt that  the deposits described by Lomas from Palk Bay and the 
neighbouring region have been derived from these Archaean rocks and have been 
carried down into the sea by rivers and streams. Such terrigenous deposits must 
therefore con~prise the greater part of the mud and sand of the continental shelf and 
slope on both the eastern and western coasts of peninsular India and it is doubtless 
froill this source that much of the glauconite of the deposit in the eastern part of the 
1,accadive Sea has been derived. 

Another possible source of Glauconite is the Deccan Trap that forins the mass of 
the Western Ghats. According to Oldhaln (R.D., 1893, p. 257) Glauconite is a 
characteristic ingredient of this mineral ; ' the most striking peculiarity is, perhaps, the 
great prevaleilce of Amygdaloid, in which the nodules, chiefly containing zeolite or 
agate, so~~letimes form the principle part of the rock. These nodules are very often 
coated with Glaz~co~zitc (green earth), and the prevalence of this mineral is highly charac- 
teristic '. (The italics are mine.) 

It is probable that  much of the Glauconite of the sea-bottom is deposited from 
solution, either as the result of decon~position of animal matter or possible as the result 
of bacterial action but i t  is also possible that some a t  least may be the product of sub- 
aerial erosion and decolnposition of the Deccan Trap and has been washed into the sea 
during the heavy rainfall oi the south-west monsoon. 
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VIII. STUDIES ON CORAL AND COIIAL-FOI~~LIY~'IONS IN INDIAN WATERS.* 

~a this l~aper I have attempted to put together a nuiliber of observations tha t  
I ]lave fro111 time to time, during tlie course of mIr service as Surgeo~i-Naturalist to 

Marine Survey of India ancl since the11 as 1)irector of the Zoological Survey of 
India, I>een able to ~nalte oil coral growtl~ and the character of coral reefs in various 
regions of the Indian Seas. I have not attempted to put forward any new theory 
regarding tlie mode of origin and fo r~na t io i~  of these reefs and :~tolls, but there are 
certain facts that seen1 to rile to merit attentiou, esl)eciall!- those that  are related 
to and have a bearing on the c l ia~~ges  that  alq)ear to have taken illace since these 
atolls were first formed. 

RIany autliors in tlie llast have l)ut forward dilferei~t views and theories regarding 
tlie manner in which atolls originated, and it is around the I,accaclive and nlaldive 
region that controversy seeills to liave reached its l~igliest 1)oint. It was a study 
of tlie Cocos-Keeling atoll in tlle Incliaii Ocean and of the c l~ar ts  and copious notes 
tllat had been prepared by Moresb!., regarding the above-~nentioned archipelagoes, 
tliat gave Darwin the idea that  Barrier Reefs and LItolls were successive1~- derived 
from Frii~gi~ig reefs during tlie s~~bsiclence of the land in a coral-growing area ; i t  is 
as well, however, to bear in n~incl that  although this is iu tlie ~ l l a i ~ i  the view tliat - 
Darwin put forward, acconll)anied by a Illass of carefully collected evidence, and, 
in consequence, is usually referred to as Darwin's theory, it by no iilealis expresses the 
whole of Danvi~i's views on tlie subject. Darwin llimself remarks that  ' a conjecture 
will 1)erhal)s be hazarded that  the recluisite bases (for tlie formation of coral atolls) 
may have been afforded by the accumulation of great ba11lis of sedin~eiit that  did not 
quite reach the surface owing to the action of superficial currents aided possibly by 
tlie undulatory movements of tlie sea '. Wood-Jones (1910, pp. 216-218) has 
pointed out tliat ' it  is often overloolted tliat 1)arwin ever admitted any alteri~ative 
l~!~l)otl~esis to that ol subsidence ', and that  in justice to L)arwi~l it should be clearly 
recognized that ' mail\- of the views of Darivin's successors were views tliat Darwii~ 
himself had originated, and the validity of wliich 11e liad ad~ni t ted u ~ ~ d e r  certain 
conditions '. Davis (1928) has given a detailed review ol the several tlieories that  
]lave been pro1)ounded to :~ccount for the for111 and cliai-acter of the various coral 
growths found tl~ronghout the tropical regioils of tlie three great oceans, and Bonney 
(vide L)arwin, 1889, Al)penclix 11) and Hicksou (1924) liave given suiil~llaries of these 
views. I t  would 1 ~ e  out of place, as well as unnecessary, for me to give a detailed 
accomlt of them here ; I have, tlierefore, only given a very brief stuniilar\r for tlie 
1)ellefit of those who liave 11ot previously studied this problem. 

~ o l l o w i ~ i ~  1)arwiil a theory \\'as l)ut for\vard 1)y the late Sir Jo1111 Murray that  
asc.ril)ed the Eorn~ntio~i of these atolls and Ilnrrier reds to t l ~ e  growtl~ of coral on 

~ ~ -. . . - - ~ ~ -~ ~ .- - - -  -- .- ~-~~~ * ' 
I'llis 1):ll)t.r \\.:IS ! \ - r i t ( ( .~~ .  t ~ l l c l  rc<.vivc(l 101- ~ ~ ~ ~ l ~ l i ( . i l t i o l l  I,y tl1c i \ ' i i i ~ l i ( .  5 q ) r i ~ l y  o f  l{c11g:11. I ~ c f ~ ~ ~ - r  ils ! \ t ~ t l~o r  left I t~clia 

11' 
I r ) l  \ .  :1llcI p r io r  10 his i ~ l q ) o i ~ ~ t ~ ~ ~ c ~ ~ l  :IS 1,cncler o f  t l ~ r  Jo1111 .\111rrily O ~ c i ~ ~ ~ t n g r a l ~ l ~ i c  I :x~ccI i t io~l .  

Sc/~lcirrbcr,  r q J ~ .  
Gorevnl  Sccrrlavy, A . S . B .  
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submarine ridges, probably of volcanic origin, that had eitller heen worn down to tile 
recluisite level by marine erosioii or built up to  i t  by the depositioll of ooze, and tllat 
these coral patches liad subsecluently attained their present cllaracter by the action 

these patches of a process of so l~~t ion  of calcareous material by sea-water. &Iurray thus 
adopted as the theoretical base of some reefs an explanation that, as I have a]read,, 

mentioned, liad been recognized as a possibility by Darwin himself, Agassiz als; 
followed Murray ancl even went so far as to  remark that in his opinion it was ilnpossible 
to  conceive 'of the existence of a range of inountains that could ]lave been so 
pletely submerged as not to  leave a single trace above water of their original elevated 

1)osition. I n  these earlier explanations i t  was argued that tlie growth of coral would 
be more extensive and luxniiant on the margin of such a patch and that, therefore, 
there woulcl be a natural tendency for the formation in such a patch of a central 

lagoon ancl that  this ~vould be still further increased by solution. As early as 1895 
Statilej- Gardiner (1898, p. 48j) called attention to the adverse effect tllat sedimenta- 

tion had on living corals. He  remarl~ed that specimens removed froin their natural 
hal~i ta t  and fixed between stones in the entrance channel of the atoll of Rotuma in 

the Pacific ' soon became silted 111) with sand and were killed. . . Generally I could 
not, in the boat channel, get any true coral to grow if placed on the bottom owing 

to tlie sand and inud deposited on them.' Wood-Jones elaborated this line of argu- 
ment and in his work on the Cocos-Keeling atoll (1910, 11. 237 et seq.) pointed out 

tliat the effect of del~osition of sand and silt 011 coral growth will be to kill off the upper 
coloiiies and so to  give rise to a circular mass of coral that is still flourishing round its 
margin, whereas the centre of the colony will be occul~ied by dead coral that is suscep- 
tible to the action of sea-water and thus call be dissolved and removed, wit11 the 
consequent foriliation of a central depressed area or lagoon. Subsequent obser\iers 
have also experiiileiited on the adverse effect of silt ; thus Mayor (1918) exl)erilnente(l 
with certain corals on the Murray Islancl Reef a t  tlie northern end of the Great Barrier 
Reef of Australia and he found that I,urial in silt rapidly caused tlie death of a nul1lber 

of species of reef-corals ; again illore recently (1924) lie experimented with live corals 
placed in a cage near the mouth of a stream i l l  Pago Pago Harbour ill ~amoa~ and 
he fotultl that the coinbinecl effect of lowered salinity and accumulated silt killed 
all s1)ecies with the single excel)tion of a species of Povitei, that was, lloaeverl Iw!l) 
dmiiaged 1':dmonrlsoil (1028, 1). 49-54) llas (>l,tained very similar by burymg 
various sl)ecies ol' coral under .+ inches of sand atid silt ; lie ~ O U I I C ~  that certaill genera' 
such as Stej5hrrtarirr. Faairr, Le@tcrrfraca alld i ; r r r l gh  aljlleer to be Itlore resistellt tlla" 

others, but that sooner or later sucll I,lurial causecl the death of tile coral. Hick"'1 

(1924, 11. 120) ~ I B S  also called attentiull to the adverse effect that sedimelltatioa 'la' 

on tlie reefs ; he remarl<s there seems to ilotlling more fatal to tile gr()wt1l of cOrab 

tllilli this deposit of silt. Tlle delicate i)~)]yl)s llnve solne power of rel1loving a Ier 
light foreign particles tliat fall up011 thein, l,nt a c o i ~ t i ~ l u o ~ ~  sllower of grains of 
or ~ i i ~ c l  hinders tllcir 1)oner of exl,nllsi~)ll, illterfrres with tlieir cal)acit!' to erl)t'la 
and ingest food, and I)?. sllntting ofi tile ligllt ironl tile callal S Y S ~ ~ I I ~ S  ~lleclis v~~~~ 
syatlletic a c t i o ~ ~  01 t l ~ e  ~oocJ l lo r~ l l ;~ ,  A ~ I I J ,  cllallge ill tile set uf the ti(les :lor' 
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that drives tile silt on to  a vigorous part of tlie reef, or causes stagnation and a fresli 
deposit of silt elsewhere, may be regarded as among tlie inost destructive of the agents 
wllicll clleck the growth of tlie reefs.' RIarsliall and Orr as a result of their work 
on the corals of the Australiaii Barrier Reef (1931, p. 123 et seq.) have shown tliat 
sedimentation may affect different species of coral unequally, partly from mechanical 
reasons, as the shape of the coral, for in branching species as Pocillopora and 
Acrojora it is difficult for sediment, esljecially if coarse grained, to settle on tlie 
l lOIY1~~.  ' On the whole the result of the experiments showed that  the comlnon tjrpes 
of corals w l ~ e ~ l  they are helped by water illovemeiits as well as by their owl1 &liary 
action, are well able to deal with any ordinary amount of sand falling on them.' On 

tile other hand ' wlie~i ally circtunstance interferes witli the permanent level (of the 
sediment) for more than a few days the corals are killed off ul:, to this new level '. 
The ability to relnove sand alld mud varies in different species, ' Favia and Fu~zgia 

appear to be most capable of dealing with the sediment and Porites least so ' ; and these 
authors agree that ' continued exposure to sedinle~it has, a t  least ill the laboratory, a 
har~nful effect '. Another factor that  must have a profound effect on corals and coral 
growtli esl~ecially in the neighbotu-hood of the mouths of large rivers is the cliange in 
the reaction of tlie river water iron1 alltaliile to acid. Ross and Bagchi (1919; 1925) have 
shown that tlie water of the Solie and Ganges rivers in India is alkaline for 8 months 
of the year, but becomes acid during the rainy season froin May to August. This 
change in reaction is attributed to tlie ljroduction of nitric acid in the atmosphere 
and its solutioii in the rain, and they have estimated tliat as much as 2.52 tons of 
nitric acid are l~rodnced per square ~nile. The effect of tliis on the river water is to 
cause a conversion of calciuln carbollate into calciu~n nitrate witli the liberatioil of 
carboil dioxide gas. As the acid production is in excess, the water of the estuarine 
region will rapidly dissolve calcium carbonate and to this, as much as to the presence 
of silt or lowered salinity, may be attributed the absence of all coral from such regions : 
it would be a matter of considera1)le interest to investigate the corresponding effect 
that Tropical tliunderstonns have on tlie acidit!. of tlie water in tlie lagoolis of atolls. 

In 1-)arwinJs day tlie possibility tliat tlie sea-level itself may fro111 time to time 
have altered had not received mucli, if ally, attention ; but lie pointed out that  in a 
llurllber of i~lsta~ices there appeared to be evitlellce in favour of recent elevation in 
certain coral islands and atolls and he remarked tliat should tliis be confirlned ' the 
cluestion will arise, seeing how iniiiie~~se an area lias thus been affected, whether these 
geologists are not riglit who believe that  the level of t l ~ e  sea is subject tu secular 

cllallges from astroi~oinical causes '. I t  is now gei~erally recognized that  in the past 
there have been extensive changes iu sea-level and Daly in a series of papers from 
1910 llas advocated t l ~ e  view that  during the last Glacial el~ocli, owing to the for~natioli 
of greatly extcilded ice-caps, a considerable quantity of water was abstracted from the 
sea1 that must of itself have resulted i l l  a fall of level and that, furthermore, the iu- 
creasecl nlasscs of ice a t  tlie 1)ole would, in addition, have caused a l~lecllauical 
attractiol~ ol watcr away Iron1 tllc tro1)ical regions and thus have illcreased the fall 

"1 sc;l-level 111 tlic co~al-growing aleas. 'l'llc actual extellt of this fall he estilllated 



to be about 50 fatlioms. This fall of level would have rendered it 130ssiMe for tile 
forces of iiatllre to  effect a wearing down of a number of banks alld islands to a level 
that,  on the melting of the ice-calls a t  the close of the Glacial period, llas again, been 
covered by the gradual rise of the sea-water as it returned to or nearly to its origiod 
level, and Yaly suggests that it was during this period that coral banks were able to 

form and to grow LIP passu with the rise of sea-level, thus giving rise to tile 
barrier reefs and atolls that we find a t  the present day. As Davis has pointed 
there is, so far as the end-result is concerned, but little difference between Danvillms 
theory and that of Daly, siuce the olle postulates a gradual subsidence of land, wliile 
the other suggests a slow rise of sea-level. 

Finally, i t  is to Stanley Gardiner that the credit must be given of liavilig realized 
the importaiice of a recent slight shift of sea-level, probably only some 4,000 yean ago 

and of putting forward the view that the actual forination of tlie islands 011 the 
circumference of these atolls must primarily be attributed to this fall of level of the 
sea-water, rather than, as was supposed by Darwin aiid most previous writers, to the 
tlirowilig ul) of coral and sand by wind- aiid wave-action alone. 

111 any give11 coral-growing area a number of causes must have co-operated in 
the llrodtlction of the reefs and atolls aiid in nioulding them into tlie condition that 
we find to be ljresent to -da~,  ; some of these causes, such as tlie fall of sea-level during 
the glacial l,eriod and its subsecluent rise were world-wide in their effect, while others 
sucli as elevation or subsidence of the land itself nlay have been purely local. 

EVIDENCE OF A FALL IN SEA-LEVEL IN THE INI~IAN REGION IN RECENT 
TIMES. 

Yarwill (1889, 1). 173) and L3ana (1875, 1'1). 284-298) botli called attenti011 to 
tile fact that ill certain areas of Pacific Oceall there was evidellce of a compara- 
tively recent charige in tlie relative levels of the sea aiid land ; and altliougli tlie fo~lner  

noted the possibility tliat it might be tlie result of a sliift of the sea-level, the latter 
author considered that there had been no general elevation but tliat the instances, 
where elevation of the land had been noticed, were ' so  widely scattered that the!' 
afford coiivincing evidence of a cessation in the 1)revious general subsidence '. 

111 1898 Staiilejr Gardiiier put forward the view that all tlie atolls of the Pacific 
sllowed signs of having within recent times Ireen raised or that possibly there 
been some change of level in the sea. Again in rgoz his o~~se rva t io~~s  011 the llaldire 
Atolls convinced him that ' the lalid llas beell ulldoubtedl\-, - .  l1j. some ll~earls or other! 

raised above the sea and is iiow everywllere 01, the larger banks being waslled awl! 
I n  1906 (p. 454) he wrote ' starting wit11 the lalid we are inet everywhere ( i l l  tlleladsll 
Ocean) with evidences of a change of level havillg been jargel?. res1)olsihle 

ltr 

formation. This is true also of the groul)s of atolls in tlie Pacific alld Seenls to 
a 

regular phenomenon it1 tl;e Illdo-Pacific, i\t tile snllle t i~ne we ll;lve i l l ~ u l i t a l ) l e  

evidence of certain islets or coral reefs ]lavillg I)eell forlned 1)). tllc 1)ilill~ Ill) 

materials. Tlie change required varies f1-om IO to about 25 feet.' kkassi '  (I~'''' 

has also called attention to the fact that ill all tile great oceans there is evidellce a 
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change of sea- and land-levels. He remarks ' throughout the Pacific and Indian 

Oceans, and the West Indies the most positive evidence exists of a moderate recent 
elevation of coral reefs ', and he uses this as an argument in favour of his view that  
coral reefs have arisen on platforms that  are rising and not sinking. 

A study of the coastal region of the mainland and of the various islands throt~ghout 
Illdian seas reveals the fact that  in almost every instance it is possible to obtain evidence 
that within comparatively recent times there has been an alteration in t l ~ e  relative levels 
of the sea and land, though tlie amount of this change seems to have varied to some 
extent in different regions. In  a previous paper (Sewell, 1927) I drew attention 

to the extent of some of the changes that  have been noted to occur in the Indian and 
the Western Pacific Oceans, and I suggested that  there might be evidence in favour 
of a circular land elevation that  had its centre a t  some point off the north-west of 
Australia and the maximuin elevation in the circle that  passes the South Pole, along 
the east side of Africa, then tlirough the Tien Shan Mountains and Korea, Japan, the 
coral regions of the west and south-west Pacific, New Zealand and so round to the 
South Pole again. There is also a considerable Inass of evidence, to which Dalj7 
(1920, 1926) has drawn attention, that  within comparatively recent times there has 
bee11 a world-wide alteration in tlie relative levels of sea and land throughout the 
tropical regions to the extent of some 15-20 feet ; and so uniform is this change that  
it must allnost certainly I>e attributed to a fall o'f the sea-level rather than to an 
elevation of t ] ~ e  land. As Stanley (hrdiner (19.30, 1). 1.3, footnote 2) has pointed 
out, the arnount of this eustntic shift varies in different regions with differences of 
latitude and the neiglibouring topography, and lie believes that  this shift is part of a 
1)rogressive lowering of the sea-level that  is still going on and may possibly, he 
sllggests, he due to a presellt and actively i~icreasi~lg glacial period for the Souther11 
Hemisl~here. Whatever may be the cause, this fall of sea-level is of quite recent 
occurrence, Daly (1920, 1926) and Edgeworth David (1926) putting it a t  some 3,500 
to  4,000 years ago: tlie total amount of this fall of sea-level may have beeu reached 
in a series of stlccessive stages, but it has had a profound effect on many sea-beaches 
and especially on coral-reefs ; it is, therefore, of some interest to see to wliat extent 
we can trace the effects of the fall aro~nid the coasts of India and its associated 
islands. It is in coral-growing regions that  evidence of this relative rise of tlie land 
Is most easily obtainable, owing to the fact that  coral, as we know, must have originalljr 
beell formed below the,low-water sea-level, so that  if we I I ~ W  find masses of it, still 
I n  s i t lh ,  as it grew, hut now raised 11ig11 above the level of low-water, it  is a clear 

that n change of level of the sea aud land has taken place. Such evidence 
llowper, by no means limited to these coral-growing areas. 

The Cocos-h'eebin,g Atold. 

So far as one can judge from the accounts of this atoll given to us by Darwin, 
G u l ) l ) ~ ,  Wood-Jones, there has beell but little change in the relative levels of sea 
"d lalid, though accord ill^ to Wood-Jones (1910, 1). 283) there has been a cliange of 
Some 3 or 4 feet. He re~narks ' between Pulu Tikus and Pulu Yasir these signs of 
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elevation are striking. A notable fact in the disposition is that they occur in series, 
one layer above the other ; successive land movements being registered bjr succenive 
steps of breccia, which rise one above the other to a total number of three or ioar, 

and to  a height of almost as many feet. . . . . . I can imagine no other explanatiolI 
for the presence of these raised platforms than that afforded by the s~pposition that 
the land on which they were laid down has been raised, as a whole, since their forma. 
tion.' It need hardlv be pointed out that a fall of sea-level would produce exact]\! 
the same effect, especially if this occurred in a succession of stages of depression, 
each succeeding phase causing an erosion of the breccia platform. 

Constar! Regions of the B a y  of Rengal. 
I have previo~~sly (vide supra ,  p. 13) called attention to the fact that evidence 

of a recent alteration in the relative levels of the sea and land can be detected in the 
coral-growing region of the Mergui Archipelago. Around many of the islands in this 
part of the long coast line of the Bay of Bengal there are extensive coral-reefs that 
are exposed a t  low water. One of these is situated on the east side of Paway island 
and a study of the present conditions appears to indicate that it has recently been 
relativelv elevated. The surface of the reef (Plate 11) is dotted over with masses 
of dead coral, some loose, others firmly attached to the reef-flat, while scattered about 
are numerous small living colonies ; along the margin of the reef the blocks of dead 
coral are considerably larger than tliose nearer the shore, and owing to the sheltered 
situation of the reef one can, I am convinced, exclude any possibility oC their having 
been thrown up by wave action. I t  is probable that they are still in situ in the original 
position in which they were formed and have been raised to their present position by 
a relative elevation. Unfortunately I cannot be absolutely certain on this point, 
for at  the time when I was investigating this region my attention had not been called 
to this problem and in consequence I did not pay sufficient attelltion to the character 
of these coral masses, except to note that they are now dead. 

On the opposite side of the Bay of Bengal on the east coast of India we again filld 

evidence of an alteration in the level of the land, Mr. R. Seniol- Wllite has infornled 
me that in the neighbourhood of Vizagapatam there is a raised sea-beach, that appears 
to be now some ten feet above the level at  whicll it must have beell deposited, 2nd 

Dr. Srinavasa Rao, of the Zoological Survey of India, who has on several marions 
visited this area to study the fauna, has corroborated Mr. Senior Wl~ite's statelnent, 
A little further to the north on the Orissa coast near the Chilka' Lake, there is a silllilar 
raised beach. Blanford (18 j z ,  p. hr),  who attention to this exalnl)le. re1"ykS 
' near the south-west extremity of the spit there is a considerable deposit of esttlal'I'e 
shells, a t  a height oi 20-30 feet. The Shells found, Cytheren carta and Arcs Y~'"'"~ 
have not been found living in the Chi]ka Lake, and 1,oth are est~larille sl'ecies~ not 
occurring in the sea itself : but the former is now in the eshlary collllect!r'g 
the lake with the sea. This deposit appears to afford evidence of a recent 
of the land.' Wadia ( r g ~ q ,  11. 3 2 )  I)oillts ollt that Oyster-sllell~ discovered Idel' 
a t  Calcutta likewise point to a slight local rise of tile easteril coast I .  Or alterllativelel! '" 
a slight fall of sea-level. 
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I have (vicic supru,  11. 13) called attention to tlie fact that  in 11otll 

the Alldalllall and Nicol~ar Islailds we get clear evirlence of an a p p a r e ~ ~ t  fall of sea- 
level alld that tlie extent o[ tlie fall al)l>ears to be soniewhat greater in the ioriner 
than in the latter. In  both groups of Islands tliere are reinaiils of raised coral- 
beaches and these are l~articularly frequent, though by no ineans exclusively, along the 
east coast. Oldllain (1885, 1111. 144-5) had l~reviously called attention to the occurrence 
of these structures, aiid further evidence of an alteratioii of land- and sea-level can be 
found in the presence oE raised marine coilglonlerates that  were undoubtedly laid clown 
below the level of the sea hut are now liigli above low-water mark a i d  in sonle cases 
may be at the level oi high-water mark or even higher. As I have l~reviously sllown 
(p. 16 sz~$ra) the 1)reseiice of raised coral beaches or1 the east side of the Ai~dainai~s 
and an interrupted barrier reef on the west can be explained by a shifting of the axis 
of tlie anticline on which these islands rest : but the presence of raised beaches and 
wave-cut benches on both east and west sides indicates that  there must also have been 
a relative elevatioil of the land as a whole. Davis (1928, 111). 495-8) lias given us an 
account of his theories regarding the past l~istorp of tliese islailds ; l ~ u t  unfortuiiately 
his knowledge was verj7 incoinplete and he speaks of ' tlie absence of shore cliffs, which 
 roves that alx-asion llas not recently acted on tlie isla~ids, especially on tlie little 
islands that rise irom detached 1)atiks of small area '. 

,1 llirougliout the islands of Ritchie's Archipelago evidence of a receiit eustatic 
shift of land- and sea-level can be seen in a nuinber of islands. On the west side of 
Havelock Island, is a slieltered bay, tlie beach of \vliicli is steep aiid is coinposed of 
fine sand. The land a t  t l ~ e  head of the 1)ay is low-lying, but a t  each end i t  rises up 
111 a steep slope, termillatirlg ill fine vertical cliffs coml)osed ol' a white clay, that  shows 
definite lines of horizontal stratification. Immediately above tlie beacli aro~uld the 
centre of the bay the land rises for alIout t ~ v o  feet; it  then drops again and is succeecled 

a second rise, so that  there is a trough-like depression r~unniiug along the baj- behind 
the lIresent sea-l~each. My iml)ression is that  the present beach and the outer lip of 
the trough are a recent formation, the iililer lip of the trough being the old sea-beach. 
Behind tliis the land is flat and the soil of this f a t  area is of a deep ricli brown and 
al'1)ears to consist mainly of vegetable ~nould ; scattered about in an extraordinary 
1)rofusioii are sub-fossil sllells and fi-agnlents of sliells, inost of which allpear to be those 
of land l~lolluscs, C;yclo~lzorl~s s])., etc. but mixed with tliese are a few Pyrnzrrs @ll~str is ,  
the colnmon inhal~itant of mangi-ore swamps, and the remains ol Troclz~ls,  Pterocertls, 
B14cci11~~1~ and some Iamellil~raiicl~ shells. 'I'he obvious conclusion seenls to be that  
this area was origiually covered 11). sea-water but that  more recently there lias bee11 
all alteration oi sea- aiid land-level, that  a t  first caused the area to beconle dry ailcl that  
sullse(luentl~ a new l~each was Coi-iiled; a11 elevatioil oi about five feet would be sufficient 
to account for tl~ese cha~~ges .  (;ee (1920, 1). 210) lias noted regarding this islalid that  
t .  

, several parts of the coast a level tract, a few leet above high-water level, extended 
'llwarcls for a short distance. Occasional l~ieces of coral and recent sllells were met with, 
suggesting ~os s i l~ l c  relative u1)liEt in receiit times. On the other hand in some places 



these might represent a cleposit of fine sand hIowll up by the mollsoons on 
the 

coral reefs which fringe the sea-shore a t  many 1)oints.' Further alollg 
towards the south-east a large creek opens illto the sea alld across the greater of the moutll oi this lies a bar coinl)osed of coral and clay-bonlders, leavillg a llarro,\, 

deep channel between it and tlle land. 0 1 1  the west side of tile entrance to the 
are some cliffs of clay, and r1111oing out froin these into the cllallnel are ledgel and 
boulders of hard clay, that are boreel through and through by Pholns and small 

Sipunculids. At one point on the reef are tlie reinains of two or three trees, tile 
trunks still standing in  situ.  I t  is evident that an alteratioll of the relative land- and 
sea-level to tlie extent of about five feet lias recently taken place and tllis agrees \,.ell 
wit11 the colldition in tlie bay to the west ; the ljresence of the tree trunks, wllich are 
not those of illangroves and, therefore, did not grow in the sea, illdicates that, since 
the relative elevation of tlle land, vegetation liacl obtained a footing but that a later 
erosion behind the raised reef has taken place ; at the present time this encroachment 
of the sea seems still to he in progress, for along the beach to the north of the spit 
several trees have fallen ancl a t  the time of my visit were lying on the beach; 
indeed, wherever one goes in this region there seems to be evidence that erosiorl of 
the land is steadily proceeding. 

At the south end of Henry Lawrence Island (Plate 3) there is a fine cliff of stratified 
clay and the extreme end of tliis cliff is much eroded. The cliff runs out in a prnrnon- 
tory and in Inore 1)laces than one tun~lels have perforated through, ~vliile in other 
places small caves liave 1,een for~ned a t  or near 1ligh-ticle mark ; at the extreme end 
there is a well-marked wave-worn ' bench ', that was eroded when the sea stood at a 
relatively higher level and this is in its turn now being undercut by erosion at  the 
present day. At the extreme south end of the island the cliff has been com])letel! 
breached, two isolated masses still standing to sllow wliere the cliff originally extended. 
All around tlle south end of the island and extending sea-wards for about half a mile 
is an extensive raised coral-reef, much of which dries at low-water. Tile surface of 

the reef is conlposed entirely of coral-l~oulders, now dead and eroded, mixed wltI1 a 
fair clnantity of sand. At the edge of the reef tile coral ends abruptly the bottorl' 

is coinposed of ]lure sand, with here and there a few colonies of living coral) lnmtl!' 

of tlle ' coryn11,ose type of Acrofiorn and a few alcyonarians. On tile west side of 

point the beach slopes ul)ward to the edge of the j~ulgle, that commences abont "lC- 
and-a-half feet allove high-water mark. Tllis raised area is then succeeded, as ',I1 

Havelock Island, a trough-like depression that runs to Ileach Is 

eight to ten yards wide, inside whicli the land again rises steeply. This secorld s4)e 

is obviousl~. an old sea-beach : it is dotted over with shells of Trochus and P1crocrras' 
as well as wit11 fragments of f i idachnu,  and its ],resent height is from ten to tsel"e 
be t  above the present sea-level and five to six feet above the t ~ p  of the Present 
Gee (1926, y. 221) has noted that ' a short distance up the Kwnllttlng Strit dretcll 
of loose sand containing recent lnnrirle slrells and raised ah~ l l t  6 feet "igll- 

water level occurs witllin the sllore, suggesting a relative 1.111 of sea-level 
r'FP1't 

tillles '. 



~t the north end oi' Outram Island there is f111-tlier clear evidence of alteration 

of ]e\rel and erosion. For the most part the land tei-niinates in steep cliffs and off 
the llortli end are two isolated flat rocks, that  still indicate tliat the land in former 
tillles extended at least as far as this, while begoud tliese rocks the water is shallow 
for a considerable distance, the bottom consisting of rock, so that the actual point 
lnust originally have extended sea-wards for a considerable further distance. All 
along the sliore the cliffs are in places undermilied and trees have recently falleii or 
will soon do so, thus sliowing that  erosion still continues. At tlie south-east end of 
the same island consiclcral~le erosion is taking place around the point, while exteiidiilg 
sea-wards from the foot of the beach there is an extensive raised coral and sand flat 
tliat dries at low-water. 

On tlie north-west of Neil Island tliere is an extensive rcef of coral tliat is exposed 
a t  low tide ; tlie shore is co~uposed of large masses of Astrreids, tliat are clearly still 
in the position in which they grew, and littered all over tlie beach and to a large extent 
consolidated with it are fragments of coral that  have been tor11 off the edge of the 
reef and have been flung inshore. This side of the island is exposed to the full force 
of the north-east inoilsooil and this would be quite sufficient to account for tlie piled- 
111) fragments. In one ],lace these fragilleiits have beell piled up illto a ridge, closely 
resembling a boulcler zone, that  rlulls imrallel to the shore, while behind it mangrove 
trees liave obtained a footing alld are now flourishing. 'I'lie sea-ward edge of tlie 
reef slopes gradually dowll illto deep water and is covered with masses of growing 
coral, conspicuous alllollg wliich are iiumei-ous large examples of Tzrrbiuaricc, and this 
accounts for tlie great l,rofusion of Fragmeuts of this type oC coral on the 
beach. In-shore there is a stl-il~ of sand\- beach lying between tlie reef and the land 
and all along the coast is littered wit11 the remains of falleii trees, while several more, 
tllough at present still standing, are dead and liave tlieir roots exposed. Inlmediately 
beliincl the beach the ]a~i<l rises for a loot or two aiid tlien sinks again to a muddy, 
swampy area, behilid which is a second raised ridge aiid swamp ; these ridges are 
frequented by a large l3ur1-owing crab and wliere these liave excavated their holes, 
the debris tliat has bee11 tliro~+~ii 111) col~sists eutirelg oC coral irag~ileiits aiid broken 
sllells, showing ~ 1 e a l - l ~  that tllis part of tlie island is a raised l~eacll or successioii of 
beaches. In Neil1 Islrulcl Gee (1926, 1). 219) has noted tliat ' the relative uplift of 
tllis island al)pears to llave beell going on quite recently, for on parts of the coast 
boulders of recent coral, occurring above lligll-water mark, extend iiilaiid for sollie 
distance '. 

Again in Woocl-Mason Bay a t  the south-western eiicl ol' Rutlaild Islatid in the 
South Andaman groul) and ill the Twin Islalids off tlie north-west entl of the Bay 

are several raised pebble or shingle beaches a t  a height of six to ten feet above 
level of tlic 1)reselit beach. Gee (1926, p. 225) also noted tliat ' tlie coast 

also shows evidence of recent relative elevation 01 tlie land it1 t l ~ c  occurrence of a 
S"ll(l!' I)eacll al)out 0 I'cct :~l,ovc 11igl1-title, ru~d a g a i ~ ~  in the 1)rcsence of a recent pebble 
cO1lg]ollleratc siini1a1-lY I-;~isctl above the 1,resent higli-tide level and I'ringitlg tlie coast 
01 llortll-westcr~~ part c,[ the cvestern islaud '. 111 one ol tlie sinall water-pools fed 
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by a sllla11 stream a t  the top of the beach in about the lniddle of tile Bag tllere is a 
ballk of coral boulders and sandstone blocBs ; the presence of this is illterertu,E, 
for nowhere else along the beach in this bay was any dead coral well. is 
that  this coral represents an earlier formation against which the sand sllbseqcntlr 
drifted, the only part of the deposit now exposed being ill the bed of tile stream tll;t 
feeds the water-llool, well above the present high-water marl< (Plate I z ,  fig. 

Gee has also noted ( ~ o c .  cit.) that in the Cinque Islands ' a raised beach of hIle 
sand with recent sliell-fragments about 15 feet above higll-water level occurs on tile 
west coast of the southern islands.' 

Very similar conditions call be seen in Little Anclalnan Isla~id. On the \\lest 
side of tlle island about a mile or two to tlie north of Jacksoll Creek there are some 
fine cliffs coinposed of stratified sandstone (vide pl. i, fig. IA) ; at the foot of these 
cliffs are several caves, some of which are a t  the l~resent water-level, while others are 
actuallj- above tlle level of tlie present high-tides, and it thus seelns clear that the!. 
must have been eroded a t  a time when the sea-level was higher than it is to-day, At  
the south end of these cliffs tliere is a well-marlted terrace that has been cut by wave 
action just below tlie present high-water mark and is of a width of some eight to 
tell feet ; above this terrace there is a second, some ten feet above the first and now 
well above high-water. It seems clear that this lower terrace has been cut by tlie 
waves in recent years ancl if, as one supposes, the upper one was cut by the same 
agency, there must liave been a clia~ige of level of about ten feet ; such a change would 
also account for the caves a t  the base of the cliffs. To a less extent traces of this upper 
terrace can be seen in the cliffs a t  the north end of the bay. Further evidence of 

this eustatic shift is to be seer1 a t  the south-east side of the island. Gee (1926, p. 226) 

records that at  the sotlth-west corner of Hut  Bay ' uncluestionable evidence of tile 
occurrence of beds of recent coral rock i l l  s i t u ,  above the present sea-level, was noted. 
Following inland a short distance, a sinall streal11 enters from the west. 111 the bed 

of this stream boulders of recent coral were a b ~ u ~ d a n t ,  and also occurred ill the 
dense under-growth in the vici1iit~- of the stream. From the lowl~~illg topograyh!' 
of many parts of the isla~ld it seelns that other parts of the coast are 

conil>osecl of similar coral exl)osed by a recent ul)lift of the is1and.' 
'I'urning to the Nicol~ar Islands we again find clear evidence of 3 recellt change I n  

tlie relative levels of sea and land. At the llortlier~i and north-western side of 
Island in the Central groul) a wide reef, the Perseus Reef. runs out towardsthe 'lortl' 

west for about three-quarter of a mile. The reef is continued towards the south 

along the west side of tlie island but gradually decreases in width In edge 

the reef are a few narrow passages through wliich sliiall l~oats can but 

is no deep water inside tlie reef The extreme margin of tile reef 'lmost 

entirely of coral and noIli1)ore ; the corals are lor the m o ~ t  part in large masses 
still sliow the characteristic form in wllicll they grew and in 1)laces are circtl'ar 

or oval patches, raised irom six inclies to one loot al)ove tile !Feral level of 
reef' 

I ~ u t  tliew are tiow all dead and water-worll. Sc;lttere(l over the reef nt'merot's 
. they 

colonies of living coral and tliesc increase in n~un l~e r  near the extrel'le luargl" ' 
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are all small in size and include examples of Acrofiora, of both Stag-horn and ' Corym- 
hose' types, ildillefiora, Hcliofiora carulea ,  Pocillopora, Delulro)lzyllia, Astreacerr, 
etc., while fraginents of dead coral forill a sul~stratuni between the larger nlasses that  
are still i n  sitis. In  oiie part of the reef the whole floor is composed of nothiiig but 
nullil~ore, most of it showing the usual piilk colour, with here and there 1)atches of 
Alcyonacea.. In the soutl~ern part of the area tlle reef-flat is traversed hy long inclined 
ridges that run parallel to the sea-coast and appear to be the remains of hard clay 
bands, the softer clay of tlle stratified bands having l)~-esulnably been washed away. 
In tlie main area itself on the land sicle of tlie reef lies a very extensive mud- and 
sand-flat tliat almost entirely dries a t  low-water spring-tides ; in its outer two-thirds 
this flat is covered with a profuse growtli of weed, but inshore it is of bare sand 
except at the extreille north end, where even at  low-tide the reef is covered by about 
a foot of water and tlie weed growth extends right up to the edge of a fringe of man- 
grove trees. Several creeks extend inwards for a short distance into the island and 
then turn aiid run l~arallel to the 1)eacll but separated from it by a belt of dry land 
covered wit11 vegetation. 011 the inshore side of these creeks tlle soil is evidently an 
old raised marine del~osit and consists largely of fragments of coral, shells, etc., with 
a mixture of s~nall clay boulders. It seeins clear that  within recent years this area 
has uildergone relative elevation ; mangi-oves have the11 sprung up along this raised 
beach on tlie sea-ward side and subseclueiitly a secoild beach has been thrown up. 

A ver). similar coral- and mud-reef is to be seen oil the east side of Kachal Island 
at tlie south end of East Bay. Here the land runs out in a small l>romontory and 
terminates in a series of isolated inasses of liillestoile that  have been cut off froin the 
~nain inass of the cliff (Plate 12, fig. 2) .  Extending sea-wards from tlie beach there is a 
wide reef of dead coral and mud tliat clries a t  loiv-\\later spring-tides ; ill places on tlie 
reel there are sinall 1,001s that  are left by the receding tide and these are occupiecl 
Ill; growing coloilies of coral, but the greater llart of the reef is now cornl)osecl of dead 
and water- lorn growths tliat are clearlj, still in the position in which they lived. 
t ,  

lhat a recent relative elevatioi~ of tlle land has taken idace is shown, not merely 11y 
the dead coral Ijut also by the presence 011 sonie of the limestone masses of the sllells 
01 the rock oyster (Ostrea c14c1tllnta) that  are now well above tlle level of liigh-water. 

I have in a previous 1)al)er (Semiell, 1922, p. 984) drawl1 attellti011 to tlie presence 
of a band of raised reel' coral in 'I'riiiliat Island, lying to tlie east of Nankauri Harbour, 
alld there is a band of the saiiie inaterial r~unning aloilg the top of the beach oil the 
east side of Kaclial Island ; it  was in the under side of this band that  I discovered a 
~ololl\~ of the l~oring I,arnacle, Litlzotvya ~ticobaricu,  and froin tlie composition of the 
rock and tlie prese~lce in it of illasses ol' dead coral aiid T r i d a c h l ~ u  shells I believe 

that this was once part of an old coral-reef that  was laid dowii below sea-level. If 
tllis so, it would point to a rise of tlie land or a fall of sea-level of about six 
feet. 

111 all tile islands ol tliis groul) wc thus seem to find evideiice of a shift of sea- 
level to an e x t c ~ ~ t  that varies in ,~i l  five to ten feet ; it is also interesting to note that  
there are extensive coral reel-ilats aroui~d iliost of tlie islaiicls a i d  that  these reefs 



are best developed around lleadlands and ~~romontories. At the present day tllra 

lieadlalids are all being eroded in spite of the partial i)rotectio~l afforded the 
surrounding reefs, and the presence of tlre reef-flats suggests that tlie eroded relnains 
of a further extension of the land have served as a basis on which these coral-reefs lla(l 
beell able to  growr, but that  a further change of sea- and land-level llas oilverted this 
coral-growth into dead reefs. 

C~$O~Z atzd Southern India. 

As regards the conclitiolls to be found in Ceylon I ]lave been ollallle to lllalic 
ljersonal observatiolls, bllt Stanley Gardiner (1903, 11. 19) records tllnt locally there 
are ' fringing reefs, mostly in bays along the south and north coasts ; above tllese to 
the south a loose rock, con~posed mainly of fragments of coral, oftell forms broad 
flats, three to four feet above high tide, now being ra1)idlY washed a w e  wllerever tlley 
impinge on the beach.' I t  seems more than probable that these flats lnust haye been 
laid down below sea-level and have been relativelj- elevated to their present positioll. 

Foote (1889) Thurston (1895) have called attention to the presence otf tile 
south coast of India of a raised coral-reef that is now situated at a height of about 
eight feet above the level a t  which i t  was originally formed ; and in i\larch, 1926, I 
spent some three weeks in this vicinity, exanlining the reef and tlie area around. At 
the present day there is but little of the actual raised coral still to be see!?, but some 
remains a t  the north-east corner of Rameswaram Island, near Paniban. As one walks 
aloiig the shore from the end of the railway-bridge towards the light-house on the 
north-east point of the island one sees an exposure of a band of shelly conglomerate 
that lies horizontally ; this deposit has been exposed by erosion of the land and there 
is clear evidence that this erosion is still in progress, for close I)? there are, or were 
when I visited the spot, several palms still growing ljut the roots of which are exl~ose(l, 
and a t  one place an attempt has been made to  prevent further erosion by the con- 
struction of a ' bund ' but this has in its turn been destro\.ed. The conglomerate a 

composed of sand and shells, mixed with a ~)roportion of Ix-ol<el~ coral fragmelltsl 
and its upper level lies a t  a height of about six feet above the llresent Iligh-\yatermark. 
About one hundred yards to the north-east of this horizontal stratum one collles 

across an exposure of sandstone, which is clearly stratified, the strata sllowisg a 've'l- 
marked dip towards tlre west or at  an angle of al)l)roxil~latel!' 1 ' 
(PI. 12, fig. 3). Still further along the beacll there is il second exI)osllre of sand- 

stone, but in this latter area the exposure shows two zones ; the lobver rolle is cunl. 

posed of strata that show a dip towards the north-east, wide al~)ve this is a 
horizontal layer. Above these two exposures is a varying tliickiless of loo% sa'l(l' 

the varying depth of tlie sand being due in all l)rol,al)ility to llligratiol' Of "le 
T l~e  

sand dunes across the island under the influence ol the l)revililillg winds. 
difference of the dip in the two exposures wotild nlq~ear to illdicntr that 
stone liad been fornled Ijeneatll ;I salld and that t l ~ e  (1il)s c()rrcsl'O1'de'l 

the seaward landward slqles respectively. The horiaolltal sllell!' mll~lo"le"'te a back 

was alriiost certainly laid dowil ulldei- water ill a sliallow 1:lb.o~)ll or lJossib1~ la 
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lvater ; the sub-fossil shells from this latter deposit have been identified for me by 
Dr. Srinavasa Rao, to who111 thanks are due, and a list of them is given 

below .- 
Cerithi1hnt nngulifccra Sowerby. 
Cerithiunz nzanlzcr 1)eshaye. 
Col~~mbe l la  sp. 
Columbella versicolor Sowerby. 
E~lchelz~s  cdentzrluv Ad. 
Helnicardizitn auriczilu Forskal. 
ilfarginella fiaci'ca Pease, or i l l .  nsscli7cta Jones. 
ilferetrix I I L C Y E ~ Y ~ X  var. castanea (Lnmnrck) 
M~nrer  tenui.\fii~la Lamarck. 
Nussa ~zodata Hinds. 
Potamides f luv ia lz l~s  Pot. and Mich. 
Potamides ( T y ~ ~ t p a ~ z o t o n u s )  c ingulat~is  Gmelin. 
[Jmbonia vesticrria, I,amarck( = Rotalln vestia~ein) . 

On the sea-face and rlllllling out in a sinall spit are several masses of coral, about 

two to three feet in cliameter, tllat are clearly still in s i tu ,  though now far above the 
level at which coral cat1 grow, while other smaller masses are embedded in the exposed 
face of the reef (Pl. 12, fig. _F and PI. 13, fig. I). The majority of these corals belollg to 
species of a inassive character, such as Porites or Astraeacex, or to a type of brain 
coral, but in 1)laces there are collections of broken fraginents of a delicate branching 
coral of a species of Madrellol-e, such as one finds to-day growing in sheltered waters. 
Extending seawards fro111 tile sllore there is a recent reef-flat that  terminates seaward 
in a fringing reef. Prom tile al,l~earaiice of the reef and the main masses of coral 
it seeins clear that this raised area once formed tlie margin of a fringing reef and tha t  
the sandstone behind it is the restllt of consolidation in tlie beach ; to place the reef 
at its l>resent position tllere must have been a change of level between the land 
alld sea of at  least seven to eight feet. 

Roulld tlie 1)oint on the east side of the island there is clear evidence of erosion 
il l  Ihe shape of ex1)osed roots of Palin trees, and at  intervals the old raised reef is 
exposed ; along tlie upper pal-t oi tlie beach the outcrop consists entirely of a cornl- 
collglomerate, 'the upper edge of which is horizontal and is situated a t  a height of 
abont six to seven feet above tlie present low-water level. On the seaward side of 
this horizontal stratum are scattered a number of large, rounded or oval inasses of 
coral of several s1)ecies ; tlle conglolnerate itself is composed of sand and sllells and 
fra~:ments of n brnncliing RZadrepore coral and closely reseinbles the conglolnerate that  

lleillg formecl at  tlie l,resent day on tlie insliore side of reefs. The bench is 
graduall?. I~eing eroded nncl l~locks of this collglomerate are being under~nined and 
are ill consecluence sn1,siding ruld breaking away from the rest of the stratum. 

I'urtller a l o ~ ~ g  the same lace oF t l ~ e  island towards tlle town of Raineswaran~ there 
Is flutller evide~ice ol' the old reef. All along the beach lor a t  least two n~iles from tlle 
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Fisheries Bu1lgalo1l1 there is a water-worn outcrol) of coral-conglomerate alld 

stone. wit11 wllich are mixed a few blocks of coral and llmnerous sllells ; 
(lel)o~lt 

t l l~ls closely reseinhles that of a reef-Hat but a t  the presetit tilne it is six or seven [iet 
above the presellt sea-level (low tide). About 11alf a lllile fronl the Bollga]ow tl,ere 
is above this old reef-flat on the landward side a wel]-mal-ked layer of salldstoc 
exhibits a clear h~rizolltal stratification ; this I considel- llas beell formed froln llle 

collsolidation of sea- 01- wind-born sand that lay originally inside the reef. I sllllllar 

formation is exposed a t  jiitervals along the coast, eitller by a 1)rocess of natllral eraslo,,, 

or artificially where excavations have been made for the purpose of rlllarryillg [Ile 
stone for building purposes. The whole length of the exposure is beillg steadily 
large blocks have become undermined and have fallen, while in 'blow-]lolesl 
have formed. From the edge of the sinall cliff that now forms the seaward face oi 
the exl~osure the rock slopes gracluall!, upwarcls to the edge of the cultivatecl lalid alld 

in places one can trace parallel lines of low ridges, that closely resemble the successlye 

strata of beacli-sandstone in soine of the Malclive islands. There call be little doubt 
that this-formation is part of an old fringiiig-reef, even though actual coral masses 
are comparatively rare ; occasionally one sees a moderate sized block of coral embedded 

in the sandstone and small fragments of broken Madrepore are comnion. One large 
colony was found that must originally have measured seven or eight feet 111 

diameter but is now so eroded tliat the i~lajor part of the iiiass has disappeared, 
but with rare excel)tions such as this tlie original coral I,locks of the reef face have 
been eroded and all that is left is the reef-conglomerate. Extending seawards through- 
out the wliole area tliere is a well-formed and recent reef. I11 one or two places tile 
line of this old raised reef is broken ; one such break occurs just round the first 1)oillt 

to the tiortl~ of the Fisheries Bungalow, and here the ciel~osit is of a red colour and toll- 

sists for the most part of roundecl nodules, each nodule e~iclositig a (;astropod sllelll 

tliat has been identified as Areobhtrnta rztgatcz Beck, a species tliat is extre~iiel!~co~~no~l 
all over tlie sandy region of South Iiidia. The interru1,tion of tlie coral-reef and  

tlie occurrence of these subfossil lancl sliells suggest that there was at this l)olllt 
a break in tlie original reef, probably where a small strean1 flowed out into the sea, 
and that these shells liad been waslied down and had accumulated at this point. 
old coral-reef originally extended far heyolid tlie liniits of Rameswaram 1slalld) lor 
as Foote has pointed out, tliere is a raised coral and limestone ' (~~la~'-wall ' I)e 

seen along the coast of sotitliern India between h l n t t ~ ~ ~ ~ e t t s i  and tlle *l)it ol)l)alte 
Pamban, and also to tlie east of Kilakarai. I have inyself examined this forlllat'nl' 

in the iieighbourhood of the Yai~dapam spit. On the north side. extellding for Over 

half a mile from the end of the spit, there is a fine exposore of linlestolle and cora l -  
conglomerate ; tlle lower stratum is situated just above the l~rewnt 1 0 h l - w a t e r  lrark 

and is a conglomerate, consisting of sand mixed ~vitli shells and 1~rol~ell iraga'ellt' 
of coral ; the upper layer is a pure sandstone, the upl)er bo1lndar!' oc the del)Osit 
horizontal and the stratum liaving a dip, arnonnting in illaces to I i Or ' '' ""' 
from the sea. ~t seeins l)rol)allle tllat tile lower stratom was (~ri~illal'!' l)art a rcc'- 

flat and that the upper stratum was forlned I)eneath tlle reverse slol)e O i  sand beacll' 
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but that erosion has taken place to  such an extent that  tlie greater part i l ~ c l u d i ~ ~ g  the 
original reef, 111ost of tlie reef-flat and tlie outer lmrt of the sandy beach 1)eliind it, Ilas 
now l)ee~i awa?.. 12l)out three-cluarters of a niilc further to  tlie l~ortl i ,  in thc 

neighbourh~~d of Mai~clal)a~ll station, one again conies across further evidence of tliis 
old reef in the occurrence of an outcrop of shel1~- conglomerate, but 1)eyoncl this point, 
as far as I could see, all traces had disappeared. 011 the south-west side of the point 

one fillds all along the coast the sanie outcrop of shelly coilglonlerate and sandstone; 
here too erosion has been and still is taking place and bloclts of the sa~ldstone are 
being gradually andermined and are llrealiing off. The sandsto~ie in this region 
exhibits a varying dip ; in places the dip runs towards tlie sea, while in others i t  is 
horizontal, and in a few places the inshore part of the exposure sliows a ' reverse ' 
slope, the dip of the stratum being away from the sea with a slope of approximately 
I in I+. I n  places the top level of the sandstone is actually higher than that  of the 
general surface of the land and between the two beaches on the east and west sides 
of the spit the whole extent is clearly a marine alluvium, being composed of sand 
mixed with shells, for the most part belonging t o  marine species but mixed with 
others that are those of land snails and especially of Ariophantn rugnta. 

Clearly the old coral-reef has been raised relatively to the sea and we now get 
exposure of the old reef-flat, while in places, on what nras the inshore side of tlle old 
reef, there are exposures of the saiidsto~le t h a t  was formed beneath the surface of the 
old sand beach by the gradual percolation of rain-water or sea-spray that  dissolved the 
calcium carbonate from the most superficial layer and redeposited i t  in a lower 
stratum. The whole geological formation of this region appears to  me to  indicate 
clearly that  there has been an alteration in the relative levels of the sea and land 
to the extent of a t  least eight feet, and possibly co~lsiderably more, for one cannot 
give any definite figure for the amount of erosion that  has occtirred on the upper 
aspect of the reef. 

I n  order to obtain evidence of the time when this reef was formed I made a 
collection of the various species of coral ; in the specific deter~lli~latioil oi these I was 
greatly assisted by Dr. G. Mattai, to whom I ail1 deeply indebted for the help 
that he so kindly gave me. The various species and tlieir present day distributio~l 
are given below : - - 

Family ASTRSIDZ. 

C'relius Cy$lzn.\frtra Klnzr. 
( I )  Cy$hastrtca microfihtlzal~rra (1,am.) 

Speci~nens were obtained from the raised reef a t  Parnban. 
Preselzt d i s t r ib~~t ion  : Maldives, Chagos Archipelago, Red Sea, Egmont, 

Amirante, Saya de Mallia, Clocos-Keeling, Australia, New Hebrides (?), 
etc. ; widely distril~uted throughout both Indian and Pacific Oceans. 

a 

Genus Favites 1,ink. 
( 2 )  I;uvites abdita (Ell. and Sol.). 

S1)ecirnens were o1,taiiled Irom tlie rnisecl reef a t  Raiilcs~\~ar:lni. 
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Present d is t r ihut io~z  : Bands. Amboina, Tonga Tabu, Fiji, Singapon, 
Australia, Cocos-Keeling. Mer~u i  Arcllipelago, Andamans, Ce5710n, bIaldives, 
Cllagos Arcliiljelago and Red Sea : common througllo~~t both Pacific ad 
Indian Oceans. 

Genus F a v i u  Oken. 
(3) Frlvin trcro$orn (1,inn.). 

Examples were obtained froln the raisecl reef a t  Raineswaram. 
Pyeserif distributiorr : Solonloll Islancl. Rott~ma, FnnafLlti, Egmont, 

Amisante, Seychelles and Reel Sea. Throughout hot11 Indian and Pacific 
Oceans. 

(4 )  F a v i a  doreyensis  M.E. and H .  
Talten from the raised reef a t  Pamhan. 
P r e s e l ~ f  disfribirtiolr : New Hehrides (?), Australia, Chagos Archipelago, 

Maldives, Egmont, Saya de Mallla and Red Sea. 

Specimens were ohtainecl from the raised reef both at Mandapaln and 
Pamban. 

Presellt disfrih1ifio7z : Solomon Islands, Australia, Cocos-Keeling, Araca~l 

coast of Burma, Ceylon, Chagos Archipelago, Maldives, Egmont, Sey- 
chelles and Red Sea. Common' tliroughout Indian seas. 

( 6 )  I;avirr valle~zcierz~zesi (lL1.E. and H . ) .  
S1)ecimens taken from the raisecl reeF a t  Manclapam. 
Presellf disiribi~tio7z : Banda, Padaw Bay, Mergui, Ceylon, Aldahra, 

Seychelles and Red Sea. Common throughout Indian seas and the hIala!l 

region. 

Genus Goniusfrcra M.E. ancl H .  
(7)  Go~ziasfrcra retefor+j~is 1,amarck. 

From the raised reef a t  Mandal~am. 
Present d i s t r i b u f i o ~ ~  : Fiji, Philippine Islands, Great Barrier reef of 

Australia, Rotuma, Amboina, Cejrlon, Singapore, Maldives, Se!ichellesl 
Aldabra and Red Sea. Common throughont the Wester11 Pacific and Indian 
Oceans. 

Genus Symf ih i l l i a  M.E. and H .  
(8) S~ynz$hillin si~?itostr (0. and G.). 

From the reef a t  Manclal>an~. 
Prese+zt d i s t ~ i b l ~ f i o l ~  : Philippine Islands, Rotuma, Aml)oilln, S i n ~ l ' ~ ~ ~ ~  

Mergui, Anclamans and Maldives. 

Family PORITID~.  
Genus Porites 1,inl;. 

(9) Porites nodifera Klnzr. 
Examples taken from the raised reef a t  Palnban. 
Present d is f r ihui ion  : Mergui Archil>elago and Red Sea. 
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Family IYIADREPORIDZ. 

Genus Turbi7zuvia Ol<eii. 
(10) Tz~rbi7zaria crater (Pallas). 

An examl)le froin the raised reef at  I 'aml~ai~.  
Present ~ i i s l r ibul ion  : Pacific Oceaii, Kermaclec Islands, Cape York, 

Torres Straits, Amboina, hlergui Brchil~elago, and Ceylon. 

Geilus -4 cvoporu Okeii. 
(11) Acropora ;hhnmo~l i s  M.E. and H .  

One exani1)le fro111 the raisecl reef a t  l'nniljan. 
Present distvibtrtio~z : Red Sea, west part oC Iiidian Ocean, Cocos-Keeling. 

In addition to tlie above specin~ens a few corals were collected fro111 the growing 
reef aloi~g the coast ; these iiicluded- 

Cypkastraa c a l c i d i c z ~ ~ ~ z  Klnzr. 
Favia speciosu (Dana). 
(;ouiastrtz.n i l z c n ~ s t a ~ l s  D~ui~can aiid 
Povites nodi/ern Klnzr. 

I t  is clear, therefore, that  this raised reef is ' recent ' so Ear as its forillation in 
geological times is concerned. 

Tlze Westerrz. ~ o a s t a l  regiojr o j  I ~ l d i a .  
Fox (1922) ]las recorded that  in the Islaiicl of B o n ~ l ~ a y  ' tlicre are raised terraces 

of inarine sediments 12 feet above sea-level whicli iiidicate that large tracts ot the 
\Vesteru side of the Island have bee11 recently elevated froin beneath tlie sea ', but  as 
he also records submerged forests on tlie Easter11 side the elevation of the old inaririe 
de1)osits nlay be due to a tilting of the Island and not a cl~ange of sea-level. 

Fedden (1885) has given an account of the various changes in level that  have 
occurred in the Katlliawar district of Gujerat. He points out that in this area after 
tlie outflow of the I)eccan trap ' tlie lower half of the province was depressed to a 
certain extent, briiigil~g the southern margins of tlie traps beneath tlie sea, and tlien 
tertiary strata of il~ioceiic age were deposited as a littoral fringe uljon the submerged 
portion oi the tra1)s. 'l'l~e so~ltli-westel-11 part al)l)ears to have reinailled under water 
longer to adniit of later accumulations ul)on the iiiiocene rocks. After the depressioil 
a period of elevation set in ; l>ut at  a later date, i.e. in suljrecent tiines, nearly the whole 
province was again dil)l)ed beneath the sea, o111y the tops of the l~igl~est  hills probably 
escaping submersion ; and on its final elevation the receding waters left their mark 
in the patches and fril~ges of  white miliolite now seen oli the sides of the hills and in 
recesses in the ravines ', these 1)atches lyii~g a t  a height of some 50-~oo feet above the 
ljresent sea-level. Recent cliaiiges of sea-level are also indicated 1)). raised beacl~es on 
the sotltll-west const, ;I\ \vcll ns 1)y (lead coral-seer.; t l ~ a t  Cringe tile wl~ole coast facing 
tllc ( ~ I I I I '  ol' C'11tcl1 Is0111 N ~ W ; I I I ; L ~ ; I I .  \vestnl:~l.tl, iucl l~t l i~~g the islai~tls off  tlie coast ; a11c1 
still Lurtlier evidcilce of this eustatic shift is to Ije seen in elevated o ~ ~ s t e r  beds in the 
Malia district. In this connection Wadia (IS)IS), 1). 31) r e ~ ~ ~ a r l i ~  ' I n  sollle oi the creeks 
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of Kathiawar near Porbondar, for example, oyster-shells were found at several places 
and a t  levels much above the present height of the tides, while barnacles and s ~ ~ ~ , , c  
were found a t  levels not now reached by the highest tides. In Sind a number of 
oyster-banks have been seen several feet above high-water mark ', and ' even within 
historic times the Ram1 of Cotch was a gulf of the sea, with s~~rrounding coast towns, 
a few recognizable relics of which yet exist. The gulf was gradually silted up, a 
process aided, no doubt, bj. a slow elevation of its floor, and eventually converted into 
a low-lying tract of land, which a t  the present day is alternately a dry saline desert 

for a part of the year, and a shallow swamp for the other part '. While Wadia at- 
tl-ibutes this change in the Run11 of Clutch to, at  any rate in part, a slight elevatioll 
cF the land, it may ecluallj. have been due to  a slight fall of the sea-level. 

Tlae Persian Gztlf. 

Pilgrim (1911) has called attention to sub-recent changes that have taken place 
in the sea-level in the Persian Gulf. Evidence of this cllange is to be seen in several of 
the islands- 

(a )  Bahrain Island. 
Pilgrim states that  this island subseclnent to Eocene times was gradually raised 

above the sea and much of the formation was denuded as it rose. ' The flat portiola 
of the island bordering the coast, especially to the north of the island, and includi~ig 
the whole area which is under date cultivation, are of sub-recent age ' 

( b )  Quishnz Island (Kishm Island). 
' 'I'he whole presents an appearance of having beell carved out by the sea, \~l l ich  

has within recent times retired from the topmost levels, exactly as has beell observed 
in Bahrain Island. Here too terraces have been left at  various levels, in many cases 
covered with sand, which is probably the remains of a sub-recent beach deposit.' 

Uiifortunately in neither of these cases does I-'ilgrim give ally iiidicatioll of 
extent to whicli this change of level has taken place. 

( c )  Hormuz I s l a t~d .  
' The level portion of the island to the north of a 1)latform of horizontall!' 

bedded, sub-recent littoral conglomerate, hardlj? ever elevated nlore than 10 or 15 

feet above the sea and crowded wit11 shells.' 

( d )  Halul Island. 
' On the south side near the arlchorage are cliffs of sub-recent shelly c0lrrete 

some 15 to 20 feet high and these are found again in places on tlle westem side 0ft'le 

island.' 

111 all these instances it is 1,robable that we have evideilce ol s single nlovelnellt 
in the relative levels of the sea lalld and that this shift is part of the Sallle fllove- 

ment that we have seen in other parts of tlie Indian coast. 

T h e  Coral atolls urul isla~zds oj / h e  zo)e.s/cm I ~ ~ d i ~ ~ ~ z  Ocean. 

111 all the accounts 01 t l l ex  c(rral atolls allcl iSlilllds tli~.le are 1111111C.1OtlS re'ere'lCeL 
to changes in tile sea- alld ];Llld-levrl. Ill llis account ol' NIinilioi Stallle). Cardi'ler 
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(1903, P. 36) remarks ' the conglomerate then may be considered to prove conclusively 
an elevatioil of tlie atoll. I ts  s~uninits are 6 feet above the reef flat (the low-tide 
level) and allowing 18 feet for the depth at  whicli it was formed, there must have been 
all alteration of level of a t  least 24 feet ' ; but in the southern part of tlie Maldive 
Archipelago the extent of elevation appears to be considerably less than this and 
probably was not more than 5-6 feet. 

In the Chagos Archipelago to the south Bourne (1888) reaches the coilclusion that 
there has been elevatioii of some 4 feet in Diego Garcia, and in both Salonan and 
Peros Banhos Atolls evidence of this is'to be fouiid in masses of coral-rock now standing 
well above the height a t  which they can have been formed ; though as regards the 
latter area Stanley Gardiner (1907, p. 39) points out tliat the greatest height of this 
rock is 8 feet, which is more than oiie would expect. Freyer (1911) has called attention 
to the elevation of Aldabra Atoll and Mauritius, which lie estimates to have been in 
the neighbourhood of some 60 feet ; but this is too great to be accounted for by the 
receiit change of sea-level. 

Agassiz (1go3n, 1). 2 3 2 )  from liis experience of tlie (;ilbert and Ellice Atolls of the 
l'acific Ocean coiicluded that ' in those districts where it is iinljossible or difficult to 
observe the structure of the underlying the coral reef questioii limits itself 
to the study of the cutting down of the reef platform and of the land rim, of the 
movements of the mass of material whicli rests upon the underlying platform, whatever 
be its nature, the material being supplied by the growth aiid decay of the corals, of 
the Nullipores and aliilnals living upon the reefs, either of the sea face or of the lagoon, 
and to follo~v the elidless combinations resulting from the nature of the reef platform 
alicl the local phenolilella due to the shape of the land, the tides and winds '. 

In every coral-growilig area and particularly in oceanic coral reefs two diametri- 
cally opposed processes are continually in operation, the oiie constructive, depending 
011 the growth of the coral aiid associated plants, such as Nullipores, and the geological 
o or mat ion of conglolllerate rocks and sandstolies fro111 the coral or other calcareous 
debris ; tlie other destructive, due to erosion by waves and currents, to the activities 
of animals that feed upon tlie coral or of animals and plants (algz) that bore into it 
and so render i t  less solid and inore liable to destruction, to adverse conditions oi 
temperature, salinity, etc., aiid perhaps in some degree to actual solution by the sea- 
water. In no two areas will exactly siiiiilar conrlitioiis be found ; even in the 
same atoll, conditions lllust be vastly different 011 the two sides, the one being to 
windward and the other to leeward. I t  follows, therefore, that every atoll must be 
Judged independently, aiid coiiclusioiis reached frorii a study of one atoll or group 
of atolls may by no liiealls apply equally well to atolls or reefs in sollie other part 
of the world, and it is as yet, to niy mind, by 110 incalls certain, as Stanley Gardiner 
(19.31, 1). 1-31) st:ttes, that ' tlic general resenil~la~ice il l  tlie topography and ill tlie 
biology oi the builclers 01 the atolls ol l~otll oceans (Iiitliau and Pacitic) wonld seen1 to 
I'e so well estal~l~sliecl tliat it is sale to apply the plieiioiiieiia discovered in one ocean 
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to tlie other '. In  the majority of instances this may be, and probably is, jllstifiable 
but  it does not appear to he of universal application, more especially when an, 
is dealing with the destructive processes that are going oil, and Stallley Gardiner 
llilnself notes (loc. ci t .  footnote) that ' minor reservations ma)- have to be made i,, 
respect to  each lagoon, when comparisolls are being drawn or deductiolis from water 
movements stated '. 

Saville Kent (1893, 1). 98) put forward the view tliat the formatioli of a coral. 
reef is d ~ l e  primarily to  the formation of coral conglomerate and limestone and llot, 

9 8 ~  se, to the growth of coral, while the upward extension of the reef depends on tile 
of dead fragments into a solid basis of limestone 011 which other coral< 

can become fixed and thrive ; it is in the main only on the upper surface of a coral 
bed that such a process can go on and, as he points out, this formation only takes 
place in tropical regions, or a t  any rate, in regions where tropical conditions exist and 
where in consequence the rapid evaporation of sea-water causes a deposition of calcium 
carbonate from solution. ' Temperature, therefore, and not tlie specific varieties of 
Madreporaria ' he maintains, ' represents the prime factor in reef construction'. If 
this be the case, then it is clear that as one passes downwards from the surface to greater 
depths of water, there will be a more or less rapid falling off in the rate of forinatiol~ 

of this conglomerate and limestone and that we shall soon reach the limits of depth 
a t  which coral formation can give rise to a definite reef platform, tliougli it must be 
clearly understood tliat this may not ill any way tally with the actual depth at which 
so-called reef-forming corals can grow and thrive. 'That corals of the various reef- 
foriniiig species can grow a t  depths of 25 to 30 fathoms is well known and tlie liniitillg 

factor is in all probability decided by tlie intensity of sunlight at such depths, and 
is not a result of lowered temperature. But, so far as I ail1 aware, tlie available 
evidence is by no means coticlusive that a definite coral-reef can be built up from such 
a depth. 

I n  this connection it is of some interest to studJ. the effect that a inarked rise of 

telnyerature may have upon the animals living 011 the reef fiat. $layer (1918) carfled 

out experiments with eight species of corals froiii the reef at Tortogas, Florida, alld he 
found that exposure for one hoar to a temperature of 36.5OC. would suffice to kill 50 

per cent. of those examined. Edmondson (1928, p. 19 ct srg , )  lias also carried o1lt 

experilnents on the degree to which corals can stand a rise of tein1)eratare and be 
found that ' approximately 70 per cent. of the corals of Waikiki reef used in this 
experiment are capable of enduring 34°C. for a t  least one hour. . . . However. if the 

sea-water is slowly raised to 35°C. about 50 per cent. of the corals arc. able to endure 
this temperature for 15 minutes, 36 per cent. survive tliese miiditions for 30 minutes) 
and 18 per cent. for a t  least one hour.' Yonge (19.31, 1q). 154, 16h) llas sl1o\v1l tllat 

one of the results of exposure of corals to a ten~peratore of soiilr jD'C. i* to catla the 
death and disappearance iron1 the coral tissues of t J ~ e  zooaa~~tllell:~ all(l this he 
attributes entirely to tile Iowererl vitnlitJ. tllc. cor;ll l)oI~.l)s a11(1 110t to all!. 'lirPCt 

efiect of the teniperature on tlie ~ooxal l t l l e ] l~  tllel~iselvrs. l'lle telll])rratore 0 + 

water on the reef-flat in olle ullservatioll tllat I inade was raised iroll~ 29.8 L, 
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perature of the surface water of the lagoon, to in the middle of the outer reef- 

flat. Tel~lperatures of j j j .~OC and 37.8"C have 1,een recorcled it1 ljools il l  the (;reat 

Barrier Iieef. I t  is clear that  a ten1l)erature of over 3(loc. must he extremely harm- 

ful to the great majority of corals living 011 the reef-flat, and if a temperature of 
36.5OC. be recorded, as in this instance, the actual surface of the water must have 
l3ee1l even hotter. I n  a~lotlier part of the same reef it was found that  a n~u~nber ot 
coIollies of living coral, of a species of l)ranclling Porites, had been so affected that  all 
t]le 1)01~,11s on the upper surface hacl been lcilled off and each dead animal was 
surrounded and e~iclosed in a deljosit of calcium earho~late. Around the sides of the 
colony the 1)01y11swere still living (1'1. 13, fig. 2).  At first sight I was inclined to 
attribute the death of these upper pol!.l)s to the effect of sedimentation, as has been 
described by Woocl- J ones ( I ~ I O ) ,  l ~ u t  a further consideration of the cluestion has lead 
me to doubt this. Marshall and Orr (1931, 11. 131) have pointed out that  in the 
Australian Barrier Reef ' there are often found colo~lies (of Porites) ~vllich are flat- 
topped and dead in tlle centt-e. 111 the moat a t  Low Isles tlle tops of all the flat- 
topl~ed Porites occurred a t  almost the same level, namely just above the constant 
low-tide level, whicli indicates that their have been killed by exposure to ~ulfavourable 
conditions at low tide ', and one of these nnfavourable conditions and possibly a very 
important one will be the adverse effect of the raised teml)erature. The depositiotl 
of tlie calciu~n car1,onate was undonbtedly due to the reaction between tlle decom- 
posing ani~llal lllatter in tlle dead 1)olyp and the calcium sulphate in solution in the 
sea-water, in the manner described I,\. l lurray and Irvine (1889,  11. 92 ct seq.) and 
such a deposit of calcium car l~o~iate  \+rill materially assist in forming a compact 
reef rock. Stanley (;asdiner (1930, 1'. j )  has notecl that  ' a similar lookiilg amor- 
phous form of lilne often is fo~utd on the surfaces of reef coral polyps and sea- 
weeds, botli of which are to soine degree dependant on cl~loropllyll for their 
nutrition, a ~ l d  all our dredged material of such, especially from the Cargados. 
bank, had to be brushecl clean . . . . . we co1nmon1~- ascribed any death in these 
orgallis~ns to it '. I have seen a similar depositio~i of calcitun carbonate going on in 
shallow water on the reef-s~~rface at  Tor on the Sinai coast of the (iulf of Suez in beds 
of a specles of mussel, A/lytilus vurinhilis Krss. ' At the time wlleil I was stationed 
at Tor in 1916, these beds ap1)earecl to be rapidly disa1)l)earing and the mussels becoming 
killed off owing to an accumulation of sand and nlud that  was covering the beds, 
and by a simultaneous deposit of a \vhite chalk-like material' (Sewell, 1924, 1). 514) .  
Altllol~gll I attributed tlle cleat11 of tliese mussels to the deposition of silt itlid mud it 
is eclually possil,le that a rise of temperature may have been a t  least a contributary 
cause, since the time \vllen I was at  ?'or was in Ma!. and June,  one of tlie hottest times 
of the year. 

Another tactor in the 1)uiltling ul) ol the reef one that is, so far as the evidence 
goes, 1)articularly in1l)ortnnt in thc iormation of tlie outer part of the reef, is the 
growth of nulli1)ores. l<ncrusting L i f h o f i l ~ j ~ l l u ~ ~ ~  and Lit lzothn~~~rzrol~ serve to bind all 
coral growths finnly to tlie coral rock and a t  the same time by their own growth add 
collsiderably to tlie depositioil of calcareous material; but it also appears probable 



that this factor plays little or no part in the formation of coral-rock in the inner 
Part of the reef that lies within the boulder zone and that Stanley (:ardiller terms t,k 

' boat channel '. Still less does Lifhothn~rznion or nullipore enter into the mmpoition 
of the lagoon margin of the reef. There is wine evidence that coral can grow up from 

comParatively small depths ; Darwin described the growth of coral in the schooner 
channel in Cocos-Keeling Atoll and mentions that this channel has periodicall\l to he 
freed from growing coral, and in the Andamans I have myself seen and run aground 
on a flourishing coral patch that is now covered by only a foot or two of water but where 
in the chart that was drawn in 1887 a channel is shown having a depth of water of 6 

fathoms and I see no reason to doubt the original accuracy of the chart. Incidentall!r, 
this would indicate an upward growth of the coral of some 34 feet in 37 years or vev 
nearly a foot a year. Dana (1875), Mayor (1918, 1924) and others have conducted 
observations that give us some indication of the rates at  which individual coral colonies 
can grow in various parts of the world, and Stanley Gardiner (1903) has also given 
data dealing with the rate of growth of colonies from Hulule, North Male Atoll in the 
Maldive Archipelago ; but such data prove little or nothing as regards actual reef 
forination and only indicate the rate a t  which coral can grow in shallow water, which 
is naturally rapid. Verstelle (1932) has recently given data regarding the rate of 

!growth of coral reefs in the Dutch East Indian Archipelago and the figures that he 
gives indicate that the rate of upgrowth in these reefs is more rapid at a depth greater 
tllan 5 fathoms and gradually decreases as the depth gets less. The averages of 
Verstelle's figures are as follows :- 

TRSS than 3 tnetres . . 

j t o  5 metres . . 

More than 5 metres . . 
- - - -~ - . - 

The maximum increase that verstelle lloted in tile height of a reef was at the rateof 

41.4 Cm. per annum or 16.3 inches, so that the 
rate of upgrowth of I loot Per 

annum in the reef in the Andaman ~ ~ l ~ ~ d ~  to which I have referred is 
i m y ~ ~ i b l e ~  

Verstelle also noted that certain reefs sllow evidence of havillg ' sul~k ', Or in Other 
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words tliat tliere is an illcrease of deptli of water over the reef. The average results 

of this nature tliat lie obtained are as follows :- 

_ -  -- - -- - - - - 
-- - - . . . . - . - - . - -- - -- --- - -- - -- - . - - 

'l'ogian I s l a ~ ~ d s .  
I Kci Arerage. Gulf of Tnalini. , Isla,l~ls, 

Less than 3 nletres . . 

3 to 5 metres . . 

Yore than 5 metres . . 

If, as suggested by Verwey in a postscripttu~ii to  Verstelle's paper, this ' increase of 
reef depth is caused by factors which influence coral growth aiid not by real sinki~lg ' 
one can only attribute i t  to tlie death aiid subsequeilt removal either by solution or 
erosion, of the coral colollies or rock of the reef. It is of sollie interest to  note that  the 
average figures, as give11 above, indicate that  tlie causative agent may be as effective 
at depths as great as 5 ilietres as near the surface : in sliallow deptlis a certain amou~i t  
of erosioli may occur froin tlie scouring action of currents (vide i~zfm, p. 512) but it 
is u~llikely tliat this agency would produce an appreciable result a t  a deptli of 5 metres. 

Stanley Gardiner (loc. cif.) considers that  ' the rate of growth of tlie \vliole reef is 
not probahly widely differelit fro111 that  of tlie individual colonies that  mainly serve 
to build it up ,' ; but the actual reef forniatio~l does not depend on tlie rate of grotvtli 
of tlie corals alone, tliere is also otlier factors, ~iainely the filling up of the iiiterspaces 
by sand, foraminifera, nullipore growth, etc. and this last factor is of equal, if not of 
greater iiilportailce than that  of the coral itself. Tlius coral growth is not the same as 
the upward growth of tlie reef-edge, aiid it is tlie growtli of the reef-edge that  matters, 
since no coral call retail1 a on this part of the reef except in the gullies of 
the fissure zone or down the sea-ward slope. 

The compactness and hardness of a reef limy vary very considerably accorditig t o  
local conditions. Nearly every observer has noted tliat corals grow lilost rapidly 
where there is an in-shore current of oceanic water, I~ringing with it an increased quantity 
of food-supply ; while Litlzothar~~niog~ and Litho~lzyllum grow best where tliere are 
waves and breakers. Hence in areas where we have both these features, as in the 
Pacific Atolls, the ]-eel will grow ljetter anrl be more compact on tlle windward side, 



and it is not uncommon in this region to  find the leeward reef either less deve,ol)ed 
or even lion-existent, this latter state being a t  least in part due to the 

a, 
the gr(nYllg coral by sedimentation ; but in the I+accadive and hlaldive regions, 
there is an alternation of the two Moilsoon seasons a correspondiIlg challge ill tile 
snrface-cnrrents from llorth-east to south-west, there is no marked difference bet,,,een 
the reefs of the two sides of an atoll, though it llas been sllggested that the greater 
rate of growtll on the south-west side and the increased number of ollenillgs tl,rollgll 
the reefs on tile faster11 side of these atolls is attribntable to the greater effect of tile 
south-west monsoon. 

Whatever view we may hold regarding the foundation on which these coral reels 
liave arisen and whether we favour the view that the reef has beell formed 011 a sub. 

lnerged volcano or on a bank of detritus or, again, on the eroded of land, it 
seems 1)robable that  when once the growth of coral has been established and by secondan 
processes, such as the geological formatioil of a conglomerate or the growth of Li,Iro- 
fhlluor i on  and Liflzophyllun~, has become compacted into a definite reef, sucll a reef will 
be able to  maintain its position at  or near sea-level, even if there be a later subside~lce 
of the land, either relatively or actually, unless this change of level be too rapid. 111 
the vast majority of illstances so rapid a change in level is highly unlikely, and \\it11 
only a gradual movement the amount of formation of coral-rock will be able to erlualize 
the amoullt of relative subside~ice of the reef-surface. On the other hand tllere seems 
t o  be some evidence that coral cannot or, a t  least, may not grow up to form a reef 
iron1 an\- considerable de1)th ; and tllere seem to be numerous well-authenticated cases 
in which no change has taken place in a sul~merged coral bank for as long as a period 
of r o o  or more years. The Dolphin Reef of Tahiti is believed to have remained a t  a 
clepth of two-and-a-half fathoms for a period of 67 years. The Macclesfield Bank and 
Tizzard Bank, as well as others in the Pacific Ocean, appear to have remained statiollar!' 
and conil,letely submerged since they were discovered ; and certain reefs in the Red 
Sea liave not changed in depth during the last two centuries, so that there has gromn 

a belief that these latter reefs cannot grow up beyor~d a certain height, althougll tile 
local conditions of light, tem1)erature and rate of evaporation of the surface-\eater 
would alq,ear to  he extremely favourable 110th to the growth of the coral and to 
conversion of this into a solid coral rock and limestol~e. In 1ndiall waters we 
in the Laccadives a number of submerged coral banks, and others are klloan 'lie 

Chagos Archipelago, that is in the main cornposed of such submerged reek, best 

example being the Great Chagos Bank. As regards the former Stallle!' ~~~~~l~~~ 

(1902, y. 277) writes ' of the reefs with land or awash, nine are atolls or~llreserve tracer 
of having a t  one time had the ring-shaped form. The rest are mere narrow reefs wltll 

Tlle 
a certain amount of land and a greater or less extellt of shoal water off them, 
three larger submerged banks to the north have depths of 24, 21 alld 16 
fourth. Elicalpeni, to  the east, having only 6 fathoms . . . . There is li t t le  sigll of 
these reefs assuming a ring-shape, the shallowest depths heing in the celltre of the 
and not on the rim ; but in the following year (1903, 1). 150) a general aCCollnt 

' i f  the!' 
of the Archipelago he remarks with regard to the more northern ')anks that 



STUDIES ON CORBAL ANT) CORAL.I"ORMATIONS IN INOIAN WATERS. 4% 

)Irere fairly level, they might conceivably be deemed to be washing away, but they 
vary in depth to sucli an extent (Mtuiyal I 4  in 34 fatlloms), tliat there can be little 

doubt but that  they too are in places being built up by corals aiid other 
organisms to the sea-level '. On the other hand certain submerged reefs do 
undoubtedly show the cliaracteristic raised rim of an atoll ; examples of this latter 
tlpe of submerged reef are tlie reefs to tlie north of Fiji, to which Stanley Gardiner 
refers (1931, pix 22-23), namely Tuscarora, Field Bank and Pasco Bank, and another 
example is the Great Cllagos Bank (vide Stanley Gardiiier, 1903, 13. 17, fig. 4), in whicli 
there is a well-marked raised rim, having a del~tli varying from 5 to 10 fathoms, 
whereas the greater part of the central area has a deptli of 45 to 46 fathoms. Other 
similar banlts in the Cliagos are Pit t  Bank, Speaker's Bank and Victory Bank, this 
latter, ' 4 miles long by 2.$ broad, lias a perfect riin at  3 feet with 18 feet of water in 
the centre '. -4s regards tlie origin of these rinlnied l~aiiks there is a general ol~inion 
tllat they must be regarded as drowned atolls, but even so there appears to be some 
factor which has prevented the u1)growth of the reel to the surface during the interval 
that has elapsed since tlieir snbmergence. 

An elevatioll of solne 10 to 20 fathoms would convert most, if not all, of these 
subperged ba~ilts into coral atolls or islands and it seeills iml)ossible to avoid tlie conclu- 
sion that there is solne factor tliat 1)reveiits their upward extension. C'.ul>py (1886, 
1). 367) as long ago as 1586 ex1)ressed doubts \vlietlier a coral reef could grow up froin a 
deptli greater than soine 5 fathoms and lie called attention to ' the inability of detached 
submerged reefs to raise themselves witlliii tlie construction power of the breakers ' .  
It is possible tliat a true reef-rock, and consecluentl\- a true reef, can only be formed 
ill comparatively sliallow water, llaving a del)t l~ that  nlay vary in different localities 
but that is in some cases as little as two-and-a-half fatlionis, because below this depth 
Lithothainiiione cannot flourish sufficie11tIy well to forin tlie reef edge, and the coral 
growth cannot become coinl,acted and coi~solidated into a true reef-rock, even t h o ~ g h  
tile iiidividual coral colo~~ies may still ilourisli. Further, Stanley Gardiner (1930, 11. 8) 
1x1s l ~ ~ t  forward the suggestion that  ' the phytophagous corals and plants that  build 
"1) coral reefs precipitate amorphous carbonate of lime froin tlie super-saturated sea- 
water owing to the chemical ol)erations of cl~loropl~yll on carbon dioxide and that  
this material 11y clinging to their surfaces ultimately coinlxisses tlieir deaths in lagooii 
collditiolls beyond five to ten Iatlioms. In  other words the pl~ysiological action of 

clilorol)lll.ll leecliiig of tlie inil>ortant reef building organisins at  all depths beyond 
five to teii fathoms is such as to kill tliein by a simple clie~iiical reaction in the sea- 
waters that lave t11en1. Ii' this be so, it is obvious tliat shoals caiiiiot be built up on 
lagoo11 floors froin depths beyond teii fathoms '. There seeins no reason to liinit 
this action to the lagooil reefs alone and it is eclually possible that  at  a certain depth 
wave or current action, or the conibined action of these agencies and tlie ciliary 
mecllanisni of thc coral polyps, may be sufficieiltly retarded so as to be inetiectual 
111 rclllovil~g such an aniorl)hous deposit lro111 tlie st~rface ol the coral or l)lant, and in 
collse(~ucnce coral-growtli will be 1)revented and lience tlle building up of a coral- 
reef will he impossible. 



111 every a t tempt  t o  trace the changes tha t  have been going 011 in the vauous 
reefs and islands of such coral formations i t  is of the utmost importance to distillguisl, 
most carefully between the  various types of rock-formations and to have also a 
clear idea as t o  the  conditions under which these rocks have been formed. Among tile 
lllaill t ~ l ) e s  t h a t  one can distingnish, a hard and fast line must be drawn between rock 
t ha t  was laid doivn a t  tlie time when the reef was actually growing upwards, and 
rock tha t  has been formed subsequently during the time in which the reef has beell 

and islal~ds have been formed either by the fall of the sea-level itself or by 
tile 1)iling up of boulders, shingle and sand under the action of wind and waves. 

The primary reef-rock niust be carefull], distinguished from tlie secondary rocks, 
and of these latter there are several types tha t  may be inet with, their characters 
differing, accorclil~g t o  the degree of coarseness of tlie coral debris, from a boulder conglo- 

nierate, tlirough a shingle conglomerate to  a true sandstone. I n  the case of tI~is 
latter formation we can distinguish between that  which has been laid down beneath 
the  sea and t h a t  which has been deposited above low-tide level ; and in the latter 
groul) \rarions ohservers liave attem1)ted t o  differentiate between the sandstone that 
has 11een deposited, between tide marks arid which Stanley Gardiner terms ' b e a d  
sandstone ', and tha t  which has been deposited a t  some height above sea-level beneath 
the  surface of the sand and shingle tha t  forms the various islands on the reef flat. 

111 many cases 1)revious authors have not sufficiently distinguished between these 
\-arious formations ; thus Agassiz ( I ~ o ~ u ) ,  in his detailed account of the atolls of the 
Pacific, uses tlie terms coral-breccia, beach-rock conglomerate, or pudding stone 
for the same rock tha t  forms the basis of the present islailds ; he coilsiders this 
t o  l)e n seconclar?. formation due t o  the coilsolidatioil of fragmeiits thrown up on the 
tol) oi  tlie reef flats. I n  his account of Funafuti ,  lie reinarks that ' the coral breccia 
is nl:lcle 1111 of rollecl recent coral sliingle, of pieces of coral, of shells, of sand, quite 
unlike any breccia we liave see11 before ancl ljartly changed into a hard ringillg lime- 
stone. Here and there I thought I col~ld detect lragments of the old limestolle le(ke' 
Of tliis beach rock conglomerate he states (1). 220) that  he mas unable to satisfy llimself 
of its origill. thot~gh as he f r e q ~ r n t l ~ .  refers to  the fact that it sliows evidellce of sligllt 
elevation, Ire presumal)ly considers it to  have been forlned below sea-level. It remained 
for StanleJ- Gardiner (1903 and 1031) t o  elnl)llasise that  tliis rock is a sul)niarine forrna- 
tioll arid formed part  of tlie reef below the level of the sea, its yresellt positioll b e i t l ~  
due to  a slight relative elevation. 

In  attempting t o  describe :I coral reef, alld more partic~~l:~rl!v k~he~l  attenll)tl'ig 
to  cornpare one reef with iuiotlier, it is of the utmost importance that one sllol'ld be 
consistent in the  use of terms and, hlrtller, tllat so far as ]jossible, allowing '' 
differences in differel~t reefs doe tc) ll,cal or other cr,llditions, the salne t e r l l l s ~ l ~ ~ " ' ~  * 
used lor the corres1)ooding regiorls. 111 tllr following accout~t I have for nloSt pNt 

f o l l ~ ~ e d  the n o l ~ i e r i c l a t u ~ ~  j.rir,ell Stnnle!. (>nrdiller ( l g ~ l ) ,  a11d ill tile 1nniotit' of 

reek t l ~ a t  I have exaolirlcd ollr call rcc(lgnire t]le [c)llonrit~g cl~aracteristic are"'-- 



STUDIES ON CORAL AND CORAL-FORIVIATIONS I N  INDIAN WATER.8. 487 

11,  T h e  seaward edge, usually raised by the growtl~ of ~lullipores, and freclue~~tly cut  illto 

l'he outer 

buttresses and fissures. 

2 .  ?'ire seazaard p a t  

of j. 
?'lie reef-crest and Ootcldcr z o ~ t c  ; this nlny not always 11e present and in certain cases its 

the Reef. posi t io~~ may only be more or less i~~tlicatecl I)y the presellce of a line of coral horses, 

wllile in others both a I~oulder zone and an inner line of coral horses may be preset~t. 

4. T h e  boat c l ~ a ~ r ~ ~ r l  ; the presence or absence of this channel will depend 011 the degree of 
\ erosion tha t  has taken place on the seaward side of the islands. 

I 5. T h e  searwnrd beaclr of the islands, where such exist. 

6. Tile or~tcr m t ~ ~ f i n r t  of the isla~lds. 

7. Z'lte ce~i tral  dcfircssiot~ of the isla~lds. 
'l'lLe 8. T h e  lflgooll rnolrtld col~lposed of blow~l sand and, where p r e s e ~ ~ t ,  forll~it~g a raised margin 

Islal~tls. i on the lagoon side of the islalltls, correspondi~lg t o  the piled up  outer r a n ~ p a r t  011 the 

outer face. 

g .  TIzc lagoolr 6enc.h of tlle i s l a ~ ~ d s  that  11ot infrequently shows outcrops of beach sandstone. 

~1~~ inner 10. TIzc I f l goo l l  pat, the extent of which will again d e p e ~ ~ d  on the extent to  which the i s la~~t l s  

area of \ have bee11 driven inwards or have been eroded 11y the lag0011 waves. 

11. T h e  lngoolr ~ d g c ,  where the reef dips Inore or less steeply dow~lwards. 

Keef \ 12. rlze lugooiz poor. 

The o ~ ~ t e r  Reef. 

The seaward edge of the outer reef, in illost of tlie atolls and fringing reefs that  
I have examined, exhibits cel-tain differeiices in accordance with the degree to  which 
it is exposed to the full force of the waves of the open ocean or is more or less pro- 
tected by neiglibourii~~ land or by anotlier atoll. I n  an exposed situation, open to  

the full force of the moiisoo~ls alld esl)ecially to the south-west monsoon, the edge of 
the reef is for tlie most part composed of Lithophyllunz ; this strengtliens the rock to 
all extent tliat eiial)les it to witlistand the force of the breakers and a t  the same time 
imparts to the reef its cliaracteristic dull-red colour ; Mayor (1924, 11. 10) relliarks that  
' the Litliothnlnnion itself grows so slowly a t  tide level that  it alone would not form a 
ridge were it not for tile fact that  it quickly covers, smootlls over and cements up011 
the reef-flats a11 corals died, thus secui-iiig tlie retention of any accession 
of limesto~ie wIlicll tile seamlard edge of the reef ilia?: have once attained '. The outer 

area or zone of such a seaward reef is as a rule, in my experience, cut up into buttresses 
alld trenclies, tlirougll the latter of mrliicli the water pours off the reef back to tlie 
ocean after each succeeding wave. 1)ifierences are, however, met with in different 
regiolls ; in the Maldives these buttresses aiid trenches, especially the latter, are due 

my opinion to the scour of the water keeping the trenches open wliile buttresses 
grow out, but Crosslalld (19281t) reaclies tlie coiiclusion tliat tlie fissure or trench 
zone ill the Reefs of Tahiti alld Moorea is to be attributed to radial faulting in the 
reef. 'Chis, howe\~er, apl'ears to be n peculiar local coiiditioil and not one generally 
al)~)licaljle, and lie l~imseli' calls attelltioil to tlie differences that  are met with between 

1)nrt of tlie reef in tliese atolls aiid tlie characters of tlie fissure zone in Funafuti. 
ikaill, Stel)licnsoii, Tantly, ant1 Sl)eiider ( r o ; ~ ) ,  in tlieir accouiit of Yonge Reef ill tlie 
'iustraliall Barrier Reef, state that tlie extreiiie edge of tlie reef is coinposed of an 
Outer raised riiii, tliat is riot coi~tiiiuous, aiid that immediately inside tliis there is ail 
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outer ' moat ', about five feet in depth : otlier members of the exl,edition, llowever, 
do not agree with this statement and I have been informed by D ~ .  Manton tllat 
tile water over the greater part of this area was shallow alld that only in a few patcller 
were holes as deep as 5 feet to be found. 

Even ill calm weather in the Maldives during the periods of the year thea 
is little or no trace of any monsoon wind blowing, there is always a heavy 
on the exposed reefs and the effect of tlie contilloous to-and-fro of water is 
demonstrated in tlie almost total absence of any growing coral colonies in this zone, 

though such. and in certain cases even al~parently very delicate growtlls, may be found 
both in some of tlie fissures or on the seaward face of the reef at a depth of a felV 

fathoms. The ' fissure ' or ' trench ' zone passes into the seaward-flat, which 
gradually upwards to the reef crest, though few if any of the trenches actually penetrate 
as far as tliis. 

As one passes inwards from the nullipore zone, one finds that the reef has a 
comparatively sniootll surface, that is, however, thickly dotted over with water-wor~~, 
and usually flat, coral fragments, whicll aloiig the line of the crest may be piled up 
in a low ridge, running parallel to the reef margin and known as the ' boulder zone '. 

The fragments that compose the boulder zone, as Stanley Gardiner (1903, p. U) 
lias pointed out have a two-fold origin, (a) true coral boulders and (b) masses of the 
reef-rock. -4s he points out, the boulder zone a t  iliIinikoi ' has a two-fold origin-boulders 
cast up 011 tlie reefs and inasses of the conglomerate, some loose and some attached to 

the solid platform below ; relatively little coilsists of masses attached to the reef, the 
greater part being formed of loose blocks of the old coral rock '. Tlie boulders and 
coral fragnieiits torn off tlie reef-edge and cast upon its surface will, of course, 
originally have beell loose, though they may subsequently become consolidated to it. 
Masses of reef-rock mal-, however, still be fixed to tile reef, but in most cases tllese 
inasses liave been broke11 dowil and tile old includecl coral coloi~ies liave been set free. 
Baker (1925, 1). 1008) in his accouiit of tlie reef around Gaua, in tlie New Hebrides, 
lias described tlie boulder zone as dou1,le. He remarks, ' unlike the usual boulder 
zone, it is double and consists of two ridges, each about 50 yards wide, sel)arated a 

channel of about the same width. The boulder zones project about a foot above 
level of tlle water a t  low spring-tide, and consist for tlie most part of rather sluall 
pieces of coral, tlie lower ones being firmly cemented together. There are largebolllden 
here and tliere. The channel between the boulder zones is a few illclles deel' at low 
spring-tides. There is no living coral on tile boulder zones nor between I 

know of no other instance in which the boulder zone exhibits this double "laracter' 

Extending inwards from the boulder zone towards the lag0011 or the islandsl wllerc 
such still exist, are lines aloiig which these fragments of coral alld rock are 

aggregated into definite spits that on the soutll-west side ol the hlaldive 'lave a 
to the 

distinct trend towards tlie north-east, so tllat they ruii parallel, more Or less' A boulder 
main direction of tlie strongest wind, llalnely the south-west lllollsOo'l. 
zone, socli as I have just described, is by 110 means collfilled 
reefs but may also occur in a frillgillg provided that general cO1lditials "" 
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heavy seas, etc., are present. Such a boulder zone is present on Krusadai I5land 

at the head of the gulf of Manaar ; a t  tlie north-east corner of the island there is a 
well-marked fringing reef, with a clear-cut fissure and buttress zone, a i d  inside tliis 
there is a boulder zone, running inwards from which are several spits of coral boulders 
(PI. 14, fig. I). Many larger blocks on the edge of tlie reef, though now a11 dead, appear 
to be in situ ; but it was impossible to  decide tliis point definitely owing to  the degree 

to crosion has gone on. The whole reef on this side of the islaild gives one the 
impression that  it has bee11 raised and is now in process of erosion ; there is little or 

no live coral on the upper surface of the reef but the dead coral masses are encrusted 
by a few small patches of a red nullipore in the area to the seaward side of the boulder 
zone. Behind this reef the island is in places clearly undergoing erosion, the l~each 
terminating in a small sand cliff about 2 feet in height. 

The term ' Negro-head ' has in the past been very loosely applied to  any large 
mass of coral or rock that  may be found on the reef-flats and has been used to  i~lclude 
not only fragments of coral or portions of the growing face of the reef tliat have 
been torn off and fl t~ng upwards and inwards on to  the reef-flat by tlie force of tlie 
waves, but also large masses of dead coral, that  were originally growing in sit26 where 
they are now seen but have been subsequentl\r killed off by n change of sea-level, and 
even masses of reef-rock, that  still resist erosion and which have also been termed 
Coral horses '. 

Agassiz (1898, 1,. 114) in his descril~tion of the Great Barrier Reef of Australia, 
called attention to the presence of large rock masses 011 some of tlie reefs. He  
remarks, ' The riegro-heads occurring on tile edge of some of the flats are all composed 
of beach rock, and remain as mon~uinents of the former extension of tlie beach rock. 
. . . . . The presence of negro-heads, remnants of tlie former elevated coral reef, and 
of negro heads, the remnants of former long stretclles of elevatecl coral beach rock 
conglon~erate, give us a ready explanation that  their presence on flats where the sea 
could 11ot have transferred them is due to  tlie disintegratio~i and erosion of the coral 
reef and of the conglolnerate when they extended over the surface of the rock-flats.' 
011 the otlier hand large 111asses of coral 01- coral-rock fro111 the outer face of the reef 
ma?. be thrown up by wave action, usually the result of cyclonic stor~ns,  and occur, 
as Agassiz ernl>liasizes, over liinited areas. Stanley Gardiner (1931, 1). .jh) also 
remarks tliat ' frequently a t  tlie base of the sea-ward beach are blocks of limestone 
not loose but cemented to  or part of tlie reef beneath, sonleti~nes ridges, tlie " horses " 
already mentioned, stretching along for many pards. Perha1)s there may be one or 
more lines of " horses" o~itside each otlier to seaward on the flat and beyoud these 
solitary sentinels of rock. Where such " iiegro-heads ", as the latter are termed, lie 
llear the reef edge they are usually supposed to  liave been tlirown on to the seaward 
flat tlle waves and thtis to liave consisted of blocks from tlie reef edge to sea- 
ward. But as often as not they are part of the solid underlying reef.' 

It is essential to clifferentiate between these various classes of coral masses, and in 

Present paller I have restricted the use of this ter111 negro-llead ' to tllose Inasses 
coral that have onclo~ibtedly been torn off the reef-face and flung 011 to  the reef 
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flat by wave action. I n  several instances. as ior exam1,lc on the leewarrl sides of tile 
of the Great Barrier Reef of Australia are lines and masses of dead coral rock it is 
interestillg t o  note tha t  Agassiz (1898, p .  117) in his accolnlt of cairll ~~~f remarks 
on the  ' mass of negro-heads of all sizes, forming a belt alollg the westerll edge of the 
reef flat ', and he says tha t  in South Turtle Reef llegro-lleads are exposed 
011 olle part  of the  edge, rising perhaps two feet above the general line of the flat 
T h e y  look to m e  l ike  fragments of an elevateti reef which has beell raaslzed arway, leaning onlr 

here and there an isolated pinnacle.' (The italics are mine.) StanleJl Gardiner (1902, 
p. 291), although he clearly recognized tha t  such masses of rock in certaill of the hIaldire 
Atolls are the remains of an older, ' elevated ' reef, applied the term Inegro-head1 
to  them ; ' The reefs t o  seaward 'of the rim islands are, for some distance from the 

land, studded with masses of the rock, wliich form pinnacles or negro-heads '. Those 
blocks, tha t  I have examined in the Maldives, though not so large as those found in 

the islands and atolls of the Pacific Ocean, are, nevertheless, comparable. It is onl!. 
along the south-west parts  of the  reefs in the  Maldives that  I have been able to detect 

the  presence of definite ' negro-lleacls '. I n  the 1,accaclives Oldham (C.F., 1896, p. 12) 

has called attention t o  the  1)resence of large 1)loclts of coral thrown ul), as he thinks, on the 
east and north-east sides of tlie islands, and he attributes their presence on this side and 
their absence 011 the south and west to  the force of tlie waves cluring cyclones in the 
Laccadive Sea, the position of tlie islands being suc l~  that  the strongest winds will 
urlder these conditions come from the nortll and east sides. Stanley Gardiner (1898) 
experienced the  sanie c l i f f i c ~ l t ~  it1 ex1)laitlillg the presence of negro-heads in Punafutl, 
where they appear t o  be confined t o  the north-western and western reefs ; he remarks 
' it is remarkable tha t  i f  there are ' ~legro-head~ ' on tile leeward reefs there should 
be none t o  windward, against which the  force oE ]nost of tlie gales is broken. Either 

they are thrown 1111 in bad cyclones or llurricanes (whicli alwa\rs strike to leeward), 
an almost impossible supposition, or the growtll of these masses is firmer to whdward ' 

I n  the case of such large coral masses orcurring oil the leeward side of the 
one is a t  first sight inclined t o  believe that  these are not true negro-lleads but are 
parts of an older reef that  originally grew a t  a higher level than the 1)resent reef and 
have not yet been entirelj. destroyed erosion, or, ill other words. they are of 

the  same nature as ' coral horses ; and yet one cannot, in view of the exl'eriellce 
and reliability of many observers, corlclude tha t  this is the ex])lallatioll of nlasses 

in every case. 
On Y o n p  Reef, Three Isles and I,ow Isles in the Allst1 alien Barrier Reef 

(v idr  Stephenson. Tandy, and Spender, 1931, 111,. 25, 85) 1iasdescril)ed a "-c'"cd 

Boulder Tract or Boulder Zone which is composed of inodel-atel!. large! ro""de(l 
masses of dead coral that  most have, one would imagine. beell tor11 "1) 
leeward side of the island or reef and have Ileell flung inward on to the 

'I1': 

is the explanation given Steers (103(), 1'. 15) w11o states tllst these n e g r ~ - ~ ~ ~ ~ ~ ~  
may occur on the wit1dwal.d side of inner reefs, but reach their lllaxillllllnt 

""" 
like tha t  of Low Isles, on the leeward side of the reef, the side 011 wllicll s'ld'len "Irr'- w ~ n d ,  
cane from the northward, corning in a direction opposite to  that  (jl trade 



STUDIIES ON CORAL AND CORAL-FORMATTONS IN TNDTAN WArI'RR,S. 49 1 

does Inaterial daiilage to tlie unwieldy illasses of coral accustomed to cluiet water ; 
Stephenson (vidr Ste])lie~~son, 'l'and!., and Sl)ellclei-, IO;I, 1,. 94) gives the sa111e exl,la~ia- 
tion aiid attributes these ljoulclers on the leeward side of the reefs to ' the result of 
the action of occasioilal llurricanes blowing froin a directio~l opposite to that  of the 
prevailing wind and tearing up large masses of coral which have become unusually 
unwieldy or unstable, growing into exaggerated shapes, as a result of the sheltered 
conditions under wliicli they usually live '.* These ' negro-heads ' must be clearly 
differentiated from otller coral masses tliat are very similar in apI>earaiice and that ,  
as Agassiz suggests, actually grew in the situation in wllicll they are 11ow found but 
have been killed off 11~1 the fall of sea-level that  occurred a few tliousand years 
ago and have not yet beeu completely eroded away. A very si~ililar zone to 
that on Low Tsles in, the Australian Barrier Reef, so far as one can judge from the 
published accouiits and pliotograplis given oi these latter areas, is to be seen on 
the north side of Horsburgli Atoll in the A'laldives aiid here also the reef lies on 
the protected side of the atoll where tlle force of the waves must to some, and 
probably to a considerable, exte i~t  be seduced. One of the characters of the reef 
in this situation is the growth of coral colonies on the seaward flat of the reef and 
tlie feeble development of nullipores and hence the less consolidated character of the 
reef-rock to which the living coral colonies are affixed ; aiid it may be tliat under such 
collditions of growtll eve11 a inoderate sea will be able to uproot a living colony or 
possibly tear off a part of the reef and roll it inwards across the reef-flat, and in support 
of this view is tlie fact that. in snch a so-called ' Boulder Zone ' the general character 
of the coral blocks is differelit from the blocks seen in the true boulder zone on the 
exposed face of Addu Atoll, and mucll moi-e closely reseiiible masses of dead coral. 

Agassiz (1903~4, 11. 22,;) in liis account of F~niafuti remarks ' The difierence in 
the widtli of the outer reef l~latform of different atolls may be due to the gradual 
piling ul) on the sea face of successive rows of shingle and sand heaches. \T'here this 
has take11 place regularly, an original wide sea face reef may gracIuaII\. 1)ecnme redaced 
to a narrow belt '. Such a 1)rocess is in my view extremely rare and I have seen no 
exalllple of such action ill  ail!. Illdial1 reef. That it inay occar in the case ot certain 
atolls in tlie Pacific is sliown, for example, iu Kwajalong Atoll in thc Rlarshall 
Islands, where on tile leeward side of tlle atoll, owing to the great moveilient of 

under the irlfueilce of the trade wiild, sand dunes liave been piled up and have 
overwllel~ned the outer sea heaches but in the vast inajority of cases tlie presence of an 
exl'osed basic strat~uii of reef-rock shows that erosio~i is taking place. A perusal of 
tllc literature reveals a ~~uiiil?er of iustances in whicli observers have been struck by 
the evidence of erosioll. Agassiz (1,398, 1). 100) in his account of the Great Barrier 

.- --  - . -~ . -. - .- . . 

' S i l l ~ ~  tllr al,ovc \vas \\.rittrll I<llrllcn llas p~~l, l isl~c.d (1q.33, 'Geology of Coral Rccfs ' .  .The Sl~e l l ius  &xpeditioll. 
I>(.  2 )  a cletailc~l ; ~ c c o u l ~ t  <,I  tile rnrnl recfs of tllc East Iudi ;~s ,  i l l  w l ~ i r h  he cnlls nttentiol~ tu a very si~nilar 

llOlll(lcr tract o n  the I C ; I S ~  sirlr ,,f ~ ~ ~ ~ ~ k ~ ~ ~ ~ .  states ' wI~iIe \re ~ r ~ i g h t  possil)ly ilnagille that exceptioi~ally heavy 
stnrllls orcas io~~al ly  tl~rc\\s corals to tile flat o i  Peloltal~g, s l t ~ ~ a t c d  at tllc edge of the sub~tlarine plateell, it is  most U I I -  

' i L r l ~  tlln( tile I)lorks O I I  the rrcfs i l l  ~ I I C  celltre ,IT t l ~ c  atoll could l ~ a v e  bee11 t l ~ r o w l ~  up ill the salrle Illanner. Jlorcovcr, 
"le Ileaviest gales arc cxperiel~cecl llere durillg tile \ \ ~ s l  11lr,lisooll, but all the boulcler ra~nparts are fo1111d 0 1 1  the cast side 
Of f latq. .  . . ( I I ~  ~ ~ l ~ r i g l ~ t  l x ~ s i t i o ~ ~  o f  11ln11y ( I [  ~ I I C  TOT:IIL f ~ ~ r t l i e r  proves that t l ~ e y  grc\v "11 the spot.'  



Reef of Australia renlarts ' Some of the larger patches, such as 
Reef, TurtL Reef 

Aitch (h) Reef, El ( I )  and Em (m) Reefs and Eagle Reef, all of 
are well isolated 

reel patches rising from twelve to  fourteen fatl~oiiis ill the challnel between the inner 
edge of the Great Barrier Reef and the mainlaod. These patches re- present the eroded flats of forn~er islands, some of them of considerable size, 
occupied the main part of the Coast Channel '. . . . . . . . ' South of Cape ~ l ~ t ~ ~ ~ ~  the 
Low-wooded Isle, Three Isles and 'I'wo Isles are the only remnants of the numerous 
but somewhat widel!- sellarated islands, which once existed between that Cape and the 
outer edge of the Barrier Reef, the others having been eroded and changed to the 

reef flats and patches now existing to the eastward of these islands.' One could 
quote other illstances whicl: Agassiz gives ol' ' the remnants of former islands Mlhich 
have been reduced to their 1)rescnt level I)!. erosion and denudation ', and, througIwt, 
his accouiit of the atolls of the Pacific Ocean is full of instances of tile manner in 

which erosion is steadily going 011. Gupl )~ .  (1889, 1). 465) calls attention to the erosion 
that has taken place in the Button Islands of Cocos-Keeling Atoll and again in South 
Island. Fryer (1911) in his accouilt of Alclabra states that ' the atoll is losing on 
every side in its fight witli sea and weather ; the sea coast is being eaten away ; the 
lagoon is getting larger, the rain is dissolving away the surface of the land, and, to 
balance all, there is only a slight piling of sand '. 

As the islands on the reef-flat are eroded on their seaward faces an ever 
mlidelliiig belt of shallow water is formed between the outer margin of the reef or 
the boulder zone, where such exists, and the seaward beaches. As Mayer (1918, 
p. 44) has pointed out, the different levels of the Lifhotham~zion ridge and the inner 
part of tlie reef-flat is due to the protection afforded by Lithotlz(~nz~zron growth in tlie 
former area and to erosion in the latter. He remarlts in his account of the Murray 
Island reef ' Tlie 1,iinestone of tlie fringing reef flat between the litllothamnion ridge 
and tlie shore has disappeared, leaving a lagoon about 18 inches deep at low tide, and 
this despite the growtli upon it of one of the most densely clustered coral colonies 
the writer lias ever seen. Were it not for the growtli of this coral the reef-flat would 
have suffered even more serious disintegration, and in hurricane regions where the 
corals 011 toy of the reef-flats are periodically destroyed, it seems possible that mcll 
fringing reef . . . . . . . might gradually become converted into a barrier reef by the 
solution of the limestone due to  "sand feeders" and to scouring due to currents.' 
The floor of this area is in its outer part composed of a hard coral rock which) as 
pass inwards towards the islands, becomes covered to a greater or less extent b!'looSe 
sand, though in few or no areas is this deposit a very deep one owing to the stre'lgtll 
of the currents that witli every rise and fall of the tide sweep across the reef flat. 
depth of w a t e ~  in this area is as a rule only one to two feet at  low water. tllougl' towards 
the ends of islands, near tlie passages that run between them and thus connect 
inner and outer reef flats, deeper channels may have been scoured o ~ l t  slleltered.as 
this area is from tlie destructive effects of the high seas and yet freely n't l l  

ever changing water as tlie tide rises and falls, it forms all allnost ideal ~ 1 ) ' ~  for ''Ie 

growth of coral. Hickson (1924, p. 216) has ~ o i n t e d  out that the first im~ressio'l '' 
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one coral reef may be that  it consists of nothing but huge sllrtibs of stag's 
11o~1l hladreyores, of another that  it is all palmate Madrepores, of a third that  it is 
all Lithothamnion, altllough a closer examinatiol~ sl~o\vs that many other kinds of 
coral occur among tlie 1)revalent forms '. Mayor (1924, p. 14) and Baker (1925, 
1). 1009) have called attelltion to the manner in whicll, in such an area as we have 
just considered, the coral growth may be divided into zones, each zone characterized 
by the profuse growth of a particular species of coral. This condition is clearly seen 
in certain parts of the reefs in the Maldives and in some of the fringing reefs of the 
Nicobar Islands. I n  the reef on the east side of Octavia Bay in Nankauri Harbour 
(Pl. 14, fig. 2) there is a very clear demarcation into two zones, an outer zone com- 
pletely covered with a profuse growth of Sarco$hytuw~,  and an inner zone in which the 
coral growth is almost coi1ll)letely colnl)osed of a branching Porites ; as Stanley Gardiner 
(1931, p. 90) has l~ointed out, ' tile visible llollle of the leathery corals is essentially 011 

the lagoon edges of encirclil~g reefs, oil fringiilg reefs within barriers and on 
lagoon shoals ' .  A somewhat similar divisioll of the reef-flat is to be seen in 
the fringing reef off Reed Point at  the north-east corner of Natlkauri Island ; 
liere the outer zone is coml)osed coinpletely of a branching plate-like growtll 
apparently of ilIille$oru sp., while the inner zone is lx-ofusely dotted over with a fine 
growth of more solid colonies of Heliofiora c o e v ~ ~ l e a  (v ide  PI. 14, fig. 3 and P1. 15, fig. 1). 

The outer zone clearly shows the first noted by Darwin, that plate-like forms 
in such positions grow a t  right angles to the current, thus presenting their flat faces 
to it. Such a local distribution of different species of coral is in all probabilitjr to be 
attributed to the fact that sllow a very definite range of adaptability to chailges 
ill their external conditiolls, for illforll~atioll regarding 1vhic11 I would refer the reader 
to a 1q1er by Ednlondso~l (1928) and papers 11y hlayor (1918 and 1924). A further 
factor may b6 the i 1 1 c o ~ ~ ~ ) ~ t i b i l i t ~  of corals, for it seems that one form of coral, 
~~ l le l l  urell established, may in sollle way not as yet understood inhibit the grnwth of 
other species. 

]'he I s l u l ~ d s  on the RceJ-l;lat. 

011 the boulder zolle or ou tile lagoo11 side oC it one fillr\s, wllere suc11 still exist, 
a series of islands, wllose llasic structure ma!- differ Irer!- coi~siderabl!. ; and the cluestioii 
arises, how did these islallds collie into existei~ce ? We have at  the l)resent tinle two 
~'iews, diametrical~y olji.)osed to eacll other, as to tlie niauuer in whicll tliey originated. 
i\ccording to the older view tllese islands have all been tllrowil 111) by wave-action, 
i l l  whicl~ case they lllust Ile regarded as being of the nature of an exaggerated boulder 
zolle. 'l'liis view has bee11 expressed by Oldliam (C.F., 1895, 1). 13) regarding the 
forlnation of islands ill the Laccadives : ' The Seas due to t l ~ e  llurricalies would strike 
011 tile caster11 and i ~ o r t l ~ - ~ ~ s t e n ~  sides of the atolls with treinendo~~s force, snlashillg 
alld tearing the coral l,oulders off the edge and hurli~ig thenl oil to tlle centre of the 

9 ,  ; 1lel.e the11 woultl tllc (oulldatioli for tlle futu~.e i s l n l ~ t l .  I he currellts alld tides 
ordillary nlo~lsooll willtls wo~l l t l  tllell I)e suflicie~it to conlplete the re~~lai~lcler ol 
building-ul) l)rocess '. wood Jolles froill llis study of the Cocos-Keeling Atoll 
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Reef of Australia reinarks 'Some of the larger patches, such as e Reef, ~~~~l~ 
~ i t c l i  (11) ~ e e f ,  E l  (1) and Ell1 (111) Kcefs and Eagle Reef, all of w]lich are well isolated 
reef patches rising from twelve to fourteen fathoms in the cIlannel between tile inns 

edge of the Great Barrier Reef and the mainland. These patches undoubtedly re- 
present the eroded flats of foi-iller islands, some of them of considerable sire, r ~ c l ,  
occupied the main part of the Coast Channel '. . . . . . . . ' South of Cape Flatsq t],e 
Low-wooded Isle, Three Isles and Two Isles are the only remnants of tile numerous 
but somewhat widel\- separated islands, which once existed betweell tllat Cape and the 
outer edge of the Barriel- Reef, the others having been eroded and changed to the 

reef flats and ljatches now existing to tlie eastward of these islands.' One could 
quote other instances \vhicl: Agassiz gives of ' the remnants of forlner islallds which 
have been reduced to their 1)resent level 1 ) ~ .  erosion and clenudatioll ', and, tllroug]lout, 
his account of the atolls of the Pacific Ocean is it111 of instances of the lnanner i n  

whicli erosion is steadil~. going on. Gul-'l)y (1889, 1). 465) calls attelltion to the erosioll 
that  has taken place in tlle Button Islands of Clocos-Keeling Atoll and again in South 
Tsland. Fryer (1911) in his account of Aldabra states that ' the atoll is losing on 
every side in its fight with sea and weather ; the sea coast is being eaten away; tile 
lagoon is getting larger, tlle rain is dissolving away the surface of the land, and, to 
balance all, there is oiilj. a sliglit piling of sand '. 

As the islands on the reef-flat are eroded on their seaward faces an ever 
widening belt of shallow water is formed between the outer margin of the reef or 
the boulder zone, where such exists, and the seaward beaches. As Mayer (1918, 
p. 44) has pointed out, the different levels of the Lithothanzl~iolz ridge and the inner 
part of the reef-flat is due to the protection afforded by Lithotlzam~~zo~z growth in the 
former area and to erosion in the latter. He remarks in his account of the Murray 
Island reef ' The 1,imestonc of the fringing reef flat betweell the lithothamnion ridge 
and tlie shore has disappeared, leaving a lagoon about 18 inches deep at low tide, and 
this despite the growth upon it of one oi the most densely cIustered coral colonies 
the writer has ever seen. Viere it not for the of this coral the reef-flat would 

have suffered even more serious disintegration, and in hurricane regions where the 
corals on top of the reef-flats are periodically destroyed, it seems possible that 
fringing reel. . . . . . . might gradually become converted into a barrier reef b!' the 
solution of the limestone due to " sand feeders " and to scouring dne to currents,' 
The floor of this area is in its outer part composed of a hard coral rock which! as we 
pass inwards towards the islands, becomes covered to a greater or less extent loose 

sand, though in few or no areas is this deposit a v e v  deep one owing to stre"gth 

of the currents that with every rise and fall of the tide sweep across the reef flat. The 
depth of watet in this ares is as a rnle only one to two feet at  low water, thougli towards 
the ends of islands, near the passages that run between them alld thus connect the 
inner and outer reef flats, deeper channels may have been scoured ollt slleltered,as 
this area is from the destructive effects of the high seas and )let freely s t l ~ ~ l i e d  w'tll 

ever changing water as the tide rises and falls, it forms an almost idea1 tl'e 
growth of coral. Hickson (1024, p. 216) llas poil~ted out that ' the first im~ressinl 



olle coral reef may be that  it coilsists of nothing but huge shrubs oC stag's 
]lorn BIadrepores, of another that it is all 1)alinate Nadrepores, of a third that  it is 
all Lithothamnion, although a closer exami~iatioi~ sho~vs that  many other kinds of 
coral occur among the prevalent forms '. Mayor (1924, p. 14) and Baker (1925, 
11. 1009) have called attention to the n ~ a n l ~ e r  in wliich, in such an area as we have 
just considered, tlie coral growtll may be divided illto zones, each zone characterized 
by the profuse growth of a particular species of coral. This condition is clearly seen 
in certain parts of the reefs in the Maldives and in some of the fringing reefs of the 
Nicobar Islands. In  the reef on the east side of Octavia Bay in Nankauri Harbour 
(Pl. 14, fig. 2) there is a very clear deinarcatioil into two zones, an outer zone com- 
pletely covered wit11 a 1)rofuse growtll of Sarcohlzy t i~ni ,  and an inner zone in which the 
coral growth is almost com1)letely coml~osed of a b ranch i~~g  Porites ; as Stanley Gardiner 
(1931, p. 90) has ~ o i n t e d  out, ' the visible home of the leathery corals is essentially 011 

the lagoon edges of encii-cling reefs, on frii~giilg 1-eefs within barriers and on 
lagoon shoals '. A some\vhat sin~ilai- division of the reef-flat is to be see11 in 
the friiigiiig reef off Ileed Point a t  the nort11-east coriier of Nankauri Island ; 
here the outer zone is com1,osed coinljletely of a branching plate-like growth 
ap1)arently of Afillepora sp., while the inner zone is 111-ofusely dotted over with a fine 
growth of more solid colonies of Helio+ova coevulea (vide P1. 14, fig. 3 and P1. 15, fig. I) .  

The outer zone clearly shows the peculiarity, first noted by Darwin, that plate-like forms 
ill such positions grow a t  right angles to  the current, thus presenting their flat faces 
to it. Such a local distribution of different species of coral is in all probability to be 
attributed to the fact that corals show a very definite 1-ange of adaptability to changes 
ill their external conditions, for itlformation ~-eg-arding ~vhich I would refer the reader 
to a paIIer by Edmoildso~i (1~128) and l)al~ers 1jy Mayor (1918 and 1924). A further 
factor may bz the incoinl)atibility of cPrtain corals, €or it seems that one forin of coral, 
~ . ] len well established, may in sollle way not as yet u~iderstoocl iilllibit the growth of 
other species. 

l'lze I s la~zds  o1t the IiecJ:j-I;Lut. 

(311 the boulder zone or 011 tlie lag0011 side of it olle t i ~ ~ d s ,  \\.liere sucli still esist, 
n series of islands, ~vllose basic structure ma!. differ ver!- considerably ; and the cluestion 
arises, liow did these islands come illto existe~ice ? We have a t  the present time two 
views, dirunetricaIl!. ol)l)osed to each other, as to the manner in \vl~icli they originated. 
A~ccording to tlie older view these islailds have all been thrown 111) by wave-actio~~, 
111 wllicll case they must be regarded as being of the nature of an exaggerated ljoulder 
zone. 'I'llis view has been expressed by Oldham (C.F., 1895, 1). 13) regarding tlle 
forlllation of islands in the Laccadives : ' 'l'he Seas due to t l ~ e  hurricanes would strike 
011 tile eastern and nortll-eastern sides ol' tlie atolls with tremendous force, sinaslling 

tearing the coral bo~~lders  off the edge ant1 liurlii~g them on to the centre of the 
'-eel ; Ilerc t l i e ~ ~  woultl I)e tile ro~llld:~tioi~ Cos the future islni~tl. 'l'l~e c ~ ~ r r e ~ ~ t s  a ~ l d  ticles 
nlltl ortlin:lry 111oi1soo11 wintls woultl tl1e11 lje sullicie~~t to cc,l~~],lete tllc reii~ai~icler 0 1  

buildil~g-up prc)cess '. Wood Jones l'ron~ liis stud>, of the Clocos-Keeling Atoll 
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came to the coilclusion that all the land in that atoll has been entirely denve(, 
by this process, aided Ly the deposition of wind-borne sand. He relnarks (rgro, 

p. 168) ' The ocean beaches coiisist essentially of a sloping of coral debris 
piled up on the breccia stratum as a basis ', and he also has noted that this basic 
substratum has been ' elevated ' to the extent of some 3-4 feet ; but lie entiRll, 
ignores the part that this raised rocky substratum, which must have been laid 
down below sea-level, has played in the subsequent formation of the island, nor 
does he appear to realize that with this ' elevation ' of the atoll the breccia must itself 
have formed an area of dry land, for he adds ' just as the first step in the formation 
of the barrier consisted of some chance boulder being hurled by storms upon the top 
of its fellows, so the islaizd starts to forrrz by  some bozclder being tossed by the waves 1tf011 
the ~ l a t j o n i ~  of the h~zvrier '. (The italics are mine.) I t  would appear that this agent),, 
namely the 1)iliiig up of coral debris, may possibly be resl~onsible for the formation of 

some, a t  least, of the sillaller islands in the hfaldives. In a few places round the margill 
of all atoll soille peculiarity in the conformation of the reef or a local modification of 
\vave-action, as on either side of an entrance channel, may cause rounded and water- 
worn masses of coral fragments to be piled up to form islands, and examples of sucll 
action are to be found in the islands on each side of the single entrance channel to 
Horsburgh Atoll or on the east side of the south-east entrance of Addu Atoll. This 
latter island, hIulikadu, in its structure clearly betrays its mode of origin, for the whole 
of the upper stratum of the island is composed of a series of ridges and furrows that 
I-tui l'arallel to each other ; with the single exception of the ridge that borders the 
seaward side of the island, all the ridges run parallel to the lagoon beach, each 
successive ridge showing where a storin has added a new beach to those that were 
alread~. in existence. Underlying the island is a basic stratum of raised reef-rock. 
A very similar formation is seen in 1)irection Island in Cocos-Keeling Atoll. Here 
also the island lies a t  the end of the reef borclerit~~ one of the deep entrance channels. 
Guppy (1889, 1). 463) in his clescriptioii of the islaild states that ' In the main it has 
been growing leeward or westward from its eastern portioil by the formation of a 
succession of ridges of reef debris, each ridge thrown up by the waves, and marking 
a stage in the growth of the island. These ridges are naturally hest illustrated in the 
western or more nioclern part, where the outermost or most recent of them have not 
I~een covered with vegetation '. But these islands I consider to be of seconda~). forma* 

tion arid to have arisen later than the original islands of the atoll ; and this 
clearly be the case of the islands a t  tile entrance of ~ o r s h o r ~ l ~  Atoll if we 
suggestion made to me 1,)- Stanley (.;arcliner that the blackelled colo~lr of the water- 
worn fragments of wliich these islaids are colnposed is to be attributed to the fact 
the coral fragments are not fragments that liave been simply tor11 al) oti reef 

flung inwards but are fragments that were origilially embedded ill the reef rock and 
have beeti suhse(juent1y eroded out and still later have been piled UP illt0 the present 
islancls. 

, . 
1 lie secood view o f  tlic origin 01. islallc\s, wllicll was forward by Stslllc). gprdi1lcr1 

' inal 
Snl'l)OSeS that the! llave 1)eeli lurllled b\- a 1:,]1 sea-]evel that i,rollglrt '4 
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coral-reef above tide-marks, and tliat thus there must have been, except for tlie inter- 
rulltions caused by tlie deep entrance cliannels illto the lagoons, a coiiti~iuous land 

area all an atoll. Subsequent changes and especially erosion liave given rise 

to the interrupted cliaiu of islands tliat are found a t  the present day, and have also 
caused the inward dritt of these islands across the reef-flat. Stanley Gardiner (1898, 

428) in his descript~oil of tlie seaward face of some of tlie islands in Funafuti, calls 
attention to the character of the rocky basis of tlie seaward beach and to the presence 
of pinliacles of rock connected with it,  and he concludes that  these latter ' are the remains 
of a part of an old raised reef, which formerly extended for some distance outside the 
present hurricane beach ' aiid the greater part of which has since beell washed away. 

In the Report of the Coral-Reef Committee appointed by tlie Royal Society 
(1904, p. 71), as a result of their iilvestigatioiis Edgeworth David and Sweet con- 
cluded that in the Atoll of Funafuti ' tlie Breccia has apparently at  one time covered 
tl~e reef proper around perhaps t l ~ e  whole of the rim of the reef platform, tliough now 
there are wide stretches of tliis from wliicli it  lias been almost completely denuded. 
Nearly all the islets of tlie atoll liave a fo~uidation of tliis inaterial or a t  least a rampart 
of it along their shore-line facing the ocean. I n  some cases there is an outer line of 
extremely dense breccia, marking the most advanced position oceanwards occupied 
by tliat material at  a tiine wlieii it  formed tlie foundatioii for islets wliicli have since 
been driven inwards over the reef platform towards tlie shore of the lagoon '. 

Stanley Gardiner (1903, pp. 34-6), from his investigations regarding the nature 01 tlie 
rock found in certain atolls and especially of tliat occurring 111 certain parts of tlie atoll 
of IIiiiikoi in tlie Maldives, reaclied the conclusion that  in this atoll tliis rock liad 
formed part of the growing edge of the reef at  a tinie prior to the foriliation of any 
reef-flat and that it had subseclueutly been elevated from its original situation a t  a 
depth of about three fatlloins to a height of some six feet above the 1)resent low-water 
mark. He lays sl)ecial eni1)liasis on the absolute necessity of elevation having occurred 
in an atoll in which such masses of rock are present. Tllis view is ver!. clearly stated 
ln 111s account of the Nortli Malilos Rank in tlie Maldives (1903, 1). 1 7 1 ) ~  where l ~ e  
remarks ' that any land llas been torined save 1,y this cl~ailge of level is, as far as I 
can see, imposs~ble, but mally islands in tlie centre ot the lagoon have been washed up 
as sand banks '. He (1903, 1). 149) reacl~ed a sinlilar conclusion regarding the Laccadive 
arcllipelago, for he remarks that  '1)ractically all land lies on the eastern or leeward side 
of the reef, the groul) being coml~letely exposed to the gales ol the south-west monsoon, 
while it must be largely 1)rotected by India i'roin tliose of tlie north-east. 'l'lie present 
colltour of tlie laud, t l i io~~ghout  tlie group, would hence see111 to l ~ e  really due, as a t  
hlillikol, to elevation a l~t l  subsecluent erosion, the latter having com1)letely removed 
"I save traces of tlie land fro111 the western reefs '. 

It  seelils probable that  both these views are correct and tliat inost of the present 
, , lslallds have hat1 111 reality :I doul~le origin.* Ilie first necessity appears to be the 

- - -  - -- - - -- -- 

* '11 :I r ~ ~ ' ~ l l l  ~ I : I I I C C  l < l l v ~ l r ~ l  ( I , ?  I ,, , ,;c%,,l,,gy , , f  C,,r;ll l{,.~f~,- T I I V  S11clIi11s I ~ x p c ~ l i t i o ~ ~ .  1'1)l. V, I ) ( .  2 )  ] l a ~  l j l l t  t '~)r\va~,l  
'I1' \.''\' l l la t  lllilll!! ,I( t l l C  iS1lllltlS 0 ~ 1  tilc prcl(c,.tccl lCost Illdiau Reef ha1.e been built up  ' for lllally salld C11S.S OCCIIr  \ \ ' l l i ~ I l  



forniation of the raised basic stratmn of coral rock ; without this raised part 
tile old reef the waves will be unable to  pile up debris into the necessary seaward ,.idg 

tile rusli of water across the reef only serving to sweep such debris across the reef illti 
the lagoon. With the fall of sea-level arid the emergence of the old reef edge, fragments 
would be piled up on to  i t ,  especially by wave action during heavy storms, and the 
subsequent destruction of this piled up mass of coral boulders and shingle will be 
depei~dent in the main on tlie gradual destructure of the basic platform by marine 

erosion acting on its seaward face. 
Bourne (1888, p. 443) has pointed out that  in the atoll of Diego Garcia in the 

Chagos he was able to  distinguish four different kinds of what he terms coral rock, 

namely : - 
(1) Reef rock, showing a horizontal stratification and a submarine origi~l; 
( 2 )  Boulder rock, exhibiting a stratification dipping downwards towards the 

sea and forilied just above high-tide mark by tlie consolidation of masses 
of coral that had beet1 washed across the reef ; 

(3) Shingle rock of two kinds ; the first showing a horizontal stratification as 

it1 ( I )  and only differing from it in its finer and looser texture, with a 

submarine origin in the more sheltered parts of the lagoon ; the second 
showing a stratification dipping towards the sea and formed above high 
water mark ; and 

(4) Sand rock formed above water and showing a stratification dipping towards 
the sea. 

A study of the various islands and their coniiecting ridges iu the Maldives reveals 
that  in those instances in which the original position of the island is still ~naintained 
the islands are composed of a solid basic mass of ~ )~ i ina r \ .  rock, on to which 
there has occurred a piling ul) of nunierous water-worn fragments and blocks of coral 
to  form a ridge or outer rampart that ma>- rise to a lleigllt of feet above the 
lnesent high-water level ; and, in the cases that 1 have investigated, this outer ridge 
is situated just internal to  the present boulder zone of the reef ; behind this ridge as 
a rule sand has accnmulated to fortn the major 1)art of the island. The origin of this 

ranipart-like border has been tlie subject of ~onsideral~le discussion ; Stanley Gardilar 
(1903, 1). z g ) ,  in his description of tlie atoll of Mioikoi, gives the Following accollllt of 

what I take to  be a beach of this nature, ' tile surface is covered wit11 masses of coral 
or limestone, some round others flat slabs, weighing up to I cwt. or mure 'so the 
north of Moa-Rambo they are much larger than to the south, where blown sand bas 
also to some extent intermingled All the surface masses are pitted and eatell 
sharp points by the rain, which rapidly drains tllrough them. NO soil has beell 

and layer after layer of blocks can be removed, until a firm bed of conglomerate with'(' 
tidal marks is a t  last reached I .  In  this account the use of tlie term conglomerate Is 

~ ~ - .  .. -- -- 
- .~ - 

- -  -- 

were Inl i l t  s i l l ~ ~  the present r~,I:~ti\,c l e v e ~ s  were ~ ( ~ ~ c ~ l c ( ~  ,," rc.efs tlIat 5vtxc 1 l o t  1:lid d r y ,  I I I I ~  \ ~ ~ r e  still cOvcrcil \'itll li"il" . c l l l r r g e ~ ~ c ~  01 i l lr ir  

c(1rals Ol~vinuslp .  I~o\vevrr ,  vrry  lllnlly :111i1 ~ 1 ~ ~ ~ 1 ~ ~ 1 ~ 1 ~  lII(,st j S l i l l l ( l ~  ]lave IICC'II C O ~ I I I ~ . ( I  :IS :I re51111 of t l l '  .pnlcab 

flats. Willlol~t the negative I11overllellts tI1r ~ n ~ ~ l l b e r  of islallds reef woulrl Ilc (111ile sfll"ll aJl(l i f  ll0 f l l r t l l c r  """ 

occur tlleir nu l l~be r  and extell1 \rill i l l  thc course of t i lnc also iIlldergo co~~siderable  redllctioll'. 
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likelv to be misleading, for, as he explains later, he regarded this rock, as well as the 
over~yillg coral llloclts, as having originally former1 a part of the old reef that  had been 

formed igt in the original reef a t  some (1el)th below water-level I,!. the silting ul) 
of the crevices ancl the sullsecluent death alld llurial ol the coral colonies ; after elev a t '  1011 

to its present l1eight the solutio~l of the cementing material has set the original colo~lies 
free once again and these have been eroded by rain and s p r a ~ ~  to their 1)resent shape. 
That the basic solid rock represents part of the old reef I entirely agree. Ilnfortunately, 
Ile does llot state whether the reverse slope of the ridge was continued inwards in 
a series of spits, so that  one is uncertain regarding the exact degree of similarit!. 

between ridge in Rlinikoi and other similar ridges in Addu Atoll. Tn man!- cases, 
Ilowever, there seems to I)e little dou l~ t  tliat the outer rampart has l~cen thrown up 
011 to a raisecl reef-1)latform I I ~  wave action. 111 several islands round Addu Atoll 

especiall~. on that  part of the reef where erosion 11y the waves has proceeded least 
far, as on the east side, we find a structure of this type, and we may talte the island 
of Heratera ancl especially the south part of i t ,  that  ill the chart given by Stanley 
Gardiner (1903, fig. 109, 11. 415) is named Putali, as an example. Here the outer 
ridge is composed of 1)loclts and masses of dead coral of all sizes, that  apl)ear to 
have bee11 thrown ul) cluite irregularly, and all of them are water-worn, so that  
many are flat and resemble fragments of pavi~lg stones ; on the inshore side of this 
ridge the masses for111 a definite talus slope, running inrvards in spits and lines, where 
the more ro~ulded masses have rolled farther across the surface of the island than 
those that were of a more flat character. I t  must not be overlooked that  a ridge of 
this type ma!,, sul~secluent to its formation, beconle cemented together into a seco~lclary 
conglo~nerate in a mallner very similar to the formation of sandstone, as for iiista~lce 
in the island of Hurudu in the North Mahlos Bank, where, as Stanle!. (hrdiner  (loc. 
cit., 1). 161) remarks ' along the south and south-east sides (of the island) a coarse 
beach rock has also been formed of coral and fragments out of the limestone joined 
together by carbonate of lime de1)osited fro111 the sea-water '. I n  such a ridge blown 
sand may act as a celneiltiilg inaterial and by the solution of calcium carbonate froni 
the ul)per layers by rain water or sea-sl)raj. and its rede1,osition in the lower levels 
of the strattun tlie whole may be conr.erted illto a solid rocl.;. 

In such a secondar!, conglomerate, composed of fragnients of coral that  have, 
since their detachment from the reef, 1)ecome co~lsolidated together, it is not sur1)rising 
that solne of the fragments may be found to  be lying the right way up, and one does 
occasionally find them thus ; but as a rule in such a forniation these inasses are found 
lying in all 1)ositions. Regarding the fonnatio~l of such a secondary conglomerate, 
Stallley (;ardiner (rqo.3, 1).  34)  remarks, ' first the surface, exl~osed to  t l ~ e  tide, has its 
])ores to sollie extent filled ul) 11). sand 1)nrticles. It further hardens and becomes 
thor()uglily indurated witli linie, precipitated fro111 the water, which dries on tlie surface 
after each ebl). . . . Belii~id the surface loose sand becomes *nore consolidated than 
where there is rain water alone. Tlle s o l v e ~ ~ t  actioli within the masses, save for a 
little (he  to tlie rain, is inconsidernhle and the whole differs very little froill the original 
r ed  excel)t i l l  its Iwtter consolidation and t l ~ e  filliug in of its interspaces '. 



, , 
l h e  distinction between what one may term primar!. rock and the seeolldarr 

cord conglomerate, and their recognition, is all importaot. if olir bases tile tlleorv 
relative elevation of the wla)le reef on tlie occurrence of such Inasses o[ rock at 

above the present sea-level. The occurrence of masses of secondary cotlglolncrate 
the reef-flat, even tliougli they may project above the level of tlie present high-water, 
is per .YE 110 evidence that any relative alteration of land and sea-level has taken 
in recent years ; it is merely a proof that in times past land existed in that area and 
that denudation and erosion liave removed all but tlie most resistant c o ~ ~ s t i t ~ ~ ~ t ~  
The height above sea-level of the secondary conglomerate appears to differ very con- 
sideral~ly in different atolls even in the same group ; thus Stanley Gardiner (1903, 
11. 160) descri1)es a ridge on Kenurus Island in the North Mahlos C;roap, that hasbeen 
raised to a height of 13 or 14 feet, a ~ l d  in wliicll the basal eight to nine feet consists of 
recent coral conglonierate, whereas in Addu Atoll this type of formation is found at a 

height of oi~ly some five feet a t  the most. On the other hand the height above sea- 
level a t  wliich the primary reef-rock occurs must depend entirely on the extent to 
which the sea-level has fallen. This primary rock, that was originally part of the 
old reef, may, subsecluent to its relative elevation, have been covered 11)- boulders 
or coral debris and thus liave been enclosed in the mass of an island and protected 
from erosion. In  other localities the upper stratum may consist of shingle or even of 
sand ; and this sand may equally become cotisolidated into an reolian limestone. 
1)uritig the subsecluent erosion of the island this underl\~ing rock may again become 
exposed and form the seaward margin, as one sees, for example, in the north beach of 
the islands of Feliendu and Fuladu in Horsburgh Atoll. An exposed rim of this old 
reef-rock seems to be of universal or almost universal occurrence. C;upp)- (1889, 
11. 262) has called attention to its presence in Cocos-Keeling Atoll, ' such a rock 
now composes the raised margin of the reef in the wash of the breakers, all(' 

in this manner, I imagine this similarly elevated foundation-rock of the islands was 
largely formed. However, as we approach the lagoon, we find that the col1glonlerate 
is composed of much smaller fragments of the same breaker corals, whilst in 
places it is mainly made up of the coarse sandstone '. Wood-Jones (1910) Pays little 

or no attention to this rock stratum, t l l o ~ ~ g l ~  some of his l)hotogral)lls show it (lulte 

clearly. Agassiz (1go3u) frerluentlg directs attention to its l~resellce in the islands 
of the Pacific, and Steer (rq.3~)) llas noted its 1)resence in 1,nw Isles in ~ o s t r a l l a l l  

Barrier Reef. 

Ree/ Roclz. 

The coral rock 01 the old reef wi l l  differ ill its ,-llaracters according to the sitrlatioll 
in which it was laid down ; and one call distillguish 1,etween the rock c1el)osited in 
three different zones of tile reef. TIle rock that was formed ill the old reef along the 
outer zone will lrresent the same characters as the rocl< that at tlie ,)resellt (la). 
the mass of the ' buttress and trendl lone of the present Tlie main cl1aracteristr 

of this rock is the growth of Lilhofihyllum, that covers over ailrl l~rotects alld fina'l!' 
bill& together S L I C ~  corals as are able to exist in  the lleav)- seas to wllicll this 'One 
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is exposed. Marshall (1931, 11. 68) describes tliis rock as follows : ' 'I'lie act~ial  
material of this resistant inass on wllich tlie waves break is a conipact de~lse white 
rock in whicli no structure can be seen even with all ordinary lens.. . . Microsco1)ic 

preparations, however, show a t  once tliat this dense white rock is mainly composecl 
of the thallus of Lithothau~nion and of other genera of Algz. The cell walls have been 
completely covered with a thick covering of carbonate of linie . . . . I t  is alwa>.s 

found that some fine sand is embedded in the small crevices hetween tlie different 
organisms. . . . . . It is found that  carbonate of lime is deposited in the small spaces 
between these materials and unites tlie grains and alga illto a solid rock. The deposi- 

tion of cement takes place so cluicltly and so strong is tlie resulting rock, that  wit11 a 
geological hammer i t  is f o ~ u l d  to  be more difficult to  detach fragments froin it than 
from the surface of ordinary liard rocks.' 

Inside tlie lithotham~lion zone in a modern reef we find, where such exists, the 
boulder zone and boat-cliannel and this is in turn succeeded by the lagoon flat, the 
character of which changes slowly as we approacl~ tlie lagoon reef. As the reef became 
gradually built up, possibly pari passu with the slow rise oi the sea-level a t  the close of 
the glacial period, so the resulting character of the rock will oE necessity conform to  the 
character of the reef in wliich i t  was being deposited. On the boulder zoiie the resulting 

rock will consist of large fragmelits of coral tliat were originally torn off the growing face 
of the reef; these will be cemented into the rock in any l)ositioii. Fnrtlier away from 

the reef edge these fragments will become smaller, forming a t  first a shingle and tlierl 
further in still a coarse Tile dip of tlie rock in this latter situation will be hori- 
zontal or slightly dowllwards towards the lagoon, and since during its formation it 
was in all probability covered to  a t  least s a n e  extent by growing coral colonies, some of 
these will have beell enclosed and in the collglomerate in the upright position 
in which they originally stood 011 the lag0011 flat. L)arwiii hin~self (1889, p. 156, 
footnote) put forward the ~~iem.  that  ' the corals whicli lived in the lagoon reefs a t  each 
successive level, would be preserved upriglit aiid they would consist of many kinds. 
generally much branched. I n  this part ,  however, a very large proportion of the 
rock, and in some cases nearly all of it ,  would be formed of sedimentary niatter being 
In an excessively fine or nioderately coarse state, with the particles alnlost blended 
together. Tlie conglomerate which was formed of rounded pieces of the branched 
corals on the shores of the lagoon, would differ froni that  formed on the islets and 
derived from tlie outer coast, although botli might have been accunlulated very near 
each other. Tlie stratification, taken as a whole, would be llorizoiital ; but the conglo- 
merate beds resting on the exterior reef aud the beds of sandstone on tlie sliores of 

lagoon and on the external flanlcs on the reef, would probably be divided (as a t  
Keelillg Atoll and a t  Mauritius) by numerous layers dipping a t  considerable angles in 

directions '. The transition between the conglomerate fornied in the old 
bolllder-zone and that  fornied near the inner margin of the lagoon platform will 11e 
gradual and irregular, for in the original condition of the reef, as a t  the present day, 

of larger fragments will have nu11 inwards from the boulder zone towards the 
lagoon. Wood Jones (1910) from his study of the Cocos-Keeling Atoll has attempted 
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to draw co~iclusions regarding the fornlation of the various types of rock foulid in such 

a coral formation ; but his account is somewllat difficult to follow and ill allpars 
to be contradictory. He states that  inside tlle boulder-zone lies ' tile jactory of tile 
breccia ' (p. 1 6 0 ) .  'I'his breccia in his view (loc. czt., p. 154) extends from the outer 
seaward margin of the reef to the lagoon, forming tlie Breccia platform, tile outer 
part of which, lying between the seaward margin of the islands and the extreme outer 

edge of the reef, he designates the ' barrier '. Where islands clo not exist the term 
' barrier ' is used to include the whole extent of the reef surface. ' The outer edge of 
the barrier is in many l~laces marked 11y the exposure of large and irregular rock masses 
a t  low tide ' ; these masses he believes to have 1)een derived by wave action frolll the 

outer face of the reef and have been torn off and hurled on to the reef. Between this 
boulder-zone and the outer beaches of the islands lie ' tlie flat of level cemented rock 
free of loose fragments, free of jagged edges, ancl free too of living corals ; boulders 
are washed across and tend to level everything, and only the N u l l i e o r a  may flourish. 
I t  is here that  the finer particles are forced by the spin-drift, as by a sand blast, into 
every crack and rift of the shore-wasliecl rocks ; this is the factory of the breccia'. 
He attributed tlle different character of the rock found near the outer edge from that 
of the lagoon reef solely to the difference in the degree of wave action and the character 
of the material. ' On the ocean side tlie fragments are welded together, sand is drive11 

home, and by the cementing action of deposited calcium carbonate the whole is con- 
solidated into a massive mosaic. On the lagoon shore the materials are in a fine state 
of division, and the force is not nearly so great, and so the product formed is beach 
sandstone, or beach sandstone in which are embedded coral fragments after the manner 
of conglomerate '. . . . ' ii fine loose sandstone represents tlle minimal product of the 
process-the hard mosaic breccia, the maximal ; and all intermediate grades are to be 
four~cl, their  co~jzfiositiogz deeendigzg entirely zipon the u a v e  force that zwas exevcised in their 
~jzahifrg.'  (The italics are mine.) Later in his account lie, however, appears to admit 

that this is not the whole picture for lie states (p. 229) that ' it is easily seen that 
brecciated rock and sandstone are formed in the lagoon by tlle actual deposition 
calcium carbonate. The deposition of calcium carbonate is a very wideVread 
phenomenon in the lagoon '. 

Beach-Sandstone.  

(187.5. P 149)  called attention to tile heacli formation of coral-salld rock 
and mentions that this Ilas been found ill a llumber of the Pacific atolls of the Paumotus 
groul). As he points out, ' the stratified cllaracter is always distinct and the layers 
towards the water a t  the usual small angle, amountillg to 5-7 degrees bordering the 
lagoon and 6-8 degrees on the seaward slope of the land '. He also mentions 
this rock is found in the Maldives. 

Agassir (1895.  p. 223) clearly differentiated between this beach-sandstone al'(l 

tile basic rock of the islands. H~ remarks the beach rock and the so-called 

rock which have been observed a t  the ~~~~~d~~ llelong, I believe, to two different 
tJ'1)es. The former, the beach rock, consisting of coral or other sand, is deposited 
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strata dipping to the sea a t  a slight inclination, and is cllaracteristic of all coral-reef 
districts where sand is accumulated along a shelving line of coast. This frequently 
becomes hardened and changed to a ringing limestone, and is composed usually of 
rather coarse particles, but not necessarily so. The base rock, considered by some 
of the writers on the Bermudas to underlie the Eolian hills, I look upon as the modified 
part of the lower l>ortion of the aeolian strata, changed illto a hard ringing limestone 
in which all traces of stratificatioil have often disappeared '. 

Agassiz was, however, wrong in his conclusions regarding the origin of the base 
rock in the Bermudas. Heilpin and Rice both regard this rock as a different and 
earlier formation, and I'aughan has shown conclusively that  it was formed below the 
sea and not from wind-blown sand. 

Stanley Gardiner 11as also drawn a hard and fast line between the primary coral 
rock and the secondary beach-sandstone that  one sees exposed in places round the 
margins of the islands on the reef-flat ; he re marl;^ (1903, 11. 343) ' the beach-sandstone 
in the Maldives is everywhere l~erfectly distinct froin the raised rock of the islands, 
which is a subinariile forinatio~l, differing radically in its constitution ' and he goes 
on to remark that  ' it  cannot be too stronglj~ empllasized that  the formation of this 
sandstone can only take 1)lace on t l ~ e  beach and between tide-marks. I ts  constituents 
show all tlie characteristics of suc l~  a iorination, 1)eing much broken, angles rounded 
and surfaces pitted. Among them may be recognized l~ieces of coral of all kinds found 
011 the reefs or in the raised rock, but l)rancl~ing sljecies, especially oC the genus Pocillo- 
flora, are by far the inost abundant '. He inaintained (1903, pi). 341 et seq.) that  this 
sandstone is only fornled during pel-iods of rest or of actual erosion of a beach ; but he 
subsequently modified his views on the inode of forination of this rock and he remarks 
(1931, p. 40)) ' The original formation, llowever, callnot have taken place on the 
surface of a beacll covered with sand washed to and iro 11y tlie waves, thus in con- 
stant moven~ent, alld must have occurred a t  some distance witllin the beach.' As 
he points out, there may be a succession of lines of beach-sandstone and he attributes 
this to the sea llavillg overlal,ped an original beach forination. ' All that  is wanted 
to give a fresh line of 11eacll rock is a certain llolding up of the washing away of the 
sand, SO as to give time for tile eval>oratioil of sea-water between tide inarks to make 
itself felt in the consequent collsoliclatioil oi the surface sand of the beach . . . . a more 
gelleral cause may be seen ill tile solidificatioil of the sand along the line where the 
fresll-water fro111 tile land alld the tidal salt-water from the sea meet one another. 
The former is sul~ersaturated wit11 lime, and this is a t  once l~recipitated on the meeting 
of the salt- and fresh-waters. . . Here, in tlle coral sand, the area of precipitation 
1s 011 a line l~etween tide marks some yards wit11i11 the beach, and tlle consequence 
of the precipitation is a consolidation of a belt of sand into soft rock, which, lying 
between tide marlts, soinetimes shows layers and dippiug as on a beach.' Personally 
I do not l~elieve that the 1)rocess oC erosion has any al)preciable effect on the initial 
formation of tllc 1~eacl~-sandstor~c t l~ough, i f  its formation only occurs within the 
I)each, it is oC course only tliiri~lg a 1)rocess of erosion that  t l ~ e  sandstone will be exl~osed. 
I an1 by no means fully convi~iced that one is justified in ii~sisting, as Stanley Gardiner 
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dues (1931, 1). 43, footiiote), on the distinctioll between this beach-sandstolle and 
ordinal-J- saiidstone tliat is iorllled beneath the surface of many, if not all, of tile coral 
islands or beaches i11 tropical regions.* 

I n  ail accouiit oi beach-sandstone Stanley Gardiiier (1930, p. 15) remarks 
tliat ' a t  tlie bases of dtuies a sandstone with certain resemblances and dipping 
rnore or less as does the sand of the dune was found near Kankasanturi, north of 

Ceylon, in Farquhar and in Coetivy. In  the latter two islands the sand dunes had 
been blown up on phospliatized coral land, which is very flat and hard, " platin land" 
as we term it ,  and i l l  Ceylon t1ieJr were on raised reefs, all localities above tide level. 
'l'llis dune sandstone was all covered with loose sand, of which a thickness of at least 
foul- to six feet seemed usual. We dug down through the top of one dune in Ceylon 
but only found our foriliatioil round the base where its deepest parts were best con- 
solidated. Cllearl). tliis sandstolie call only be formed by the evaporation of fresh- 
water, saturated with carbonate of calcium.' The formation of this sandstone is 
tlius not confinecl to the shores of coral islands or atolls ; but may apparently also be 
formed along ally beach that is fringed by a reef or off which a coral reef is situated, 
or in an\- deposit of saiid where this contains a moderately high percentage of calcium 
carbonate. Along the beach a t  Tuticorin on the south coast of India, where there is 
ail iuterruljted coral reef lying some little distance out from the shore, on the sea- 
ward side of the sand-bar that separates the so-called lagoon from the sea there is 
an exposure of beach-sandstone, exactly similar to that seen on the beaches of the 
islands in the hIalclives. 

Stallley Gardiner (1903. 1). 37) in his account of the Atoll of Minikoi remarks, 
tlie patch (of coarse sand) a t  Boni-Kodi fornis a soft very friable sandstone on the 
surface wit11 loose sancl beneath, a1)parentl?. tlie crowbar finally fetching a hard rock. 
'l'lie amount of consolidation elsewhere is ver). varied, but at  the main high tide level 
it coninionl?: forms a loose sandstone, increasing gradually in hardness to the low-tide 
limit. ' In  soiiie of 111~. pits I found alternation of harder and softer sandstolle or loose 
sand. I t  was inipracticable to trench across but pits were s~~fficiently numerous to 
warraiit one in tlie belief that there is an irregular series of lines oi sand rock, more 
or less l~arallel to the lagoon shore with areas of loose saiid between.' I doubt the 

correctness of this latter conclusioii and think it more probable tliat there was a 
tinnous sheet of sandstone, ~~ossibly varying to some or even a considerable degree 
in its hardness, underlying tlie whole of the loose sand of the island. 

I have called attention to the occurrence of a deposit of saiidstone behind 
margin of the raised reef a t  I'aniban, I<ameswaraln Island, S. India, and a study 

the 
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* FIIVII'II ("l'l~e Ccolosy < I [  Cor;lI ' ,  1 . 1 ~ ~  sllellills n ~ ~ a ~ l i t i . , ~ ~ ,  
Y. F'art 2 111' "-IX) rccopllus ''Ii' 
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i s  tlonc 1)y percolatil~y roir~ water.' 
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accoulits of the various reefs and atolls in Indian waters, as well as my own experience, 
has convinced me that the presence of this rock is of very common, if not of universal, 
occurrence. Wherever one digs down in the islands of the Maldives or Laccadives one 
appears to meet an almost identical succession of strata. Moresby (1835, p. 398) records 
that when digging for fresh-water in one of tlie islands of ' Malladone-Madone ' Atoll the 
various strata inet with were as follows :--' On digging down the sand becomes white 
like beach sand but more compact ; below three or four feet a soft sa~idstone is found 
like particles of beach sand indurated. This sandstone is about two feet thick, below 
which depth it softens again to sand and fresh-water makes its appearance. . . . . 
This sandstone which is aljpareiitly formed from beach sand and is composed of broken 
sliells and coral, when exposed to tlie air becomes cluite hard and sonieti~iies on the 
beach loolts as if it were vitrified, being sonorous and excessively hard.' Similar 

'1'~s.r-I:IG. 1.36.-Exposurc of s a ~ ~ d s t o ~ ~ c  abo\rc I)e;\c.l~ o11 N .  Sidc 
of Fel~cndu Island, Hors\,urgh Atoll. 

strata were met wit11 wllell diggillg a  it in Maradu Island in Addu Atoll ; here in the 
first four feet I e~icoutlter~d at first a layer of earth and tlie roots of trees, then came 
a layer of white sand, below \vliicli tile sand particles had becollie co~isolidnted to form 
a laJ7er of sandstone. Under the sandstone was a second layer of sand, and, finally, 
we calne to a mass of coral boulders. Further evidence of the general occurrence of 
this sandstot~e forlllatioll was io~uld in Fellendu Island, Horsburgl~ Atoll, where in a 
cliff on the west side of a 1jay on the north of tlle island the whole series of strata were 
exl)"sed (1'1. 1 5 ,  fig. 2) ; the sali~e strata could also be seen in a well that the inhabitants 

(lug near tile viII;lge at  tile caster11 end of tlie island, and 011 tlie beach close to 
the village on tlie nortll side wllere tlie erosion of the beach has tu~dermined this 

stratuni of saildstolle (Text-fig. 136). 
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As regards the Laccadives Ellis (1924) states that ' several feet under tile salld 

on all the islands, except Minicoy and Kalpeni,* lies a horizontal bed of coral lilnestol,e 

a few inches or perhaps two feet and more in depth. I t  appears to be colltinuo~~s with 
the conglomerate of the reef. There is no indication that any similar bed of lime- 
stone is now in process of formation in any position and it may be perhaps that the 
limestone bed indicates a previous sea bottoill a t  a depth below the action of the 
waves.' Again as regards the structure of Aildroth Island, Lat. 10' 48' N., long, 
73' 57' E . ,  Ellis remarks (p. 91) ' a t  the eastern end of the southern face, a 
conglomerate, which appears to be continuous with that of the reef, rises 5 to 6 
feet along the level of the reef-flat and passes under the sand forming the islands; 
i t  appears to be continued into the layer of sandstone which everywhere lies 
beneath the sand '. That a layer of sandstone does underlie some of these islands 
is thus clear and, indeed, it would seem to be of comparatively common occurrence, 
since, in his description of Kalpeni (Lat. 10" 7' N. : Long. 73' 55' E.) he noted that 
'another peculiarity is the absence of the sandstone substratum found in all the other 
inhabited islands '. Ellis, however, seems to be of the opinion that the sandstone 
layer is, or a t  least may be, continuous with the original coral-rock of the old reef. 
Oldham (C.F., 1896, 11. 4) has pointed out that a succession of strata are to be 
found in some of the islands of the Laccadive Archipelago; thus of Kiltan island 
he remarks ' the island is formed of coral sand, coral sand rock and broken 
fragments of coral reef rock, overlying a hard conglomerate composed of frag- 
ments of reef corals. The coral sand rock may be seen exposed on the lagoon beach 
of most of the Laccadive islands ; it is of a friable nature, but its surface becomes 
very hard when exposed to the air.' He thus appears to collsider that the beach 
sandstone is continuous with the sandstone underlying the island. 

Bourne (1888,) has given us an account, that is very similar, of the strata in 
Diego Garcia in the Chagos Archipelago. He tl~ere found that there was a double 
layer of sandstone, or as he calls it coral rock, The strata from zhove downwards 
were as follows :- 

I. A thin surface layer of sand and mould. 
2 A horizontal layer of stratified shingle rock wit11 large coral nlasses occasioll- 

ally embedded. 
3. Loose coral sand. 
4. A second layer of coral rock, tlie sallle as 2 .  

5. A layer of friable sand and 
6. Solid rock foundation. 

In  numerous other localities the existellce of ~ , e a c l l - s a ~ ~ ~ s t o ~ ~ e  and sa1ldstoue Or 

tuffe ' has been recorded by Stanley (;ardioer. Thus in Peros Rallnos Atoll he relnarks 

(1907. p. 39) The islands themselves are generally formed of coral rock towards 
outside, solid in some l,Iaces, loose ill otllers, ttlffe or cona,li~lated sal1cl-rock 
centre. and loose s a ~ d  towards tile lagooll I. Agaill, regarding Egmollt ;\toll Ile states 

____._ 
----A 

* This i s l a~~d  is lloll~rd Elikalpe~li 011 the Chart VII .  11. -128 st4bm. 
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( 1 0 ~ .  tit., 11. 53) that ' 'I'he islands tlien~selves are very like those of Salomon, wit11 
situated areas of coral-rock, sand and saiicl-rock (tnffe) '. I liave already 

referred to his accoui~t of the rorination ill Cloetivj- (vide sufira, 11. 501). 111 the 
islands of the Amirante Bank, we again find evidence of this rock forination ; in Poivre 
Island (loc. c i l . ,  1). 152) ' the sand has consolidated into rock near tlie entrances of the 
bays ', and as regards Eagle Island (loc. c i f . ,  1). 159) ' tlie lalid is entirely formed of sand 
rock. The shore is sandy with layers of beach sandstone. In  most parts it ends in a 
small sand cliff above, but in some situations in a wall of tuffe rock, 8 to 12 feet high ' .  

G111)py (1889, 1,. 401) in his c1escril)tion of (locos-Keeling Atoll remarks that  ' the 
stratum of co~igloinerate exposed at  the bottom of the wells is usually one or two feet 
in thickness, and ofteii overlies a bed of semi-consolidated sand of l)erha],s a similar 
thickness, underneath which a~iotlier bed of conglomerate may occur ' ; probably this 
upper layer tliat he terms conglomerate corresponds to the sandstone layer noted in 
other localities, the deep stratum of conglomerate corresponding to the old reef-rock. 

Even on tlie coast of Iiidia a t  the extreme souther11 end there is a similar forma- 
tion of sandstone. In 1926 I was able to pay a visit to h~1andapani and the neiglibour- 
hood ; where tlie railway leaves the peninsula and crosses the bridge to Rameswarain 
Island there is a bi-oad s l i t  that  is clearly formed of a marine alluvium and is com- 
posed of sand mixed wit11 shells, for the inost part marine in origin but mixed with 
others belonging to a species of lalid Gastropod (vide sufira, 11. 12 et seq.). 411 round 
this spit and on tlie other side of tlie channel on the inai~iland there is an extensive coral 
reef and a very fine exlmsure of sandstone aiid coral congloinerate. There can be but 
little doubt tliat this sandstone, like that  on tlie islands of the atolls and elsewhere, has 
been formed by percolation of water tllrougli a sandy deposit to some depth beneath the 
surface and that it has subsequently been exposed by erosion along the beach and by 
removal of the sand, probably by the action of wind, fro111 the upper surface. 

A similar formation has been iloticed in coral-growing regions in other parts of the 
world, thus in the Great Barrier Reef of Australia, Jukes, who visited and wrote a 
report 011 this great reef in 1842-4, (vide Saville Kent, 1893, p. 108) records tliat the 
strata in the upper five feet of Raine's Islalid were as follows .- 

Feet. Inclles. 
I. Good black vegetable moulcl . . . ~ . . 0 
2. Stone, browii mottled wit11 white, hard and . . 3 

coarse-grained. 
3. Rich moist l-)lack soil, like bog-earth . . I 4 
4. Stone of a light l~rown colour ratl~er soft 3 . . 

hut tough alicl yielding slowly to t l ~ e  
lick-axe. 

Below this level he found the rock too hard to alloar of his proceeding farther. 
He canle to tlie concl~ision tliat ' either the stratificatio~l and consolidation is the 
result of a gradual t1el)osition beneath tlie level oi low water, in ~rhicli case a niove- 
nlellt of elevation   nu st liave take11 place, wliicll in so sniall a sl)ot seems a dou1)tful 

~rntilitous I~ypotliesis ; or else tlie 1)resent structure must liave been produced in 
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the interior of a mass of loose sand by the infiltratioll of sea- or rain-water, or ,me 

other cause of which we are ignorant . . . After the interior of sllch a mass of sand 
has been consolidated the loose exterior may have been washed away and the solid 
rock exposed.' 111 the Narrative of the Voyage of the ' cllallenger ( ~ l ~ ~ ~ ~ ~ ~ ~ ~ ~  
Report, Vol. I ,  11. 530) it is clearly stated that this island is composed of blown 
careous sand. which has consolidated towards the centre of the island into a comyarl 

limestone. Jukes also makes the interesting observation that in this layer of stone 
one or two nests of turtles' eggs were subsequently discovered ; as lie points out, the 
presence of these turtles' eggs shows that the consolidation of the sand into stone 'had 

taken place after it was raised above the sea. I t  was due, probably, to the infiltra- 
tion of rain-water percolating through the calcareous sand, that llad been gradually 

piled above higli water mark by the combined action of the wind a~ld waves.' ~t 
also shows incidentally that the formation had talten place at  some depth below the 
surface of the sand, since turtles dig down and excavate a large and comparatively 
deep hole in the sand before the). deposit their eggs, afterwards covering the eggs up 
again. 

A feature in which this consolidated sandstone may resemble beach sandstone is the 
stratified nature of the deposit. Mosely (1892, 11. 17) called attention to this feature 
in his account of the sand dunes of Bermuda and he accounts for it as follows:- 
' The rain, charged with carbonic acid, percolates through the dunes and taking lime 
into solution, re-deposits it as a cement, binding the sand grains together. Successive 
showers of rain, occurring a t  irregular intervals, some charged more, some less highly, 
with carbonic acid, and forming each a crest on the surface of the dune of varying 
thickness, produce a series of very thin, hard layers in the mass of sand, alternating 
with seams of less consolidated and sometimes quite loose satld. Crusts of consolidated 
sand are to be observed commonly on the surfaces of fresh sand dunes. These layers 

or strata of the hardened sand follo~l in form the contour of the dunes, and thus where 
these have been l~erfect domes or mounds dill outwards in all direction, with curved 
surfaces from a central vertical axis. Such an arrangement is constantl~~ to be seen 
where sectiot~s of the older rocks are exposed.' 

Corning now to tlle consideration of the various ways in which this lithification 
the loose sand may take place, and beach salldstone or the sandstone of the 
flat may be produced, Dana (1875, 1'. 122) put forward the view that ' these de~Oslts 
(of beach-rock) becoke cemented by being alternately moistened and dried. througll 

the action of the recurring tides and the wash of the sea on the sliores. The waten 

take up some carbonate of lime, and this is deposited and hardens among the particles 
on the evayoration of the moisture at  the retreat of the tides.' 111 the case Oi the 
drift sand rock he ( loc.  i f . ,  11. 124) considers that these sand llanks 
agency of infiltrating waters, fresh or salt, become converted into a sand lnore Or 

less friable, which is frerluently oolite I .  One of the earliest stlldies that have seen 

is that by Branner (1904) who studied the formation of this rock on the coasts.of 
Brazil. He reached the conclusion that it was formed b!. the del)ositiotl Of cement'ng 
calcium carbonate derived from four sources, namely :- 
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(I) Dissolved b). rain-water or sl)ray from the beach s a ~ ~ d s  tllemselves, i.e. 
carried from the upl)er layers of the sand and deljositecl i l l  t l ~ e  lower 
ones. 

(2) From the ocean water after havi~ig l~een derived (through the agencj- oC 

carbon dioxide) from calcareous organic bodies in the sea. 
(3) Brought down from the land by streams. 
(4) L>issolved froln calcareous beach sands 11y fresh-water streams cutting 

behind them and re-deposited while the water is passing seawards t l irol~gl~ 
these sands. 

While agencies ( I ) ,  (3) and (4) will act equally up011 the sand near the surface 
of the beach and that  below the whole extent of the island, agency (2) will only affect 
the sand of the sea beach to a depth to which sea-water and spray can penetrate. As 
Vaugham (1924, 11. 325) has pointed out ' the results of the different investigations 
are accordant, and all agree that  the surface layers of the ocean water in trol~ical and 
subtropical regions is saturated or even super-saturated with reference to CaCO, 
and that any agency that  would cause a further col~centration of CaCO, or which 
would otherwise reduce the capacity of the water to hold CaCO., in solution, would 
produce precipitation '. The deposition of the calcium carbonate from solution will 
be intensified and accelerated in the belt between tide inarks by-- 

(I) The escape of carboil dioxide froin the sea-water where the waves break on 
the beach, and 

(2) The escape of carbon dioxide from the sea-water under the influence of a 
rise of temperature such as would occur while flowing over a shallow 
reef flat or shelving 1,each. Branllei- also suggests that  this hardening of 
the beach-rock may be assisted by the sul~inarine escape of carbon 
dioxide around volcanic vents, but, as there is no evidence of the Maldive- 
Laccadive Ridge having a volcailic origin nor of the presence of any 
volcanic vents in this region, this latter possibility neecl not detain 115. 

Again, any increase in the density of the sea-water will hasten the precipitation of 
calcium carbonate from sea-water, alld it is ~reciselj- in the tropics and ill arid regions 
that the sea-water is most saline and where there is the greatest tendency for the carbon- 
ates to be deposited. In  this conriection it is interesting to note that in one of the atolls 
of the Maldives the sea-water flowing over the outer reef flat was fo~uld to have liacl 
its temperature raised from 29.8OC. to 36.5OC. and in consecluence the rate of evapora- 
tion had considerably increased, thus causing a rise in specific gravity that  on sub- 
secluent cooling will cause a rise in density. 

In the case of 1)ercolation fro111 behind of lake or river-water through the sand 
lleaches, the solution and deposition of calci~uin carbonate will be greatlj. assisted bj- 
the decay of aquatic plants which cllarges the water with organic acids. ' As the 
waters penetrate seaward through the salids of the beach, especiallj- during low tide 
when the hydrostatic pressure of the water in the pools forces thein forwards, they 
attack the calcareous matter with which they first come in contact, and carry it along 



i l l  solution until the?' e11~0~11ter the sea-water. Here there would be a telldencr 
the less sOluljle lillle to l3e pi-ecil)itated, esl~eciall~. if there were a oi 
nlovelllent of water.' precipitation would thus take lllace along the beach lille 

and mrould be confined to a rather narrow Irelt, wliile its lengtll be ,jeternlined 
by the coast-wise le~igtli of the ~ ) O O ~ S  and of the restrailling 13eaclles. while B~~~~~~~ 
was i11ll)ressecl b?. the presence of streams and lakes Ijellind a raised sandv beach and, 
therefore, lays particular stress 011 their importance, it is clear that the same proces 
of solution arid deposition will occur in any area in which fresh-water is to be found 
percolating through the sand towards the sea and Crossland (1905) in his account of 
the Cape Verde Islands gives it as his view that ' Beach Sandstone is formed by tile 
deposition of calcareolis cement from fresh-water on meeting the salt.' Field jIgIg) 

also put forward a very siinilar view. He has been quoted by Daly (1924) in full. 
The only point on which Field differs from other observers is that he introduces the 
agency of storms ; he thinks tliat during these the sand above sea-level becomes 
saturated with rain-water, and that quantities of fresh sand are deposited along the 

ljeacli it1 certain regions, while other areas will be scoured. This rain-water, per- 
colating through the freshly deposited sand, deposits calcium carbonate, probably as a 
result of the escape of carbon dioxide, in the interspaces between tlie sand fragments 
and thus produces beach rock. He rejects the possibility that the result of putrefac- 
tion of organic matter, that  lias been thrown up by tlie storm, can have any influence, 
since on analysis such beach rock is found to be free from any carbo:iaceous material 
IJmbgrove (1928) is also of the opinion that coral conglomerate, and presumably beach 
sandstolie, that is found at or near high water mark in such coral islands, is formed 
not by tlie evaporation of sea-water, but by fresli-water derived from monsoon 
showers that is flowing out laterally from the centre of the island towards the shore, 
where it evaporates on the beach, leaving the lime, which it lias dissolved fronl the 
centre of the islancl, to cement the loose fragments of the 11each together. Stanle! 

(;ardiner i11 his later contributions to the subject has put forward the view that beach- 
sandstone is the result of tlie combined action of both fresh and sea water. He relnarks 

( ~ q j r ) ,  p. 16) ' Beach sandstone forms between tide levels where the rain water that 
falls on the land, hecoming supersaturated with calcium carbonate in sinlcing throllg" 
the soil. meets the salt water, this causing the l)recil,itation of its lime. 'I'he conwLda- 

tioii proceeds hence from inland seawards a t  such a distance behind the sea heacll as 
the sea water penetrates the same. When the overlying sand of the ljeacli has 

washed awa?., these now exl~osed strata hold "1) tlie destruction 10% eno"gil 
to he further consolidated by calcium carbonate from the eva])oration the sea- 

water on their seaward face ' , and in tlie following year (1931, l' 43) l~~ remarks 
tliat ' a more general cause may be seen in the solidification of the sand along 
line where the fresh-water from the land and the tidal salt water from sea meet 

one another. The former is s~lpersaturat~cl with lime, and this is at  once 13recil'itated 
on the meeting of the salt and fresh-water. . . . The ares of precil]itation is a 

between tide marks some yards within the beach.' Yonge (1930) from his 

on the Great Barrier Reef of Australia also concludes that the callse of the formation 



ot beach sandstone in that  area is the result of solution and deposition of calciunl 
; he remar1.c~ ' the summer rains falling 011 the surface of the cay, drain 

tjlrough it, dissolvitlg as they go all the lime which water can carry in solution ; then 
n,lieli the tide is out, tlie water drains away a t  the hase of tlie beach. As it emerges 
it is at once evaporated in the great heat, and leaves behind it the dissolved lime, 
which is deposited between the particles of sand, finally converting them into tlie 
solid rock whicli now exists. As this 1)rocess goes 011 year after !.ear, a series of flat 
sheets of rock, still with tlie same gentle upward slope of the original beach, fornis 
round tlie base of tlie island.' 

These various views presuppose tha t  the only agency in the precipitation of the 
calcium carbonate is the alteration in the amount of calcium carbonate tliat can be held 
in solution ; but there are other agencies that  liave a very marlted influence on the 
production of calcareous mud in coral seas and may eclually be a factor in the lithification 
of the coral sands. Drew, working on the preci1)itation of calcium carbonate in the sea 
(1913)) produced evidence that  this might be due to a specific organism, P s e u d o ~ n o n n s  
calcis, and that as a result of this precipitation there lnigllt be formed certain kinds of 
calcareous rock; a t  tlie conclusion of liis paper Drew remarks ' tlie iilvestigation can a t  
the nlost be considered to  offer a mere indication of the part played by bacterial growth 
in the lnetabolisni of the sea '. Later observers, especially Lipman (1924) liave cast 
doubts on the validit). of Drew's hyl,ot1iesis and this author concludes tliat any denitri- 
fying bacillus may in a suitable ~ n e d i u ~ n  cause the l~recil~itatioil of calcium carbonate 
from solution but that  in the sea the main causes are either a chemical interactiotl, 
such as was suggested by Murray and Irvine ( ~ g o g ) ,  between calcium sulphate and 
ammonium carbonate, the latter being produced by the decomposition of any organic 
matter, or else by a disturbance of ecluilibrium due to alterations in the cluantity 
of carbon dioxide in solutio~i either by tlie upwelling of cold water, 1)y changes in the 
air temperature, the agitation of the water by winds or even the abstraction of this 
gas by marine 1)lants of the ~uicroscopic order. 

Vaugliaii (1924, PI). 321-327) llas reviewed the evidence for aiid against the effect 
of Drew's organis111 on calciu~n l,recil)itation and lie concludes that  ' bacteria taken 
from a bottom mud large]), composed of cheniicall!- 1)recipitated material will 
precipitate CaCO, alld that  the mud coiitai~is nutrient material that  will support the 
bacteria. I t  also appears that  the strongly ammoiiif\-ing ViDrios are probably more 
iml'ortant agents than the denitrifying I ' s c r ~ d o ~ ~ l o ~ r a . ~ . '  

1)aly (1924) stlggests that  l~eacll sandstoile is ouly ior~iled in masses of sand tliat 
]lave 11ee1l snddeuly 1)iled ul) b ~ .  the action oi stor~iis. His conclusions are largely 
based 011 observations carried out a t  the 'I'ortugas I,aboratory. Here in both 1910 
and again in 1919 a hurricane lded  a large cluantity of calcareous sand on the side 
of the Laborator!- war[. Much of this sand seenis to liave been derived from the 
I)rna(l sllelf off shore. I,ess tllan two years later this s a ~ l d  I~etween tide-]narks had 
;~lrea(l! I ) W O I I I C  litl~ilietl to  ;1 tle])tll reaclling a I I I ; I S ~ I I ~ ~ ~ I I I  01  ;11)011t 75 c~lls.,  1-esulti~lg 

all elollgatctl ]ells of tyl,ic:lI l~each-sar~clsto~i~.  'file litlliiication took place under the 
of 25 to 1 ~ )  cms. ol s a ~ ~ d ,  nl~icli  \\!as 11ot lithifietl. 'l'l~e ex1)lanation that  Dal!. 
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gives of this formation is that ordinary beach sands are coml,arativelY free froln organle 
matter, while she1 f-sands are charged with decaying animal alld 

; the bacterial decomposition of this organic matter must cause a precipitation of calciuln 
carbonate from the sea-water, which slowly creeps through the sand because of tidal 

and other changes of level. He, however. conclndes that bacterial actioll is not 
sufhcient to explain the presence of all the cementing material in beach sandstone and 

tliat other factors must come into play. Tliese latter, he concludes in agreement 
Branner, are the heating up of the sea-water and its zration by wave action, both ol 

which will cause a precipitation of calcium carbonate. He adds ' the precipitabon 
resulting from the two causes is practically confined to the thin layer of banked up 
sand, lying between high tide level and a level a little below low tide mark, exactly 

the position where beach rock occurs. So long as the initially cemented sand keeps 
its proper relatioil to tlie breakers and is, for example, not too deeply covered 
iniported sand, the cement can thicken and grow more resistent to blows, until tl~e 

original interstices have become more or less completely filled. On the other hand the 
conclition of shore erosion may lead to the destruction of the new bank before a strong 
rock can be formed.' If we adinit the correctness of the above theory, this would 
1)rovide a reason for the greater hardness of the beach-sandstone than of the softer 
saiidstone that is found underlying so many of the islands ; but its original formation 
does not appear to be in any material way different from that of the rock that is being 
formed beneath the raised sand of the islands. 

On the vast majority of the islands on the atoll rim in the Indian Archipelagoes 
or on the coastal region on the main-land there is a thick growth of vegetation and 
this gives rise to a superficial stratum of vegetable mould, that overlies the calcareous 
sand (vide P1. 15, fig. 2 )  and contains quantities of decomposing organic matter, 
derived in part from the vegetation itself and in part froin the various species of 
aiiiinals tliat frequent tlie islands, aiid in this connection it is interesting to note that 
Steers (1930, 11. 12) reports that ' in tlie Great Barrier Reef in all the cays we visited 
we did not find one in which there was beach rock and no vegetation ' and in olll?' One 

(Xiicliaelmas Cay) did they find vegetation and no beach rock. In this connectio11 a 

paper by Hall aiid Miller (1906) is of considerable interest ; tliese a~ithors have 1lointed 
out tliat the study oi the problem of the retention of bases in soils and especialk of 

retention oi calcium carbonate has sl~own that in cultivated soils and presumably 
therefore also in soils tliat support a rich tropical vegetation, as do lnost of these coral 
islands, ' tlie process of nitrification, goiilg on in all norinal soils, re(ltlires baa 

to coolbine with the iiitrous ancl nitric acids produced by tlie oxidation of the 
and other nitrogen coml~ooiids, I11 an ordinar)- way this base is sup1))ied "J' 
carbonate ' (doc. c i f . ,  p. 2). In silcli soils as one gets in tliese islallds allnost the 
base is calciao~ car1x)iiate. Tliese a~ltllors go on to remark that ' the destrl'ctioll 

nitrates h )  lmcterial actio~i, wit11 the evohltiol~ of the nitroget1 as gas. the 
monly known as " clenitrifir;ltio~i " ,  is alw;l!.s atte11deA I ) ?  ~ ) r ( ) ( l ~ ~ ~ ~ ~ ~ ) ~ ~  Of "'"' 

i\s a]so de~~itrifca- !)onate o f  t l ~ e  Last. wit11 which tlit iiitric acitl kvas co1n1)iiied . . . . . so11 
tion is inost likely to take *)lace in tile 10~rer suLsoil where the ( ) X ~ e l '  
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gases has I~een exhausted, any calcium carbonate reformed in this way would not 
appear in the analyses set out, which only extend to  the depth of 24 inches ' (loc. 
tit., p. 30). I n  this connection, the work of Ross and Bagchi (1919 and 1925) has 
indicated that the rain-water of tropical thunderstorms is charged with nitric acid, 
and this combining with the coral sand will produce calcium nitrate and set free 
carbon dioxide. 

During the inonsoon the heavy fall of rain saturates the soil and may in suitable 
low-lying localities give rise to  pools of fresh water. As this water percolates through 
the soil it becomes charged with organic acids and will when i t  reaches the lower sandy 
level dissolve out quantities of calcium carbonate, that  will later be deposited a t  a 
lower level. Quite apart from the presence of organic acids, the rain-water, being 
charged with carbon dioxide, will per se dissolve a certain amount of calcium carbonate, 
which from subsequent evaporatioil or from loss of carbon dioxide will be redeposited 
at a lower level, as has been pointed out by Skeats (1903, p. 104) who remarks, ' a 
microscopic study of the limestone also shows that  a certain amount of solution must 
have taken place since the rocks have been upraised. It is noticed that  manJr cavities 
in the limestoile have been more or less filled with a stalagmitic coating of calcite and 
in certain cases with dolomite. These deposits are no doubt due to the solvent pro- 
perties of rain-water bearing carbon dioxide in solution, and the precipitation of the 
dissolved carbonates on the escape of the carbon dioxide.' 

Another factor tliat may have a marked influence on tlie depositioii of calcium 
carbonate from a state of solution is the presence of algre tliat by their ordinary process 
of photosynthesis can abstract carbon dioxide from solution aiid thus lower the 
capacity of water to retain CaCO, in solution. Such an agency appears to be espe- 
cially important in the production of Oolite and tlie work of van Tuyl (1916) and 
Mawson (1929) seems to indicate that  this formatioil can be traced to the effect of 
algae in either secreting carbonate of lime or in utilizi~lg tlie dissolved (10, and thus 
causing the precipitation of this salt. 

For a nlore co111l)lete review of the various agencies that  ma\- cause the precipita- 
tion of calciunl carbonate froill a state of solution I \vould refer the reader to a paper 
by Jollnston and Williamson (1916). 

All tlle eviclence tliat we possess seems to point clearly to the fact that  this lithi- 
ficatioll does /lot take place on tlie surface but a t  some depth below, the actual distance 
varying ill different regions, 1)ossibly in accorda~lce with local conditions, froni 
25 to 100 cnis., as in tlie case of the saildstone formation in the sand t l ~ l u w ~ l  up a t  
the '1'ortug.a~ l,nboratorj., or 4-0 feet in the case of tlie sand dunes of Ceylon. Because 
of this limitation O F  de1)tli the sands to~~e  111ust of necessity tend to exhibit the same 
conformation as tlie actual surface. 111 1 1 1 ~ 7  opinion it is onl!. in areas in which erosion 
is taking 1)lace tliat such a for~liation will coilze to view. I n  the earlier stages of erosion 
of a Ijeacll it is the outer forn~ation, in whicl~ tlie strata exhihit a dip towards the 
sea ()\\ling to t l~eir  forn~ation l )e l~eat l~  tlie sea-ward slol)e ol tlie ))each, that  will first 
I)e llllcovel-cd, :ll~cl it is to this portio~i 01 tlie forlnatio~l tllnt Stanley Gardiller has 
:ll)l)lie(l [lie tern1 'beach s a ~ l d s t o ~ ~ e  ' Wit11 tlle exposure OI this layer to the actio~i of 



sea-spray and the mechanical tnrinoil of the waves, there results a still ft1rtller dePOSitioll 
of calcareo~~s material. due to causes that we have already discussed, alld a consecluellt 

increase in the hardness of the stone. This will naturally tend to prevent any filhher 
erosion of the seaward face of the island, but s l l o~~ ld  erosion continue we shall eventually 
reach aiid expose a layer of cay-sandstone that was formed under the reverse slope ofthe 
raised island margin and one, therefore, in which the ' dip ' of the sandstoile is ill elle 
reverse direction, namely away from the sea ancl towards the lalid or the centre of the 
island. Since in a deposit of this nature, i.e. having a reverse slope, the layer of sandstolle 
will rapidly be undermined by wave action, erosion will proceed at a rapid rate and 
in consequence examples of this type of deposit will not be easy to find ; nevertheless 
that such do occasionally occur is shown in the photograph reproduced in P1.12, fig. 3. 
lj'iiialljr, still further erosion will expose the horizotltal strata of cay-sandstone, formed 
beneath the flat island or lalid surface, as shomrii in text-fig. 136. 

Erosion. 

Sta~lle\- Gardiner (190.3, 1). 149) has pointed out that in the Laccadii7e .\rclll- 
l~elago ' practically all lalid lies on the eastern or lee-ward side of the reefs, tile 
g r o V  beitlg completely exposed to tlie gales of the south-west monsoon, while it must 

be largely protected by India from those of the riorth-east. The l~resent contour ol 
the land throughout the group would hence seem to be really due, as at Minikoi, to 
elevation and subsecluent erosion, the latter having completely removed all save 
traces of the land from the western reefs ', and with regard to the Maldives (106. cil., 

p. 157) he remarks ' as to the land on the rim-reefs of the hanlts it is noticeable that 
it lies rather on the east than the west side in all without determination of their positioll 
or form . . . It might be pointed out that the strongest and heaviest winds and seas 
al-e from the westward rather than the eastward. These might be expected either to 
pile up coral and so form land, or perhaps if land already exists, to wash it away. The 
former suppositioil is untenable in view of tlie ahseiice of land, aiid the latter is largely 
discounted by the fact that Felidu and Mulaku, which must be to a large extent pro- 
tected on their west sides by the opl,osite series of banks, are by far the best examples 
of the absence of land on the western reefs. The presence of land would seem then 
to have been determined on the forrnatioll of the Baker (1925, 1). 1017) 

has, however, called attention to the fact that erosioll may go 011 beliiiid the shelter of a 
fringing reef ; he re~narks, ' but wlie~i the coral reef has risen to the stirface lhc 
battering down of the land does not cease ; on the contrary, it coiltinries and the shore 
recedes. Tides ancl currents clear away the ground to a depth of a few feet helow low 
spring tides. The growth of the coral reef olltside the original shore-li1le i)revellts 
much submarine erosion, so that a flat platfclrl~l is left as the shore recedes.' 
in this paper I have giveti examples of this erosioll behind coral reefs in the Andaman 
and Nicobar Islands. 

AS I ]lave i )o i~~te( l  out ill a i,rcvi()lls ,);l],er (Srwrll, L ( , . ; L )  w I I c ~ ~ ' v ~ ~  \ve cxil"'~~l' 

the outer beacll of the islands ill tile atolls tile Maldives wt. ll~~lllist~ll~n')lr evld- 

ence that they are being eroded, ill solne cases only slowly, tli~~lf$ il l  otllers the l)mcea 
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appears to be coml)aratively rapid ; and i t  seems clear that ,  with very few exceptions, 
tllese islands are l~eiiig slowl\. lmt none the less surely destroyed. All along the outer 
shores walre-action and a continuous scouring I>- currents is gradually hreaking down 
and destroying tlie old co~-:~l-rocl< rainl~art, the destruction of these land-masses depend- 
ing on the force of the waves, the strength of the current and the degree of solidarity 
that has been reached Tn this con~lection Agassiz (1895, 1). 215) has pointed out 
that ' the solvent action of the salt water ca~lnot be compared in efficiency with the 
destructive mechanical action of the sea '. I n  consecluence of unequal erosion we 
find that in places extra hard bloclis are left behind, until finally one may get merely 
a line of such blocks and solid masses, to which the name of ' coral horses ' has been 
given, to still indicate ~vhere the outer shore of an island originally stood. Darwin 
himself (1889, 1). 50) refers to tlle destruction that  was going on in some of the Maldive 
Atolls : he remarks that  ' several islands, and even some of those which are believed 
to be very old, are now fast wearing away. The work of destruction has, in some 
instances, been com1)leted in ten years.' In  a previous paper I (Sewell, 1932, pp. 
458-461) have described several examples of erosion that  particularly struck my 
attention during in!. visits to two of the Maldive Atolls Darwin (1889, p. 87) has 
expressed the opinion that  ' the absence of islands on tlie leeward side of atolls, or, when 
present, their lesser dimensions composed with those to windward. is a comparatively 
unimportant fact '. I entirelv disagree with such a view. The greater or lesser impor- 
tance of such a definite difference on the two sides of an atoll depends entirely on the 
view that one holds regarding the inode of fomatioll of the islands. If these islands have, 
as 1)arwin and others have thought, been thrown up by wave action, the absence or the 
smaller size of islands on tlle lee side can clearly be correlated with the more sheltered 
~osition and the coml~arative rarity of heavy seas ; but if, on the other hand, the islands 
]lave been formed I)\- the fall of sea level and the subsequent erosion of a continuous 
lalld area, then their smaller size or absence on the leeward part of the rim of an atoll 
is entirely contrary to what one would expect. 

Since this erosion, as already mentioned, depends very largely on the strength of 
the wave action and tile surface currents along the shore, one ~ v o ~ ~ l d  expect in tlie 
region of the Rlalclives and 1,accadives that  it would I,e nlost rapid on the south-western 
side of the atolls and further, that  Inore erosion would have taken place in those lati- 
tudes in which the soutll-west monsoon is strongest. If now we compare the atolls 
L)iego Garcia (1,at. 10" S.) ill t l ~ e  Clliagos Arcllipelago, Addu (1,at. I" S.), Haddumati 
(I,at. 2" N.) and ibIinikoi (I,at. 9" N ) in the Maldives and the atolls and hanks of the 
14accadives. we find a regular series in which at  the southern end there has been 
but little erosion, whereas this rapidly increases as we proceed further northward. I11 
tile Chagos Archil)elago, lying well to the south of the equator, we are out of the track 
of the sont.11-west nionsoon and more in the region of t l ~ e  south-east trade winds ; 
and liere we t i ~ ~ d  that  the atoll of I)~ego (hrcia  is conlpletely surro~utded wit11 land, 

where the cntra~ice cl~annels into tlie lagoon Form a gal). Other areas 
this group have not, Iiowevel, esca1)ed so lightl!.. In the case of Solomon ,4toll, 

lalld is allnost entirely absent fro111 the south side and a large part would appear to 



llaye heel1 eroded awaJ- on the  ~iortli-east side. 'l'llis atoll lies to tlie east side tllr 
arc11il)elago a ~ l d  is 1)rotected oil the west 11)- Peros Banhos and 011  tlie nortll and llortll. 

east sides 1)). Sl)eakerls 13aiil; nlld 13leilhei1il lioclis. This 1)rotection IS retlected 
t],e 1)oitioil of the  islands tha t  oil the solltli-west, west and 1lort11 sides abut 011 tile 

boulder lo*le aiid lie close to  tllc 1)resfllt nlargi l l  of tlie reel, wllereas 011 tlle*"'tll 
east and east they Iiave I,eell dri\,el~ incvards tocvnrtls tlie lagooll. ['eras TIallllo' 

Atoll there are se\.entI islands on the \vest a l ld  ll(lrtll si<les, 1 ~ 1 t  bet\\.eell the 
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entrance and Ile YCy6 a t  the north-east corner, are olily two small islands, the two Iles 
Coquillages, and one rock, Coin du Mira : all the rest of the south-east 1~t1-t of the atoll 
rim is bare of land. Addn Atoll in the Maldives lies slightly to the south ot the ecluator 
and, therefore, to a coilsidesable extent out of the track of the full force of tlie south-west 
monsoon, but here we begin to find evidence of erosion on the nortlleril part of the riin and 
ill the south-west part of the atoll the islands are being driven inwards, a line of snlall 
islets and coral horses ~narlting the original limit of the land. Hacldu~nati Atoll, lying 
about 2" N. of the equator, possesses a large number of islands around the eastern and 
southern sections of its riin, but as we pass round towards the west and north-west we find 
that the islands become inore and inore sparse and scattered, till in the northern part 
of the western reef all traces of land have coinl~letely disappeared. Horsburgh Atoll, 
lying in Lat. 4" 50' N., and Minikoi, lying in Lat.  8" 20' N., are considerably inore 
exposed to the south-west monsoon, though probably not quite far enough north 
to experience its full force, and here we find that  in the forlner all trace of land has 
been destroyed on the west and south sides of the atoll, while in tlie latter all land has 
disappeared from the west and north-west side of the atoll. Finally, ill the Laccadives 
the majority of the atolls and banks on the west side of the group, where these are 
exposed to the full force of the south-west wind, show a t  the present day no trace of 
land at all, though in a few cases sillall islands still exist, and it is in the atolls and 
banks on the east side of the group, where wave action would 1)e to some and possibly 
a considerable extent reduced, that  most of the islands are to l ~ e  fo~uld.  One is, I 
think, justified in adopting tlle view that  the presence of so many islands on the east 
and south-east sides of the atolls in the Laccadives and Maldives is due, not to their 
formatioil in these situations, but to the fact that  up to the present time they have 
managed to escape destruction. \Vhile Ilolding this view with regard to the Maldives, 
one must not, however, overlook the fact that  i t  does not, a t  any rate a t  first sight, 
appear to al~l)Iy equally \veil to the atolls of the Pacific Ocean 'Che atolls of the 
Pacific that most closely rese11ll,le and, tlierefore, call best 11e compared with the atolls 
of the hlaldive Archipelago, are those included in the Ellice, Ciill~ert and Marshall 
Islauds and those of the Pau~llotus C:roul). In  tlle case of the I'auinotus and in the 
Gilbert and Ellice Islalids the gellei-al coitdition apl)ears to 1,e verj- siinilar to that  
found in the NIaldives 1,accadives. In  the Pa t l~z io t~s  the reefs on the south and 
south-west sides of tile atoll are coml)ar;ltively free Croiii land ; ilgassiz (1903~1, p. 91) 
remarks ' on atolls, 1vI1icIi like 'fakunie, run froill south-west to the north-east the 
land rim is nlainly 011 lee side ancl only ~,art ly on the weatller side 011 atolls 
which run in the ol)l)osite directioli the land is usually best develo1)ed oil tlie nortlieril 
and eastern faces, which ma\. 1)e considered the lee side, the south-west extremity 
beillg usually l)o~undecl 1,). low bare reef flats wit11 but Few islands and islets.' On 
Rallgiroa the whole of the south and south-east reef carries only 4 or 5 small islands ; 
On the soutll-wcst side the gal)s l~etn~een tlle islailds 1)ecome o f  great wiclth, some 01 

being several iniles wide. On Tikahau on the south-west aiid west face there are 
five small, widely separated islets on the submerged rim. I n  Fakarava on the 

lee side the atoll is fringed 1)~. large well-wooded islands, while on the weather 



side there is a wide reef flat on which sniall islands are found otl the inner edge, 
'l'akulne is noteworthy for the great anlnber of its islands alld idets, which forln 

tlle land rim on the lee side. .is Agassiz points out ( ~ g o j a ,  p. 1.3) ~l~~ do,,,l, 
by erosio~l and denudation and the planing action of the sea are all factors we 
still see going on a t  all points of the Paumutus.' Again (loc, tit., 1,. 237) Agassiz 
' the ahsence of land rims on the western face of several of the atolls of tile cilbert 
Islands is a characteristic feature of the group. At Tapeteuea and Tarawa, as at 
Onoatoa, the eastern faces form a nearly contintlous land rim, the face 
is only protected b ~ .  a sunken reef flat, covered with water of variable depth enclosillR 

very indistinctly marked lagoons. These indistinct lagoons appear to have been 
formed, a t  least in the case of Onoatoa and Tapeteuea, from the erosion of wide fringing 
reef flats once occu1)ying the summit of the shoal areas of the atolls of Onoatoa atld 

Tapeteuea, on the eastern face of wliich the land rim has bee11 thrown up.' Regarding 
the Marshall Islands Agassiz ( loc.  c. i / . ,  1). 2 75) states that ' the land rim is especially 

developed on the side ex1)osed to the raking of the north-east trades. I t  is somewhat 
less developed on the faces where the trades strike the shore at a greater angle. The 
land rim on the southern and western faces is u sua l l~~  bare of islands and islets. . . . . . . 
Wherever the coast line faces the general trend of the trades, the narrow land rim 
of the hlarshall Islands is found ; wherever on the contrary it runs more or less parallel 
to i t ,  the land rim is limited to a few insignificant islands and islets ; where the outer 
face of the lagoon is 1)rotectecl during the greater 1)al.t of the year the land rim is still 
more insignificant, or becomes a belt awash.' These latter examples are, thus, in 
marked contrast to the condition fomld in the Maldive and Laccadive Archipelagoes 
and the onl!. 1)ossihle explanation, that I can see, is that in the Pacific the constructive 
action of the waves in piling up debris from the reef must be greater than their des- 
tructive action in eroding and clestroying the islands exposed to their full force. Wh!' 
there should be this difference in the two regions cannot be at present answered; 
but I may perhaps be permitted to point out that, this difference provides a ver!. good 
example of the difficulties that may arise when we attempt to a11111y the phenomena 
discovered in one ocean to another. 

Tlie gradual destruction of the dead coral 011 the reef and the erosion of the 
seaward face of the islands give rise to the formation of large of sand and 

silt, and this is still further augmented by  the remains of other marine organisms# 
such as sponges, Polyzoa, hlollusca, Crustacea and Echinoderms, as well as Foram'- 
nifera and the calcareous alga, such as Hnlinzeda. With e17er?. rise of the tide this 

mud and silt is swept across the reef and through the channels between the islandsl 
during which process it acts as a scouring agent producing still further erOsioll ' 
i t  is to a large extent deposited on the lagoon side of the islands or over the 
the inner part of the lagoon reef, while to sane  extent it is swept still 'llrther 

inwards into the lagoon and thus becomes deposited over the lagooll noor; 
particles of sand are driven inwards by the wind and are deposited oa level area 

of the islands or are piled up on the lagoon of the island as a ridge Or ' lawn 
mound I .  As the islands are eroded on their sea-ward faces and the sand tht's 
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is deposited on the lagoon side the whole island slowl!. ' rnigrates ' or drifts across the 
reef flat towards the lagoon. Under tlle influence of tlie l~revaili~ig winds and currents, 
sand and shingle tend to  he deposited along certain definite lines and to form spits 
that run to leeward oi the islands. In  the case of Addu Atoll under tlie influence of 
the north-east monsoon several sand cays and spits have been formed on the lagoon 
side of the eastern islands with their horns pointing to the west ; ultimately stlch sand 
spits may coalesce, so as to enclose a shallow area of water and thus give rise to a 
small pool or lake. ihlother possible mode of formation of such lakes (vide Stanley 
Gardiner, 1903, p. 417) may be tlie deposition of sand bars a t  both elids of a channel 
running between two islands, thus enclosing a basin between them. Guppy (1889, 
p. 466) pointed out that  this 1)rocess was going on in the case of a group of small islets 
in the Cocos-Keeling Atoll 011 the east side, viz. Pulo Arnpang (major and minor) and 
Pulo Bruko, that  stand on the same conglonlerate platform. Here tlle outer iiiargins 
are becoming joined together 1 , ~ -  the encroachment of the vegetation on either side 
of tlie gaps between the island, while on tlle inner or lagoon ends sand banks or shoals 
have been formed, and these are extendi~ig laterally, ' sf) that  a t  no distant date the 
islands will be united a t  t h e ~ r  inner n~argins as well as a t  their outer borders, arid 
two lagoonlets will re1)resent tlie original gaps between tlie islands '. Tlie water 
in such lagooi~lets or lakes will originally have bee11 salt, but as a result of rainfall 
this will in course of time beconle Inore or less fresh. With increasing vegetation 
and the further accu~l~ulation of sand, shells, etc.,  the general level of the island will 
gradual1~- be raised and such 1,001s will tend to I~ecome silted up. A further agent tha t  
appears to assist in the ultimate ol>literation of such pools is the for~nat io~l  in the water 
of a flocculent deposit of chalk-like nlaterial ; in sollie oC tlle pools on Heratera island 
in Addu Atoll this iorrnatioil was going ou a t  such a rate tliat the whole of the coiltai~led 
water was of a milk!. apl)earance and the beds of tlle ~)ools were covered 11y this deposit 
to a depth of some 6 to (1 inches. This deposit would apljear to be very similar in 
character to tlie flocculent del)osit that  is fou~lcl 111 tlie shoal waters of Florida and 
the Bahamas. Agassiz aild others have suggested that  much of this calcareous deposit 
must 1)e due to the clietnical 1,recipitation of calcium carbonate from its solutio~i it1 
sea-water and is not to I,e attributed to tlle inechanical traiisl)ortatio~i of detritus 
i'roln the reefs (vide iitSru, 1). 526). 

-1s alread!. ine~itioned, along the inner or lagoon side oi an islaild the sand is 
oltell 1)iled ul) 1)artly b!- the action of the waves and l~ar t ly  I)!. tlie wind, to a lieigllt 
greater than that  of the general level of the rest of the island, so that  i t  forms a distinct 
ridge along tlie inner side tliat is termed the ' lagoon mound '. A tyl)ically perfect 
lslalld will, therefore, consist of an outer sea-ward ridge of stones and boulders resting 

a substratum of the old reet rock, a general level of sand and shingle mixed wit11 
';llells, etc., the shingle or boulders predominati~~g in its outer half, and an in~ier rampart 
or lagoon mouncl of IIlown sand. It is in those islands that  are still situated near 
tile site of tlicir original for1~lntion aud o1)posite wllich, therefore, tliere is a wide expanse 
0 1  the illnei lagoo11 flat, sepnrati~ig the111 from the tleel) water oC tlle lagoon, that  tlle 
lllner 0 1  Iagoo~l 1,eacll is likely to Ile 111 ;I con~para t i~~e l !~  stnl~le state and it is here that 



one finds the best exainples of the inner ridge of clean sand arising from the loel 
of tlle reef flat to ioml s ridge or lagoon mound, frequently some feet above the general 
level of the island and usual1~- crowned with a growth of scrub and bushes. 

One caniiot leave tlle qnestion of the islands and their formation without a re. 

ference to the occurrence of ptunice. The occurrence of this material on these islands 
has freqoently been recorded. Stanley Oardiner (1906, p 582) remarks 'one mar 
point out that on the shores of inany of the islands there are lines of p~mice, which 
the natives state were washed up about 1885, and would hence have probably owed 

their origin to tlie eruption of Kraltatoa in 1883 '. Many years earlier Alcock (1902, 

p. 175) recorded the occurrence of a bed of pumice in one of the islands of the Laccadive 
group aiid Oldham (Cl. F.] 1896, p. 6) also records this deposit (on Kardamat island); 
he reillarks that  ' it is strewn all over the surface and varies in size from a marble 
to half-a-foot in dialnetel- ' .  The presence of this line of comparatively recent pumice 
aloiig the shore or across the level of some of the islands serves to give us a means of 
estiinating the changes that  have talten place in the configuration of the islands since 
1885 or thereabouts, aiid in some instances, as for instance iii Heratera island in 
Addu atoll, gives an indication of the amount of inward ' drift ' that has taken place 
in the islancl since that  date. 

As the islallcls migrate towards the lagoon the destructive action of the lagoon 
waves is able to prevent the addition of further sand and finally erosion colnmences 
011 this face of the island also. It is not easy to ex1)lain why at a certain stage in the 
history of one of these islands tlie process of deposition of fresh sand on the lagoon 
side should cease and be replaced by tlie action of erosion. There are, I think, two 
factors involved in this. The first is the proximity of the lagooil beach to the inner 
margill of the lagoon reef. So long as there is a wide expanse of reef-flat on the lagm 
side of an island, wave action will be inhibited, but as this expanse becomes progressively 
narrowed by the inward ' drift ' of an island, the action of the waves will increase 
alld will eventually 1)revent the further deposition of sand, and may even be sllfficielltl!' 
strong to act up erosion. The seconcl factor is in all probability connected with the 
colldition of the lagoon reef. So lollR as this is floorishing and is covered with growing 
coral, it will act as an efficient barrier to the lagooil waves ; but with increasinger0siol1 
and the del)osition of mud or silt, the integrity of the reef-edge is broken up and it 
lollger call act as an effective barrier, so that the action of the lagoon waves is now 
011 the lagoon shores of tlie islands on tile reef-flat. I n  those islands that have migrated 
sufficiently far across tlie reef-flat, we find unmistakable evidence of erosion ()I1 the'r 
lag0011 faces with the exposure of sandstone, that a t  first is of the beach-sandstone 
type and slopes towards tlie lagoon but that a t  a later stage shows the charactea 
of a sandstone that has been deposited beneath the reverse slope of the lagoon 
With erosion going oil sinialtaneoasly on the two sides of an island, its final destruc- 
tion and disal)l)earance cannot be long clelayed. 

The Lagoon flat urld ilze Lngoon Edge. 
4 s  we pass irom the lagooll l,eac]l 0,. tllr isliulds towards the cclltl'c 01 

' a ~ O O l '  

find that the s ~ ~ r l a c e  the lagooll flat slol,es gradually ~ O W U W " ~ ( ~ S  "" 



SrJ'UI)TES ON COICAL A N D  CORAL-FOR,MATIONS I N  I N D I A N  WA'rEH8. 51 !I 

is a steady increase in the quantity of coral that  is growing on the 

surface. At first the lagoon flat is composed almost etitirelj- of sand, that has clearly 
bee11 derived largely from the destruction of tlie islands or the coral and rock of the 
seaward reef and boat channel and that  has bee11 swept b!- the tidal current througll 
the channels between the islands and clepasited on the lagoon flat. As one passes 
further inwards, however, patches of cpral begin to make their appearance, for the 
lllost part of species of Acrofiora, and these become more and more frequent and even- 
tually coalesce to forrn definite beds and, finally, to form the reef of the lagoon edge 
itself, which in Inany instances possesses a steep and precipitous inner face. Stanley 
Gardiner (1898, p 498) states that  in the case of tlie atolls of tlle Pacific Ocean ' the 
precipitous cllaracter of the reef towards the lagoon and the mushroom-shaped heads 
of coral are no doubt due to solution. This tlieory illlplies that  the reef, as fast as 
it is formed outside, is dissolved away inside, as tliese barrier and atoll reefs are fairly 
uliiforin in breadth. The solutio~l forins the cliffs and undermines the shoals.' It 
seeins to me that  far too much is attributed to the effect of solution and too little to 
the inherent property and peculiarity of the coral growth itself and the effect on this 
growth of sedi~llentatioil of niud and sand and other adverse conditions ot temperature, 
lack of sunlight, etc. Wood Jones (1910) has brought forward evidence in favoui- 
of tlie view that  sedilnentatioil is the chief agent in the fortnation of these atolls 
and iny own observations have led me to accept this agency as one of the possible 
contributory factors. On the other lland Vaughau (1914, 1) 67) has come to the 
coliclusion that as regards the coral reefs of the Pacific, ' atolls are not formed by 
solution, but by constructional geologic agencies '. l'racticall!- ever:. coral reef that  
I have s e ~ n ,  whether it be inside a lagoon or on the seawa~d face of a reef, and eclually 
whether it be in a sheltered locality or exposed to heavy seas, provided the depth 
of water in wliich tlle reef is growing is suficient to allow of its formation, has a vertical 
or nearly vertical face ; and the general appearance of tlle steel) side of a coral reef 
111 any situation that  is sheltered is remarkably similar, whether it occurs in an atoll 
or on the lee side of a barrier reef or even in a fringing reef in a sheltered situation 
such as occurs around tlie shores of many of the islands in the Andamaus and Nicobars. 
Mayor (1924, 1'. 59) in his account of the reefs of Samoa remarks that  ' the overhatlg- 
11% sea-ward edge of the flat upper part of the reef is cornposed chiefly of Acropora 
Lefitocyalhus, which, after it dies, remains bo~uld to the reef hv a veneer of litl~othainnion. 
Beneat11 the overhanging edge there is a precipice or steep slope of from about I to 
6 fathoms, a t  the base of which Acrofiora clusters thickl~.. Thus the reef grows sea- 
ward by tlie fornlatioil of an overhanging edge a t  low tide level, which often breaks 
off and falling to the bottom of the slope, aids iu the upbuildiug of the reet.' The 
description given by Julies (vide Saville Kent, 1893, p. 114) of a part of the Great 
Barrier lieel ol Australia will, with the sinil)le alteration of the nanles of the different 
sI)ecle.s of coral that  lie mentions, al)ply alnlost equally well to the majority of reefs ; 

snlootll :u~d rounded masses ol illcnrrdrirtrr allti Astrrrri were contrasted with delicate 
Ic;lt-lllcc illl(l CII~I-SI~;L~)C(I ex1);11Is~oIis 01 E X ~ I N I L ~ I Y I N  :~ild wit11 an illfit~ite variety o~ 

J)lilllclllllg Ll(id~cbo~a. and S e ~ ~ r ~ t ~ ~ f i o r ~ ~ ,  solne wit11 nlere finger-shaped ljrojectioas, 



others with large branching stems. and others again exhibiting an elegallt assemblage 
of interlacing twigs of the most delicate and exquisite workmanship. Their roloun 
were unrivalled. vivid greens contrasting with more sober browns and yellows, mingled 

with rich shades of purple, from pale pink to deep blue Bright red, yellow, and peach- 
coloored Nulliporz clothed those masses that were dead, mingled with beautiful 
pearly flakes of Eschura and Retepora. the b t te r  looking like lace work in ivory.1 
Clearly the vertical face of a reef that  consists of living coral represents the present 

limit to which the reef has been able to extend. The fringing reefs around the shores 
of Nankauri Harbour in the Nicobars arise almost vertically from a depth of 15-20 

fathoms and extend up to or ~iearlp to the smface and the whole face of the reef appcaa 
to be composer1 of living coral masses. Stanley Gardiner (1903, p. 319) from the 
appeararlce the reefs in Addu atoll concluded that ' on all sides of the lagooll in 

Addu atoll the reefs appear to have grown out into its basin.' I have made but little 
atteml)t to determine the various species of corals that were growing on llie reef face 
in the regions tllat I ]lave been able to examine, but the general condition of the reefs 
agrees tile above descri~~tions ancl there can be no doubt that the inner vertical 
face of tile lagoo11 reef is, as a rule, in a state of magnificent vitality ; from sea-level 
down to a de l~ th  of about one fathom and from one end of the reef to the other, practi- 
call\- every available square inch of surface is covered by and is composed of live 
growing coral, and there does not seem to me to be the slightest foundation for suppos- 
ing that this part is undergoing decay and solution. Down to this depth (about 1-2 

fathoms) the face of the reef in many- places has an inclined slope, so that from the 
top of the reef one is unable to see the character O F  the lower or deeper area. Below 

this upper stratum of living corals the lagoon reef very Frequently falls steeply and 
ma). even be undercut. Stanlej- Gardiner (1898, 11. 123) calls attention to this drop 
il l  the reef face and it is to solution that he attributes the presence of ' the srnall ~18 
from the e d ~ e  of the reef to the bottom of the lagoon, which as far as I have seen, -. - 

is of ver!. general occurrence, and would not he fo~uid were the lagoons being gradually 
filled up by detritus as the subsidence theory recluires.' I f  the vertical face of the 
lagoon reef were due to the effect of solution, we sllould, irom the general similarit!' 
that exists, he forced to conclude that the vertical faces of man\- fringing reefs \ w e  
also due to the same cause. That solution or, a t  any rate, re~lioval of calcareous 
material does occur is indisl.)utable, but it is 1,robably only dead coral that call tlllls 
be acted on and, as Murray and Irvitie (1890, 1). 95) have I)oii~ted out, ' it al)l)ears, 
then, that those portions of a coral or shell that have been recently in direct 
tion with the organism are more soluble than those lJortions which are older. alld Ilave 

conserluently largely passed into the crystalline condition : even as regards this 
action. Mayor (1924,p. 27) .  after quoting from the work of Drew (1914) and h.lcCIendo" 
(1918), points out that the shallow water over coral reefs is saturated or evell sUper- 
saturated with lime and in consequellce, he it tlms appears that sol11tion 

of calcium carl~onate in trol,ical water is so slight as to l,e negligil~le.' o n  tllr other 
hand tlir aealyses of samples of deposits lllade I,?- Stank!- ( ;arcliller ('9:" 
111). 322-3)  clearl\. suggest tllet there is collsi(ler;rljlc so l l~ t io~~  01 c;llc;lreofls lll"er"' 
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froln these deposits, since the percentage of silica containecl in them is abont 50 t i~nes  

as as is found in tlle reef rock or sa~lcl. I t  wonld al)])ear tliat tllougli t l ~ e  effect 
of solution may have 1)een consicleral~lj. overestimated 1)y certain observers, some 
action at least must 1)e going on in the lagooils of tliese atolls and in other situations 
where dead coral or coral rock is exposed to tlie action of salt water. But otlier 
agencies are extremely active, such as .fish, l~olotliuriai~s, living algz, sljonges, and 
molluscs, all of which cause destruction of the dead coral and when these agencies 
are combined with erosion, due to currents bearing sand and detritus, the lower slopes 
of the reef get ~uldercut and we have a condition such as that  which Paradyce has 
figured for the coral reefs of the Australian Barrier Iieef. Suc11 coral heads were 
fully described by Dana (1875, 1). 110) : as he lmintscout ' they are most likely to 
occur where there are great reg io~~s  of sllallow water exteriding outward from the 
barrier, and where tides are not heavj- or there is partial 1)rotection Eroin t l~em.  I11 
some seas, such isolated l)atcl~es are s1ial)ecl like a great mushroom -having a narrow 
trunk or coluinn below, supporting a 1)road shelf of reef above.' 'I'he undercut character 
of these coral lieads is not confined to colonies tliat are growing a t  the present sea- 
level, but it is also clearlj- seen iu a number of localities where the fall of sea-level 
has put these now dead corals well above the surface. Fryer (1911) has called atten- 
tion to such uuclercnt rock pinnacles i l l  Aldabra Atoll (vide his 111. XXV, fig. 3) and 
Macfadyen (rc)jo,  jigs. 1-8) has figured a ntunber of such froin tlie Red Sea. This 
undercutting action is attributed h!- Fryer (loc. c i t . ,  11. 409) to erosion and to solution, 
this latter action being due Iargelj. to tlle 1)reseiice of decaying organic matter in the 
lagoon mud ; wli~le Macfacl\.ei~ attributes it entirelj- to solution. Probably both 
solution and erosion are active agents ill its l)roduction, the degree to which each 
is concer~~ed vai-!.ing in differelit localities. I n  living coral the exactly opposite process 
is going 011 and calcium salts are abstracted from n state ol solutioli in the water and 
are h i l t  up into the sl<eleton of the coral. 

In my o1)inion the vertical or 1,recil)itous slope of the reef face is, to sorlie extent 
at least, tlie natural outcome of the growth of the coral itself and is not due solely to 
solution or erosion, t l ~ o u g l ~  there is no doubt that ~ v l ~ e n  this steep face has been formed, 
subseclueiit events nlay so act on the reef that solution or erosion ma\- then come 
into pla!. and 1,y the re~iio\ral of material from the deeper strata still further increase 
the steepness of the slol~e or even ~ ~ n d e r ~ n i n e  the ul)l)er living growth. 1)uerden 
(1902, 1). 438) concluded that ' the llresence of zooxantl~ellz does not seem to be 
at a11 essential to the life of coral l)olyl)s, seeing that colourless individuals in the shade 
flourish apparently as well as tliose in fully exposed places.' Vaughan (191411), also 
carried out exl)eriments on this 1)roblem and these appear to indicate that certain 
corals are more susceptible than others, for out of a total ol' 18 species ])laced i l l  the 
o1)servation chamI>er, after 14 dajis of confinement witliout light, one was dead and a 

second 1)artly so;  after 2H dajys, 3 niore s1)ecies were dead and one partly so ; and after 
43 days, n further species had died nlld another was dying round its base. Yonge 
(1031u ,  1). r o o ) ,  however, as ;I result of l ~ i s  work on the corals of the Australian Barrier 
Reef has reached the conclusion that ' i~ldividual reef-1,nilding corals a t  any rate 



call flourish witllout coiitained zooxanthe1l;e.' So far as I lCnow in none of tllese 
series of experilnents was any observation made on the rate of growth 

was beinR 
lnailltained the colony either before or during the exl,erilnents it is yoss- 

ible that a coral cololly might in the absence of zooxanthellg itself in 
parative health and yet llot show any appreciable illcrease ill size, wllile other colollls 

with ~ o o x a l l t h e l l ~  might show such an increase. There is no donbt that roox- 
ant hell^ act as very efficiellt orgalls of excretion and that the reinoval of tile 
lxoducts of the coral polyps is very largely dependant 011 the activity of the 
aothellze, so that if this activitjr is interfered with by the absence of light the rate 

of excretion will sllow a marked decrease ; and this would +er se be to cause 
a lowered vitality in tlie coral polyps. There appears to be some evidence of a definite 
corinection between the intensity of the light falling on the coral-cololly alld the rate 
of its growth ; in this connection Mayor ( 1 9 ~ 4 ,  11. 23) remarks that ' ill many 
in Samoa, as over the Tasma Bank, where the water is constantly agitated by the 
Pacific swell and the bottom is clean, hard and free from silt, the corals at deptlls 
8.5 fathoms grow only to about one-third the linear dimensions they attaill in sIlaIIoll.er 
water, and there are wide spaces between the heads, indicating unfavourable con- 

ditions. It looks as if some factor such as light 1na17 have a decided influence in deter- 
mining the growth of coral. Indeed, Vaughan noticed that corals did not grow under 
the shade of a warf a t  Tortugas, Florida, although they flourish on those piles of th~s 
warf tliat are exposed to sunlight.' Stanley Gardiner (1902b, 11. 214) has given an 
account of certain coral colonies that were growing on the chain of an a~lcliorage 
buoy in Levuka Harbour, and he notes tliat ' there is never any coral growth on the 
l~uoys, nor on the chains im~nediately below them. . . . . The absence of corals here 
is probably due largely to the greater movement of the part near tlie siirface of tlie 
water, destroying the colonies as well as causing difficult\- of fixation to the larvx' 
I n  view of the fact that corals can affix tlieinselves and grow on the inargins of reefs 
where the water inovements must I)e greater than in a harbour, this exl~latlation 
seems to me hardly to hear close examination and I an1 inclined to think that 
the absence of the corals from the under part of the buoy and the ~leighhouring Part 
of the chain is to be attributed to the fact tliat the huoy floating al~ove 011 thesurface 
will, to a very great extent, cut off froln its orvii uncler-surface and tlie chain ilnnlediatel!' 
below it the rays ol light that alone can actil-ate the cliloro~~hyll of the zooxantllel1: 
Stanle?. C:ardiner (1898, 1) .  428) has also called attention to the tact that ill  certain 
situations. such as the fissures and clefts ill the outer margin of a11 atoll sllcll as Ainafotlq 
the corals exhibit a distinctly lieliotrol~ic ty1)e of growtl~. gronlillg at first oL1taam 
from the side-wallc of the lissure alld then turning so as to grow rerticall~ llpwar! 
Wood- Jones ( r q ~ o ,  p. 85) has also noted that,  ' as a rule, coral zooids and coral cOlOnle,s 
tend to grow upwards, and the general form of vegetative growtll delIends fact 

, \ l h e  most striking character of this deeper 1)art of the reef or ~( lral  l)atchj wllettler 
it be part of a barrier reel or a mere musllrooin-head, is tlie absence of growing coral 
upon it. It is this absence that renders it so liable to solution or erosioll by clirrellU' 

Crossland (19~8, p. 593) has called attentioil to the underc~lt character of the lagoo1' reefs 
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in  'lialliti ; Ile remarks ' tlit  evidences of lagoon erosion are ~ilost striking in the Pal)ete- 
Pal);~wa area. 411 t l ~ e  lagoon :uld sllore reels here, tlirougli the greater part oC their 
circunlferel~ce~, drop off sheel- into deep water, almost directly into 10 fatlioms or Inore. 
The edge takes the remarkable form of a shallow broad shelf, overhanging for six or ever1 
ten feet, a structure quite without precedent in the author's experience. Though coral 
grows abundantly above the shelf, little or ilone is found upon its edge, or tipon the fallen 
pieces which occur below i t  in places, except on those shoals which are near tlie Taunoa 
Pass ; on those near the Papete Pass corals extend a little way down the slopes, when 
there are slopes, but not in any quantity . . . . . It is clear that  the vertical hare rocks 
below the shelves are the result of erosiotl.' The absence of growing corals on these 
undercut vertical walls of the reefs and 1)innacles cannot be solely attributed to erosion 
of the basis ; one agency that  1naj7 prevent the growth of corals in such a situation is 
in my opinion probably the lack of sunlight due to the overhanging coral growth but 
other factors may be involved. 

With each rise of the tide tlle water, that  sweeps across the reef-flat, on reaching the 
edge of the lagoon reef to a large extent sinks downwards to the bottom of the lagoon 
across the face of tlie reef ; this water will have a considerably raised temperature, 
the extent of this rise being, in all probability, sufficient to produce a deleterious 
effect on the growing coral, and it will also, during its passage across the reef, have 
been largely denucled of food-material and oxygen, factors that  will still further tend 
to retard the growth of tlle coral. I11 ],laces where erosion of the islands on the reef- 
flat is going on this water will also be laden with sand and silt, which though possiblv 
not so harmful to the growth oi  coral as was previously thought, will in any case tend 
to interfere with the l)enetratioii of light to the deeper levels. All these factors taken 
together may well d e t ~ i n i n e  tlie nore  rapid growth of those colollies that  live nearest 
to the surface. Where a reef has already attained a steel) slope, especially in those 
cases in which the reef lias a north-south direction the upper part of tlie reef will for 
at least part of tlie clay cast a shaclow over tlie lower living colonies and, 1)v inhibiting 
the action of the zooxai~theIlae aiid by retarding the growth oE the coral, still further 
assist in the l)roduction of a vertical face. 

Along the edge of a reef that  possesses a face of this type dead and broken frag- 
ments of coral will either be waslled up 1)y wave action on to the surface of the reef 
or lnore coinmonly will dl.ol) to the l)ott0111 and eventually will build up a talus slope ; 
but wliereas on the s11rrnce of tlie reef the eval~oration of tlie sea-water and other 
conditions will exl~edite tile forillatioii of coral-rock aiid thus assist in the coilrnlidating 
l)rocess, a t  the I)otton~ of the talus slope tlie prii~cipal action will be one of destruction, 
for illstance 11y erosion, l q -  the ieecling activities of Holothuriatls, tlie boring action of 
Algz and Sl)onges, and l)ossil)I?- to soiile extent l)y actual solution, all oC which will 
tend to retard or, perhaps, 1)revent the lateral spreading of the reef. A study of the 
collto~lrs of the bottoni of the lagoon ill 1)oth Addu and Horsburgli atolls clearly indi- 
cates the existence ol. such a talus slope, for tlie 10-fathom coutour line usually lies 

to the foot of the lagooil reel. aiicl iron1 here tlle bottom slopes down to an average 
(1el)tll of about ;o f:ltllo~~ls. Owing to tllc pmccss of solution that  this dead material 



of the talus slol)e is constantly imclergoilig, combined with tile activity tritllr;,tilg 
orgal~isnls, S L I ~ I  :IS H ~ l ~ t l i ~ ~ r i i ~ ~ i ~  :11id Sil)llllc~lids, tlle illcrease ill tile lleiRllt oi tll ir  

talus slol)e will 1~ com])arativel)- slow and this will render ell~lally slow tile illwad 

extension o i  sucli a l apo i l  reel. since this must dellend in the lllaill tile grOIvtll 011 
the vertical lace of the reef of  sucli corals as are eitller directly cal)allle of forlllillg 
a compact I~asis for tlie growth of other corals or else are of such a friable llatllre that 
the)- call he l~roken off by the action of the lagooil waves alld so assist ill the iorlnatloll 
of the tahls slol)e itself ; l~l-ancliing fornls s ~ c l i  as the Stag's Horn tyl)e of drro/,oa, 
while al)le intlividuall~* to  contri l~ute to  the height of n reei' by assistillg in tile ~orlllatioll 
of con1l)act limestone, can atlrl 1 ~ 1 t  little to the in\yard extension of tile reef 
even t o  sollle extent tencl to  retard tlle rate of llrogress by apl>ropriating to them- 
selves foocl supplies, using tlie tern1 ill  its widest sense, that  would otherwise be availal)le 
for tlie inore solicl corals, sucli as Brain-corals, l'orifcs ancl the A4straace:c ; they would 
also assist to  on1)- a relativel~. slight extent in the building up of the talus slope, 
the!. are easily broken ul) and cons~umecl I]!- the boring and triturating organisms. 

If on a reef that  1)ossesses a tyl)ical vertical i~lner  face, sand and mud, der~ved 
froill the erosioll ol the land in its vicinit)., be clel)ositecl, it will be the corals otl the 
upper surface tha t  will be lliost affected ; tlie growth of the corals will be retarded and 
they may even be cornl)letelj- killed oft' so tha t  tlie reef niay become broken in its 

continuity. Wood Jones (1910, 1). 123) lias laic1 considerable stress on the impor- 
tance of the effect of sand arid mud deposition in the forlnatioii of coral islands and 
atolls ailcl In!. experience in the coral regions of the coasts of India and the hlaldiues 
lias led ilie to  tlii~il; tha t  lie is in tlie rrlairi right ; certainly in most oi tlie reefs that 
I have exa~nilled it is noticealjle that  in areas where tlie lalicl is ~u~dergoing erosio~l the 
character of the reef is affected and study of its structure shows that in most cases 
tlie process of destruction is getting tlie ul>l)er Iiand. While the upper zone ol the 

inner ~ ~ e r t i c a l  face of the reef niay still a1)pear to I)e in a flo~~risliing condition, the ul)l)el 
surface ]nay consist for the 111ost lmrt of  (lead coral masses that are undergoing solutioll 
and t lestr~~ction but on which, Iio~vever, small isolated coral colonies still mallage to 

inaintain t l~eir  existence, tlioiigh wc niay find that  their grontll 1s stunted or i l l  otllel 
ways slio\vs that  t l ~ e ~ .  are to some extent aclversel! affected. 'flle tlestruction 01 the 

corals glorr~ing on tlie sol-face, rvliile those o n  tlie vertical face of the reef are 1)llt l i t t le  
I I '  a t  all nll.ectec1. leacls c~re~ltnall!. to tlle reel l o s i l ~ ~  its vertical character. alld it ac(lllire' 

a inore gradual slo1,e. Tlle 1)n)cess nlay go even further a ~ ~ d  the reel ma!- broke'' 

"1' 3) tliat we 611d on1)- isolated In;lsses ol coral, tenned coral lieads : a ver!- goo(lessllll'lr 
of  this latter 1)rocess al)l)ears to Ile ])resent in the Iagool~ reel on the ilorth all(leastsiilrr 
of Horsl~arg Atoll ; in tile L ~ r ~ ~ l e r  situation the reel. lias ireen 1)rokell 111) illt(l a lllllll"el 

oI illore or less isolaterl coral llrarls, \vllereas in tllc latter the coral gr()\tltll a1'1)~~" " 
ilidicate that  the reef has on nlore tI1all one occasioll heen l;ille(l Off (lcstrore(l 

111 this atoll (v ide Stanley (;;lr(liller, 1qu.3, ,)p. 377 -.iRo) ~xacticall!. all traces (" 
tlie sooth and west sides llave already disappeared and extellsive erosiol1 is ynillg 

in the islmcls 011 tlie 11ortl1 and east si(les ; this dest r~~ct ion of the laad 'lare 

accon~l)iunied 1,). the formation 01' large (lualltities oI' sallcl all(1 silt wl'ich 'la' lren 
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s\\el)t in\varcls I)!. eac l~  rising tide ant1 has Ijee~i tlel~osited o ~ i  tlie lagoon llat a ~ ~ d  the 
lliargill of the lagoon reel'. I t  seenis l)rol,aljle tliat such all extensive 1)rocess 

01 erosioil as tliis \ t r i l l  llave proceedeel a t  ditlercnt rates in different years and that  
e\rell l)eriocls of conll)arative stal~ility Iiave alterilated with 1)eriocls of I-apid erosion, 
so tliat the cleljosition oC sruld ancl silt \votllcl ecluall~. exl~iljit pllases of increased or 
decreased in tens it\^. \Vitll each succeedi~lg pllase oi destruction oE tlie land, the 
deposition of sand anel silt would result in the partial destruction of tlie growing reeE, 
leaviiig beh~iid a series of 1)atclies oi coral to slio\v \vliere an 01-iginally complete and 
flourisliing reel' Connerl!. stood, while during each 1)llase ol rlinlinished erosio~i and 
co~iseclue~ztly less deljositioil the growiiig edge oi  the reef \vould tend to reco17er ancl 
form a further extension illwards towards the centre of the lagoon. Ouce the la~icl has 
bee11 completel\- destroyed, as it 113s I~een on the soutll and west sides, the del~osition 
of sand and I I I I I ~  will cease, and tlie reel will the11 be a l~le  to extend on the i lort l~ and 
east sides and l~uilcl ul) a vertical wall such as alq)ears to 11e t!.l)ical o l  reels in .;in~ilar 
localities. 

The Lngoon /loor. 

Tlie character of the lagooil floor is a subject that  has given rise to m ~ c h  clis- 
cussion. Xccordi~ig to the 1)arwiuian theory tlie lagooil floor is fornied 11). debris and 
detritus fro111 tlle Inore rapidly growing, ellcircli~ig reef : Daly considered that  it 
represeiits tlie snl>merged and eroded relrlai~ls of tlie l~latfoi-in or1 m~l~icli the e~icirclitig 
atoll reef has gro\vn up : while accorcli~~g to the solution tl~eor!~ of Semper, Murray and 
others it is the productioli ol solutio~l and erosion acting 011 an originall!. continuous 
coral patch. I11 tlie larger Iagoo~ls oC tlle Maldives tliere is in man!- cases a coml)lex 
arrangement oE shoals and coral Inasses, co~lstituting wliat S t a n l e ~ ~  (;ardiner (1903, 
1). 167) tern~s a ' jungle ' that  he believes to 11e the last remaining traces of a coral 
reef that has ~u~dergolle clestruction and removal. He  renlarks ' tlie general impression 
in the " jungle " is that  tIie reef-flat is every\vllere l~eing driven Ijack and that  the wllole 
of its reefs are I~eiilg rellloved . . . 'l'lie last stage iu the history of a disaplxaring reef 
is its redtictioli to a Illere little surface or series of patches, nltitnately single 
coral heads, \vhicli soollel- or later \\Till tlien~sel\res tol)l,le ol7er, their I~asal mo~uids 
being subsecluentl!. reduced to the level of the Hoor oC tlie balili.' It llas frec.lueiitly 
IIeen stated that olie of the cllief characteristics of the floor of a large lagoon is the 
flatness ol' its surface ; \\illarton (1897, 1). .ZOO) lol~g ago insisted that  ' a flat Hoor is 
all illvariable cllarncteristic o l  a large atoll ', ;111d t l~ i s  r;ltl~er sweeping statement would 
apl'ear to hold good in lllali!. illstances. 011  the otller Ilru~tl i l l  n ~ l l u ~ i l ~ e r  of sm:~ller 
atolls the co~itlit-ion is exactly ol)l)osite. 

hIucli of tlie lloor of :I Ingoo11 is covered wit11 seclinieut, though the actual pro- 
llortion ol' Iloor t l ~ u s  co\~ered al)l)ears to (lifter ver!. consideral~l!. in di f fere~~t  atolls 
alld St:~nley (>ardi~ler llas reached tlie co~iclusion (1q.31,  11. 1\32) that  ' lagoons ill general 
arc lint, 011 stlcli c\ritlc~~cc as csists, t o  I ) ?  regart1c.d ;IS areas oC sed i l~ ie l~ tn t io~~ '. i4lthough 

1 1 1 ~  1:lrgc I :~goo~~s  n large nrca o l  tile l ; tgoo~~ 1-1001. Ills!, co~~s i s t  of ' Ii;lrtl I ) o t t o~ i~  ', 
I11 tllc srn;dlc.r OIICS tlicre scc111s littlcb tl0111)t tliat tlie greater lm-t o[ the Iloor is coverctl 



526 R. B. S. SEWELL. 

with 21 water-borne seclime~it, tliat, as Dalp has pointed out. may be derived froln (I) 

tlle erosion of the central idand where such exists or has existed, (2) detritus from 

encircling reefs, alld (3) ill part froin the reinains of non-coral ~ r g a ~ ~ i ~ ~ ~ ~ ~  the case 
of the Maldives there are 110 central islalids nor have we any evidellce that ever 
existed ; we lnay, therefore, pass over this source of sedimellt ; but there is some 
evidelice of a fourth type of sediment that  Daly has not mentiolled alld that is a 

precipitate of calcium carboilate from the sea-water itself. I have already 
to the forniation of a precipitate of this nature in some of the bracliish water lakes 
that have beconie shut off from the lagoon in Addu atoll (vide supm, 1,. 517) and 
s e ~ ~ e r a l  observers have also directed attention to its presence in the outflowing 
water from the lagooil a t  certain states of the tide during rough weather ; thus Stanley 
Garcliner (1931, 11. 135) remarks that ' in rough weather the outflowing water from a 
lagooti appears milky, and this is due to the suspension in the water of mud formed by 
tlle decay of organisms, together with lime precipitated from the supersaturated lagoon 
water '. I have niyself observed this outflow of sediment from a lag0011 in the hIaldives 
(vide irlfvn, 11. 5.32) hut oiie must not forget that sucli an outflow is not continuous 
and only aljl)ears to occur a t  certain states of the tide and under certain weather 
coilditioils ; a t  all other times this sedimelit is being deposited in the lagoon itself. 
Davis (1923, 11. 299), regarding the inwash of detritus from the reef-flat, remarks that 
' a lilore clirect iiiclication that the inwash of detritus takes place is found in the 
occurrence of a l~~u i~dan t  reef bloclis and fragments on the reef-flat, as well as by the 
frecl~~ent slol)es of coral sand, on which occasional reef bloclts are strewn, in the lagoon 
waters next inside oC tlie reef flat '. 

In  addition a further source of sediment in tlie lagoon, and in certain instances 
a1)l)arently an important source, is to be founcl in tlle pelagic orgallisms that occur 
in the waters of the lagoon. In  this coiiilection Stanley Gardiner (1931, p. 132) 
renlarks, regarding the satid, that ' in protected lagoon pockets it is usually fine, and 
it may be quite obviously increasing by the accumulation of organically formed lime- 
stone particles, in wliicli occasional shells of the animals, which iorm globigerina or 
pteropod oozes, inay be recoguized. Such animals live entirely ill the ocean water, 
so that these sllells must be carried in b ~ .  the tides, but they are not present, as lllight 
be expectecl, in any sljecial al~undance immediately behind the encircli~lg reefs, over 
wllicli the ticles rush '. In a foot-tiote (loc. ci t . ,  p. 135) he, however, remarks that 
' i e  Diego (hrcia  lagoon there was 11y 110 means that ~)aocity of suitable l)lallkton-food 
for corals which we expected ', and this was also my ex1)erience in the two atolls that 
I have investigaterl Illdeed, 011 orle occasion over a litre and a half of a s1)ecies of 

Pterol)ocl, Clio sl)., irrrc taken in a surface tow-net, with a diameter at  the 111011th~~ 3 
feet, tliat was lelt awasli a t  the surface for a 1,eriod of twelve hours, the WarliSms 

being swept into tlie net by such feeble currents as existed in the la~ooll. It is 

surprising, therefore, that in some areas tlie bottom deposit in tile lagoon has been 
described as ' 1)terol)od ooze I ,  and ill  my exllerience l)tero]r)(l sllell.; are of 
 universal occurlcllcr i l l  tlir\e (1el)osits. sir  JOIIII N1tirrajr ( 7 1 ; ( / 1 1  st:llllc>' (.;~ll(liller~ 'go6' 
pi,. 584-588) h:la de\c~iI)ccl in detail a series ol deposits fro111 son~e oI' l % ~ ~ l S  tl'r 
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alajdive Arcl~il)elago, including several saml)les from Suvadiva atoll from c1el)ths ol 
over 40 fathoms, ~vhicli lie classes as a true pteropod ooze ; while from other localities 
sal~~ples contai~led cluite al)l)reciable 11umbers of these delicate sllells, tliough, as Stailley 
(iardiner points out, they were not present in sufficie~it nunlbers to warrant the applica- 
tion of this special term. Out of 70 saml)les fro111 the channels between the atolls 
and from the neighbouring waters in the Maldives Agassiz (1903, 1111. 29-34) has 
recorded the occurrence of pteropod shells, in sufficient quantity to merit special 
mention, in 14 installces ; and it  is interestii~g to note that tlle n~unber of sanlples that 
co~~ta i~ l  these sliells in any quantity steadily decreases as the depth, lroin wliich the 
sainples were obtained, increases. The percentage to  such pteropod-containillg samples 
at different depths is as follows :- 

In  salnples from 100-zoo fatlloms, 50% contain pteropod shells. 
, ,  200-300 38.5% > , ) I  

, ,  300-5oO 33'3% - 7  

, ,  500-1,000 ,, 33'3% ,, 
, , over 1,000 , , o 

The gradual disappearance of the 1)teropod sllells from the deeper salnples is 
utldoubtedlv due to  solution, these delicate structures being more easily dissolved 
than the more solid particles of coral sand. The presence of these shells in so inany 
of the samples of deposit froin tlle lagoon floors seems clearly to point to the fact 
that the ainouilt of solution that is going on is relatively very slight and it further 
seeills clear that since the lagoon water is so supersaturated with lime that a chemical 
precipitate is fornled, it call have little or no solvellt action on the lagoon deposits. 
The percentage of silicate in the l~ot tom deposit shows an interesting gradation in 
agleenlent wit11 the deptll of water : 

Mitli1;oi Atoll, L)el)th 8 fathoms, percentage of silica 0.193 
Horsburgh ,, ,, 23 ,, ,, , ,  0.26 
Suvadiva ,, ,, 40-50 ,, , , 1'992-3,127 

These figures seeill to indicate that there is considerably less solution of calcareous 
material in slnaII lagooils wit11 sllallo\\~ del)tlls tlian in larger and deeper ones. If 
this be so, tIlen we are t1lrowi1 1,ack Tor an exl)lanation oi' the removal of detritus froin 
the lagoo11 11!. i~leclla~iical llleails a i ~ d  this will del)encl very largely, if not entirely on 
the strengtl~ 01 wave-actioll in stil-ring ul) the bottom deposits and on the strength of 
the currents 0 1  water ilowillg out of the lagooil. With a sinall lagoon the ainount of 
wave actio~l will be coln1)aratively slnall since the wind will not have sufficient space 
ill whicli to raise really effective waves and llence in such atolls we should expect to 
find that there is evidei~ce of an accuniulatioll of sand and mud in the lagoon and on 
the lag0011 floor. 

In the lagoon, as OII the reef itself, two diailletrically ol)posed forces are a t  work 
and in ordcr to reacll ally concIusion regardiug tlle forlnatioii and tlle future fate of 
tllc Ingoo11 oile iuust ])car 1)otll I.:lctors i l l  11li11d ; i l l  the one case tlle process of destruc- 
tion n i l1  teiid ton,:tr(ls tllc. clllargelllellt 01 tile lagooil a t  the expense ol its surround- 



ing reek and in the otlier the process of constructio~i niay oltilnntely cause the filling 
up of the lagoon aiicl tlie 1)rodnction of a illore or less continuous bank. 

Hedle!, from his studies of the Great Barrier Reef ol Australia ( I ~ ? ~ ,  b2) has 
reached the conclusion that  atolls are in the process of filling ul) ; Ile sums nl, the history 
of an atoll in the f~llo\?~illg words, ' first a lmilit ill the reef g ro \~~s  ~ 1 ) w ~ l - d ~  till it breaks 
the surface of the water, tlieii the waves 1jacl.r round it a lrlass of drift stolles and sand 
and the islet so formed assullles a crescent s1ial)e wit11 the I)acl; to willdwal-d and the 

llorns to  leeward. 'I'he waves continue to sweep along furtller drift 111atter alld the 
crescent thus grotvs into a horse-shoe and ul t in~atel~.  into an oval thus enclosing a 

lagoon. If the process of evolution is continued, the lagoon is filled up and the atoll 
becomes a solid cay. Finally, seeds drift ashore and a forest clothes the new island1. 
That this process may happen in the case of sniall pools or lakes around the margin 
of an atoll such as one sees in the Maldives has already been shown (vide sz~+ra, p. 517) 
but in the case of Acldu or Horsburgll atolls there is little or no e\ridence of an\- change 
in tlie character of tlie lagoon during the past centruy. 

On the otlier hand Fryer (1911, 11. dog) has coille to  the conclusion that the lagooil 
it1 Aldabra is of more recent formation than the land ancl has bee11 dissolved out: 
' i t  was 1)rol~ably a low l)ortion of the future atoll '. Tlie lagoon is shallow and to a 
great extent is land locked. ' The 1,ottom of tlie lagoon is rocli, but in t l ~ e  centre it 
is so covered with sand aiicl near the land-iii!~ with niud that it is difficult to deter- 
mine its nature ; the few observations iliade 1)ointed to  rock of tlie " cliainpignon" 

type. The origin of the mucl aucl sand is of great interest . . . Little itlaterial is 
carried in by the tides ancl there is no doubt that  the niucl is tlie 1)roduct of lagoon 
erosioil.' 'l'here call be no douht that  the niud is derived I)!- erosion from the rock of 
which the atoll is com1)osed nlixecl with organic debris, ancl tlie Ingoon apl~ears to 11e 
extending. 

Before one conclucles, liowever, tliat tlie fine, calcareous de1)osit ol tliese lagoolls 
is derived from tlie detritus of the coral reels a careful exanli~~ation of the deposit 1s 
necessary ancl in this co~inection it is interesting to note the rel~ort on :I sani1)le of the 
hotton1 mud that  I was al)le to obtain lrom the central lmrt oC tlie lagoon ol ~orsburgh 
atoll in the Malclive Arc1iil)elago and tliat was su1)nlitted to the (>eological Survey of 
India for exan~ination. l'he rel)ort is ;IS follows : ' E x a m i ~ ~ a t i o ~ ~  1)). the l)etrological 

n1icroscol)e slio\\-s tliat tlie sl)ecin~e~i torwar(1ed I,! !-o~i is a crystallille aggregate and 
not amor1)llous. Boiling for a few nlil~utes with col~alt nitrate shons that at at1? 
rate a good deal is arago~iite. ?'lie s1)ecific gravit!. is, llo~vevcr, low -2.75. I!"t frolll 

the nature of the s1)rcirnen too mucli reliance lleed not l)e 1)laced on t1li.i reslllt I t  is 

probably either a mixture of aragonite and calcite or mostly aragollite. 'l'lle s1)rci1lien 
has been analyzed and found to colitain o.z00i;, SiO,'. 'l'he snlall 1)crcentngc of silicate 

in the deposit forins a marked contrast to tlie results o1)tililled I)y Stallle?. (;ardiaer 
in the deposit from Suvacliva t-\toll (1003, 1). 323). 

hugl la i l  and PIIatsoii ( I  c)ro) illade a carel111 exan~iii:itioli oi tlle 1 )ott()lll ( 1 ~ 1 ) ~ ' ~ ' ~  
ill tlic sIio:11 waters oi  florid:^ ali(1 tlie 1::tk:lliias ant1 rcncl~rtl tllc col~clu~i()ll tllirt ' 
ilocculent, so-called a~no~-l)lious calciulil cal1)olinte is ~ i c i t l ~ c ~  0 1  tlchtrital 1101 Orgn'ilc 
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origin, and, tllerel'ol.e, nlust he a cl~enlical 1)recil)itate ' ; as alread!! i l~e~l t io~led ( v i ~ i c  
slf/wr,, 1). j o j  ct scq.) tllc agency conceriled in this 1)recipitation woulcl al)l)ear to be, 

at least in ])art, tlie action ol  de~~itrif \ . ing lx~cteria. V a u g h a ~ ~  (1018, 1). 268) sums ul) 
the availal~le e\vitlelice it1 the iollowi~lg words, ' it seerlls to lile that  all lines of evidence 
converge and gi1.e tllc same result, wl~ich is that  in tlie shoal waters oC tlie tro1)ics 
ocean water does not dissolve calciunl carl~ouate, but that  the c o ~ ~ t r a r y  l)rocess-pre- 
cipitation hy I~o th  i ~ l o r g a ~ ~ i c  a11d o r g a ~ ~ i c  (1)acterial) agencies--is taking 1)lace '. 

Otlier agencies ma!. be tlie cleco17il)ositio11 of animal and vegetal~le nlaterial cle- 
rived f1-om tlle orgmnis~lls of the or  tlie l)lalll;to~l, or, as Stanley (;artlit~er (1930, 
11. 8) suggests, ' tlle 1)11!-tol~llagus corals a11d ~ ) l an t s  that  build coral reefs precipitate 
amorpllous cai-l~o~iate of l i~ne  lroin the sul)ersaturntetil sea-water owing to t l ~ e  cl~enlical 
o])erations of clllorol)h~~Il on carl~on tlioxitle '. According to ITaugha~l (1914, 1). 52)) 
Murray and Ir\7i~ie have sllow~i that  c:tlcimnl carbonate preci1)itated froni sea-water by  
an all<aliue carllonate at  a tem1)erature oC -34" F. (I.I"C.) is calcite, I ~ u t  that  with liigher 
~~~~~~~~~~~~~es the cl~aracter of the 11recil)itate changes to aragonite, so that  a t  47OF. 
(8.3"C.) tlie 1)recil)itnte is n mixture of calcite aucl aragonite, and a t  80°F. (26.f°C.) 
or over it co~lsists entirel!. of aragonite. If this Ile so then the whole or, a t  least, the 
greater part of the l)recil)itate in the lakes on the islands and iu the lagoon should 
Ile aragonite since the tem1)erature of the water must be in tlie neiglibourhood of 30°C. 
(8G°F.), tlle air tenl1)eratlure over the Laccadive Sea ranging fro111 a ~ni~liinurn of 25'gC. 
(78.6 F.) in Octol>er to a maxin~um of 29.7C. (85.5 F.) in the month of Al~ril (vide 
S I I ~ ~ Y R ,  Taljle I ,  11. 58) ; and this is ill agreeine~~t  with the report given above. 

nla~.or (1024, 1). 27) notes that  ' Gnpl)y, wlio studied the Solomon Islands, and 
Bourne, \vl~o describes the Cllagos group and Diego Garcia, conclude that  the barrier 
reefs and atolls of  these regions are not due to subside~lce, but they also maintain that  
at I ) Y C S C I L /  ~ I I C S C  I (~goo, / s  ( ~ T C  C ~ ~ ~ L C I  , f i / / i i / ;~ ~ c ~ i t h  silt ie~lzicl~ i s  Oeii~g i.a(z.sl~ed i l t fo  f l~ ,e?~c  o~ 
are 1'11 ti htrltr~~cc.d si(rfc, tile soltltio~l of li~llesto~le I)!. the sea-water being offset 1,y tlle 
growtll of coral :111(l I)\' l)recil)it;ltioll of  c:1lci11111 carbo~~nte  '. (The italics are m i ~ ~ e . )  
A stutl~- of the cllal-t ol 1 )icgo (:;lrcin s l lo \~s  tllat tile wl~ole of the sou the^-11 e11d of the 
lagoh11 is covered witll on]! sllallo\y \\later and is dotted over \vitll nuluerous shoal 
l)atclies, niater of a tlrl)tll greater tllan 10 l'ntllonls I )e i~~g  fot111cl o11ly io the norther11 
])art of the atoll. 111 the case of the Cocos-Keeli~lg i\toll, (:ul)l)y (1889, 1) .  s/^c)) ,  :lft"- 
coml)ar i~l~ I~is  sol~ll(liilgs witll tl10se taI<cll I)!. tllc ()Slicers of the '" 13eagle " in 18-16, 
'canle to thc co~~clusioll tllat wllilsl: tile ge~~el-al sI~nIlo\\~i~lg si~lce 1820 lias 1)een slight, 
the K ~ O W ~ I I  01. coral ~)atclles has I)eell i l l  solne 1)Iaces ~-al)itl. 'l'l~is is evidently the mode 

I)!- \vllicI! the I)asiil ol' tIie Ingoo11 will I)e {illetl "I) ,  :111d it will I)e 1111doul)tecll~- a slo\\l 
olle. 111 t l ~ c  sl);~cc 0 1  llal[ a ccllt1lr~- the salld~. illter\:als will sl~oal I ~ u t  little, wllilst 
tile coral ~):~tclies InaJ. rise 111) co~isi(leral)l! '. \Vood-Jones (1910, 1). 180) in llis accoflllt 

tile sallle atoll ilotes tllat ' tile sllallo~v soutller11 part ol' t l ~ e  lagoo11 extends ill  tile 
I'ornl a gi.c;lt Ilorse-slloe, sl~irting tlle inller sllorcs of tile i s l a~~ds  ant1 i~lvadiug a t  its 

3 \ nlargills t l ~ e  ~~ort l lern  deel)er 1)al.t . . . 1 lie I)ottonl oi this part is, 110c\rever, not at  
all ullilor~n, cult1 tleeller Ilollows are str~tltled allout tile central l)ortions of the great 
Part ( ) I  thc sor~tllel-11 sl~allo\vs. . . I t  1n1ist 11ot 1)e iniagi~~etl  that  the great ~olltllerll 



part of the lagooll is I,!. ally means devoid of livillg coral colollies, for dotted al,out at 

i~lterlrals are some of the most luxuriant of all the coral growtlls.' In both tllese 
atolls, Diego Garcia, and Cocos-Keeling, the sllallow end of the lagoon occurs on the 
windward side. Statiley Gardiner in his account of the atoll of Minikoi (Igaj, p. q) 
remarks that in the lagoon ' the  sand ends about IOO yards outside the line, marked 
fathoms in the chart, opposite and to the north of Minikoi island, the intermediate 

area generally being covered with coral shoals, intersected by chanllels about 
fathoms of water. These shoals are usually flat on the top, bare or llollowed out in  
the centre, with perpendicular, or overhanging sides,--especially towards the 

deeper part of the lagoon-covered wit11 coral growth. . . 'I'he patches decrease 
in size towards the sand area, on wliich they seem on the whole to be encroacl1ing. 
To tlie south-west and i~ortli  of the atoll coral patches rnay occur near tile edge 
of the sand flat, but there is no definite broad line ', and he further notes that some 
of these shoals appeared to have been killed off only a short time previously to his 
visit ; ' the slope from 2 or 2+ fathoms. . . to  the deepest waters of the lagoon is 

gradual and regular. Coral patches occur everywhere but much lnore sparingly in 
tlie deeper waters and towards the north ; indeecl the centre of the lagoon is fairly clear.' 
Here again the shallowiiig of the lagoon occurs towards tlle side of the prevailing wind, 
namely the south-west. I n  Solomon and Egrnont atolls in the Chagos Archipelago, 
although the main trend of the lagoons is in the line froin east-south-east to 
west-north-west, it is the south-western side of the lagoon that is considerably more 
shallow than the north-east and, further, is dotted over with shoal patches. In 
Acldl~ atoll, there is a sandy shelf around the south-western part of the lagoon on 
which there is a profuse growth of living coral, mostly of the branching Madrepore 
type, and in Horsburgh atoll, although the deepest part of the lagoon occupies the 
central area, the hottom inside the reef, except on tlie southern side froni which all 
trace of land llas now disappeared, slopes gradually downwards and this slope is more 
graclual a t  the east and west ends of tlie lagoon. In both these instances the depositioll 
of sancl and silt on the lagoon floor is taking 1)lace with greatest rapidity in tllose sides 
of the lagoon that corresl~ond with the prevailing winds, ~lainely the south-west' and 
north-east. In  Aldabra atoll the eastern half of the lagoon is occul~ied by a wide slloal 
that dries at  low water 1,nt in this case the ~)revaiIing wi~lcl is fro111 the so~lth-east ( ~ ' i l / e  

l:r~.er, 1911). 
Such shoals in tlie lagoon are by no meails confi~lerl to the atolls ol tile I1ldinlt 

Ocean, btlt occur also in those of the Pacific. 'I'lnls Stanley Gardiner in his account 
the atoll of Ainafuti (1898, 1). -15) states that ' between the patches iund knolls of 
outside the lagoon l)latfonn, the 1,ottom is generally covered 1 ) ~  a sand wllicll is 
in all respects to tlie sand descri1)erl 1 ) j r  I'rofessor Sollas I t  does not extell(1 ler 
the lagoon off these reefs and tlie arming ol' the lead us~~nll!. comes cleflll~ "11- 

tains a few segments of different species of Hnlir~rcda. To leeward of all ~vi1ldwnr(' 

islands, sand is foui~d most a11andantl~-, 1111t only by tlir main island (lees it extclld 

more tl1a11 a co~il~le  of l~n~ ld red  yards into tlie lagoon where, liowever. it rtllls Out 

1 4  miles in a bank wit11 aljnut 17 fatliotns of water, the I)res(lth of wllicll l l l i le  "lt 

Erorn shore is only about 250 j'ards.' 
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Another of the l>roblen~s that  rerluires elucidation is that  of the origill alld main- 
tenance ol' the cleel) channels from the lagoon to  the open sea. It is frecluently stated 
that  these ~ h a l l l l e l ~  occur on the leeward side of the lag0011 alld are callsed and kept 
open by the outflowing current of water during the ebb-tide that carries with it 
and silt derived from the brealting do\vn of the coral, and that this by its deposition in 
the cllallllel~ liills off all coral growth in this region. The solution of the problem is, 
ho\vever, by 110 means as simple as this. 1)arwin (1889, p. 157) called attention to the 
cluantity of sediment that  may be discharged through the entrance channels 
Moresby also noticed the same l?henoinenon in some of the atolls of the Maldives and 
Chagos Archipelagoes cluring the change of the monsoons, though why this outflow 
of sediment should be inore eviclent a t  this season of the year is not easy to under- 
stanel. I found a very silnilar coticlition present on one occasion off the south-east 
entrance t o  Addu atoll ; my note on this is as follows :-- 

' I -  A .  Passed a well-marked line of drift, running roughly parallel to 
the coast line ; numerous large fish (Bonito) jumping in or near the line of the 
drift. At a short clistance inshore from tlle drift the water was discoloured by 
sediment, a markecl contrast to the outside water that was pure blue. 11-20 A.M. 

Entering the lagoon and in middle of channel.' 
As we were steaming at  allout eight knots the discolouration of the water comnlenced 
a t  about a mile out. The tide a t  the time of the occurrence was flooding and had been 
doing so for over an hour and a half, low tide liaving been at  9-45 A.M. 

I11 Adclu atoll the main entrances are in each case one of a pair situated on the 
north-west and south-east sides of the atoll. I n  the northern pair it is the western 
channel that  is the deeper, while in the southern pair it is the eastern. If these channels 
were kept open by the outflow of sediment one would expect to find that it was the 
deeper and wider channels that  served for the outflow of water from the lagoon but an 
examination of the curre~lts in the two pairs of channels shows that in the northern 
pair it is through the western channel that the flc~od tide sets, whereas in tlle case of the 
eastern channel tlie current rlllls out of the lagoon at  all states of tlle tide ; again in the 
soutl~ern pair it is the eastern channel that carries the flood tide into the lagoon, whereas 
through the western sl~allow channel there is a continuous out-going current. Stanley 

Gardiner (1903, 1). 2 3 )  has also noted that the current tnay flow continuously in one 
direction through tlie opening of a reef, for he writes ' I also sailed twice ul) to the 
passage between Hululefaro and Purenafnri, finding currents of 3.7 and 2.1 knots intp 
the lagoon. Of course all these currents were largely dependent up011 the tide but lt 

is a nlost noticealjle ieature that the direction remailled constant in s1)ite of the latter! 
wllich hence only affected the rate.' Agassiz (190-3, p. 14) has also noted that in 

case of certain atolls of the Paumotus Group in the Pacific Oceall the currellt 
flow continuously into the lagoon tllrough the n~a in  pass for some collsiderable time. 
He remarks ' a t  Rangirava we olltained the first intimation of tlie immense alno""t 
water which flows in and out tllrough the 111ai11 passes, and accordillg to the strellgth 
of the trades, continues sometimes to  flow two or three days in one directiou '. 

A further study of these elltrances into Addu and ~ o r s b u r g h  atolls 
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tllat i l l  tlie case of tliose eiitraiices tlirougli which tlie current sets illto the lagoon there 
is a niarked tendency for tlie reefs to curve round aiid be l~roloiiged illto the lagoon 
so as to form a funiiel-s1ial)ed entrance. Similarly, in Crossland's account of tlie reefs 
in Ta~iiti (1928, Text-figs. 6, 7) lie figures in every case tlie exposed upper aspect of 
tlie encircling reef as tending to  run inwards on each side oi  tlie deep channels aiid 
this would seem unmistakeably to indicate either that  tlie original reef, wliich is now 
undergoing erosion aiid destruction, took tlie same course or that  tlie reef is actually 
spreading inwards, being built up on a growitig banli, and that  it is not, as suggested 
by Crossland (1929, p. 603), due to radial fat~lting across an encircling reef. The 
production of this iiiward extension of the reef in those cliannels through wliich the 
current continuously flows iiiwards to tlie lagooii is easily explained, since in such 
cliannels tliis illflowiiig current, assisted 1 ~ y  the waves tliat duriiig storms must sweep 
through these entrances, must rapidly teiid to build up a talus slope of fragments, torn 
off the reef and piled up on each side of tlie entrance, aiid as so011 as tliis reaches the 
required lieiglit corals will become established and, 1)y reason of the favourable situation 
as regards both oxygen and food-supply, \\rill flourisli. 

I t  is difficult to ~uiiderstaiid w11y the current should flow, as it ~uidoubtedly does, 
out of the lagooii through certain channels at  all states of tlie t ide;  but tlie whole 
question of the circulation of water in tliese lagoolis is a inost coiiiplicated one. Not 
only does water elites the lagoon through tlie main elitralice cliaiiiiels, but during the 
flood-tide water ],asses illto the lagoon through subsidiary chanliels and a great 
deal finds its way across tlie reef-flat aiid between tlie islalids ; there is, l io \~e\~er ,  yet 
another way by which water can, aiicl I have no doubt does, enter tlie lagoon with 
every rise of tlie tide and that  is tlii-ougli tlie reef itself. The iliaill inass oi the reef 
is full of lioles aiid channels, as llas clearly beell shown by ever\- boring tliat has been 
carried out, aiid it is to this porositj. must be attributed the coiistailt rise and fall 
of the water tliat is known to occur in the wells aiid ellclosed lakes on the various 
islands. Such being tile case, tllere call be no doubt tliat water could pass fro111 the 
outside, as the tide rises, tliro~igli the reef itself illto the lagoon, if tlie level of water 
in the latter were lower tllali that  of tlie surrounding sea aiid tliat tliis must be so 
at least during tlie flood tide is indicated 1))- tlie fact tliat, in i i i~ .  exl)erience, tlie tilile 
of high-water in tlie lagooil is colisiderably later, soliietiiiles as much as olle llo~lr, 
than the tiiiie of liigll-bv , a  t. ci - outside the reel. 

It is difficult or even i1iil)ossible to decide to what extent tlle general character 
of these entrances is tile restilt of the currellts flow through them or nrlletller 
on the other l ia~ld tlie fact. that  tlie curreiits are different in tlie two types of elitrallce 
c~la~l~lel ,  namely shallow and deep, may not be due to tlie character of the challllels 
tllemselves. It would see111 llroballle that  the sliallower cliaiiliels liave been produced 
secolldarily I)\. the destrl~ctive effect 011 coral growth of tlie sailcl and silt that  is 
contilluously l)eiiig swept tlirougll tllelll; but tile deep cliaiinels may equally 1)ossibly 
]lave existed from the verj7 iiicel)tioli of the coral hanl; and their iiiaintenaiice be due 
to tile ina1)ilit). of tlie cor;il to grow 111) fro111 this del)tli to for111 a reef. Crosslalid 
('920, 1). 610) rcnclletl tile conclusion tllat i l l  tile reeCs of hlvoren ' all s l i o ~ ~  niarked 



signs of 1-al)icl erosion of  their sides, and ill the shallower ])asses erosiotl of their 
bo t ton~s  is clearl\. seen. 'l'he difference l ~ e t w e e ~ l  the slopes to  tile lagooll allcl oceall 
on eitllcr side of the shalloir passes is lnarlied, the fornler beilig ofteo tile steeper 
and indicating tha t  tlie breal<down of the reef-edge, which formecl the pass, have 
11een initiatecl ti-om the  lagoon side.' Another factor in the erosion of the islands alld 
tlie l)rocluction of cllannels fro111 the outer t o  the  inner part  of tlle reef-flat is solutioll 
ol the  s ~ ~ r i a c e  o[ the  islands by rai~l-water. Stanley Gardiner in llis account of Diego 
(;ascia (1931, 11. 139) re~llarks tha t  ' the land has a series of " sinks " from illcipient 
n~arshes  or bogs, below which the  limestone is decaying and in and around which the 
coconuts are dying, t o  greater irregular lakes or " barachois " towards the south end. 
Tlie atoll was surveyed b!~ i\lloresby in 1837 and the  northern half again by Vereker 
in 1885. More barachois have formed since the  first survey and all have enlarged. 
, , Ilic\- are Hoorecl by bare rock similzu t o  tha t  of the reef-flat, and low, often over- 
llanging clifis testify t o  their circun~ferelltial growth. Many open to the lagoon, but 
none as yet Iiave burst out t o  seaward.' Fryer has also called attention to similar 
formations iu the island of iildabi-a, where ' sinks containi~lg water form in the land 
below the  lowest tide level ; they have vertical sides and subsequently acquire openings, 
1 ~ y  wliich they become part of the lagoon, (vide Stanley Cardiner, 1931, 1). 137). In 
the  atolls that  I ha\.e v is~ted I liave seen no stlch formations, though in the island 01 
Herntera in Xddu .It011 tliere is a shallow pool where the sea has broken through the outer 
1)each and has flooded a low-lying lmrt of the island. A combinatio~l of these two factors 
would 1)roduce a sliallow channel through an  island, and this might rapidly be further 
eroded b ~ .  the continual t o  and fro flow of water with each rise and fall of the tide. 
I n  the  case of the deeper channels, however, the problem of their formation is not so 
siml)le ; in certain cases, as ill Tahiti,  Moorea and Iiarotonga, these deep channels 
can l ~ e  seen to corres1)ond to  the  mouths of rivers arid therefore can be clearly attributed 
to the deleterious effect of fresh-water on coral growth and to the submergence of the 
original river valle!- ; but no such ex1)lanation can be put forward for tlie deep chanllels 
in the hIalcli\-e atolls unless \ye are l)rel,ared t o  admit the original 1)resence of a celltral 
islarld that  has since ljeen com1)letely eroded and submerged, all trace of its presellce 
1l:lving been cornl,letel!- ol)literatecl, or else tha t  there has been radial fanltillg in the 
reef, i l l  \~~llicll case we s l l o ~ ~ l d  be faced with the l ) rohle~~l  why this iaultillg should have 
talcell l'lace in tlle nlajority of cases ou the leeward side of the atoll. 

. i ~ a s s i  z. .-\ . . IS( 14 . . . . ' 11 l i e c o ~ ~ ~ ~ a i s s ; ~ ~ ~ c . r .  ol' the HaI~;un~as ; ~ r ~ t l  ol' the cle\,atc.tl rceis of C1l')a 
i l l  the. Stcalll y a c h t  " \l:iltl 1)urli ". Ja11u;lry to :\l)ril. 180.1.' 
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~ I ~ I I .  .IIII.X. c 'ol l rp.  z r l o / .  H n r ~ ~ ~ r d .  \-oI.  XSI:I. SO. r .  
i . . , I . . . . d A \.isit to t l lc ( ircbRt ~~~~i~~ 1ioc.l. oc .-\ustr:l~i:~ i l l  illc stc;llller 

" C r o y t l o ~ ~  ". '  

I i r t / / ,  . l / , r . ~ ,  ( ' 0111~ .  Zoo / ,  I l ( , r ~ l n r d ,  \;nl. X x v I I I ,  No. 4. 



STUDIES ON CORAL AND CjORAT,-FOltRfATIONS I N  IKDIAN WATERS. 535 

Agassiz. ,I.. 1903 . . 

..\gasiz, A . ,  10o.$(a) . . 

Alcock. A., 1902 . . 
Baker, J .  R., 1925 . . 

Crossland, C.. 1905 . . 

Crossland, C.. 1928 . . 

Crossland, C., 1928(a) . 

Daly, R .  A . ,  1920 . . 

Daly, R. A , ,  1924 . . 

a I , 1 9 2  . . 
Dana, J .  D., 1875 . . 
Darwi~~.  C., 1880 . . 

Davitl, Edgeworth, 19zh 

Davis. \\'. 11.. 1023 . . 

Davis. \\'. hI., 1928 . . 

r e  . H ,  1 1  . . 

Edmondson, C. H., 1928 

Ellis, K. H., 1924 
I:edden, 1885 

' 011 the for~nation of barrier reef and of the different types of atolls.' 
I'roc. Iioyal Soc. L o ~ d o n ,  1'01. 14SSI .  
' lieports on the Scientific liesults of the E x p e d i t i o ~ ~  to the '1'rol)ical 

I'acific.' 
.\.lerrt. ilfirs. (Iort~p. Zool. Harvard, Vol. X S V I I I .  
' A Naturalist in India11 Seas,' Calcutta. 
' A Coral Reef i l l  the New Hel~rides.' 
Proc. Zool. Soc. Loridorr, 1925, 1%. 2. 
' (kology of Orissa.' 
Rec. Geol. Slirvey of India,  Vol. \/, Pt. 2 ,  11. 61. 
' The Atoll of Diego Garcia and the coral fornlation of the Indian 

Ocean.' 
Proc. Royal Soc. London, Vol. XLIII ,  p. 440. 
' The Stone Reefs of Brazil, their Geological and C;eographical 

relations, with a chapter on tlie Coral Reefs.' 
Bzlll. Mzrs. Conzfi. Zool. Haroard, Vol. XLIV, Geological Series, 

ITol. VII. 
' l'he Ecology and Ikposits of the Cape Vercle Rla r i~~e  Fauna.' 
Proc. Zool. Soc. London, 1905,.Vol. 1. 
' Notes OII the Ecology of thc Reef-huiltlers of Tahiti.' 
Proc. Zool. Soc. London, 1928. Pt .  2 .  

' T h e  Coral Reefs of Tahiti, RIoorea and Rarotonga.' 
Jor~rn .  Lirrrr. Soc. London, ITol. YXX\'I. Zoology, No. 248. 
' A recent world-wide sinking of Ocean level.' 
Geological il/lagazivrc, Vol. I,ITII. 
' 'l'he Geology of American Somoa.' 
Pafiers from. tlze 1)cpt. ndaririe Biol. Carricgic Insfitirle, M/ashi?rgfo+r. 

1701. XIX,  No. 6. 
' Our Mobile Earth. '  New l'ork. 
' Corals and Coral Islands.' I,o11tlo11. 
' The Structure and l ) i s t r i l ~ ~ i t i o ~ ~  of Coral Keels ', 3rd E d i t i o ~ ~ .  

I , ~ I I ~ O I I .  
1,ecture to  the Geological Society. 1,ontlon. 1926. 
' 'l'he 1)eptll of Coral Reef I,agoo~is.' 
Prvc. NnI. .-lend. Scirrrccs o/ /kc Uliiled Stnles o/ .4 rrrerica, IVashirrqtorr, 

Vol. I S .  
' 'l'he Corn1 Reef 1'1-ol~lcm.' 
.Iirrrricarr (;cogvnfihicnl Socirtj*. Special 1'ul)lication. Ko. 9. 
' 0 1 1  the I'recipitation of calciun~ it1 the Sca by Marille Bacteria, 

a ~ l t l o ~ l  the action of deni t r i fyi~~g bacteria in Tropical and ' I 'e~~~pcrate  
Seas.' 

Pafirvs frorrr !Ire Torlugns Laboratory, Carnegie Irrsi. Washington, 
1701. V .  

' \Vest Indian Madreporaria11 Polyps.' 
n4ca1. Nai .  Acrid. Sci .  I.i~cishingto~r, Vol. VIII.  
' The Ecology of an Hawaiian Coral Reef.' 
I<rrrzicc~ P. Bishop Mi~serim 13wll., 45. 
' A short Account of the 1,accadive Islands and llinicoy.' Madras. 
' Geology of Kathiawar Peninsular in Guzerat.' 
113cnr. Geol. S u r ~ ~ c y  India,  Vol. 9x1. 



536 

Field, R. &I., r g r ~  . . 

Voote, K. R., 1889 . 

Fryer, J. C. F.,  1911 . . 

Gardiner, J. Stanley, 1898 

Gardiner, J.  Stanley, 1902 

Gardiner, J.  Stanley, 1902((1) 

Gardiner, J. Stanley, 1c)oz(6) 

Gardiner. J. Stanley, I903 

Gardiner, J. Stanley, 19oG 

Gardiner. J.  Stanley, 1907 

Gardiner, J. Stanley, 191g 

Garclit~er, J .  Stanley, 1930 

Gardiner, J .  Stanley, 1931 

G e e , E . R . , r o z b  . .  

Guppy, H. B., 1880 

Guppy, H.  B., 1889 . . 

Hall, A. I)., and Miller, N. 
1906 . .  . . 

Hedley, C., I924 . . 

Hicksoli, S. J.. 1924 . . 

. . 

H. J., 

R. B. S. SEWELL. 

' Investigatioiis Regarding tlie Calciuni Carbonate O o ~ e s  at  Torrugas, 
and tlie Beacll-rock a t  Loggerhead Key.' 

C(rrttrgic I~csti/rlte, TV(rshing/oi?, Yetrr Book, No. IS. 

' The Coral Iieefs of Rames\\~arani Is.' 
Af(cdrtrs Ckr is t ia?~ C'nllege Afngazine. 
(Extract  ill Scott. Gcogr. diftrg., Vol. VI, p. 257, 1890.) 
The Percy Sladen Trust Expedition to  the Indian Ocean in 1905; 

Report No. S I X .  ' The Structure and Formation of Aldabra 
and neighbouring Islands.' 

?'vans. Linli. Soc. Loridon, 2nd Series, Zoology, Vol. XIV. 

' The Coral Reefs 01 Funafuti, Rotuina and Fiji together with 
some notes on the structure and formation of Coral Reefs in 
general.' 

Proc. Cambr~dge  Plzilosoph. Soc., Vol. IX,  P t .  8. 
' The formation of tlie Maldives.' 
Geogra~hicczl Jozirnal, Vol. XIX.  
' The Atoll of Minikoi.' 
Proc. Canihridgr Philosoph. Soc., VoI. XI.  

' 011 the rate of growth of sonie Corals froni Fiji.' 
Proc. Catt~hridgc I'hil. Soc., Vol. XI .  

' The Fauna and Geograpliy of the Maldive and Laccadive Archi- 
pelagoes ', Cambridge. 

' The Indian Ocean.' 
GcogrcrPlzical Jo?rrriril, \To]. L Y V I I I ,  No. 4 Oct., No. 5 November. 

' T h e  Percy Sladen Trust Expeditioll to  the Indian Ocean in 1905. 
No. I, Description of the Expedition.' 

Trans .  Linn.  Soc. London, 2nd Series, Zoology, Vol. XII.  

' S~tbnlarine slopes.' 
The Geogrn~hzcnl .Joc~rti(il, hlarcli, 1'01. SI,Ir. 

' Studies in Coral Reefs.' 
Utcll. ikfzts. Corrzp. Zool. Hnrvnrd, Vol. LXXI,  No. I.  

' Coral Reefs and Atolls.' London. 

' The Geology of the Andaman and Nicohar Islands, with special 
reference to hliddle A ~ ~ c l a n ~ a n  Island.' 

Rec. Geol. S i~rvey  fridia, Vol. LIX,  Part  2. 

' Notes on the characters and niode of the coral reefs of the Solomon 
Islands.' 

Proc. Royul Soc. Eliinb~crgjt, Vol. X I  11. 

' The Cocos-Keeling Islands.' 
The Scottish f;eogr@lticnl Magazine, Vol. V. 

' The Effect of Plant (;rowtll and of Manures upon the ~eterition of 
Bases by the Soil.' 

P ~ o c .  Royal S o c  Lo,t(io. ; Section El.-Biologicd Sciences. Vol- 
LXXVII. 

' The Grcat Barrlcr Kc.t.1 of A~~stral i :~. '  
. ] O I ~ V P L ( ~  14 /he / I  ,,r(-yic(oi , \ l j , . ~ t ~ j r ~  (d l \ l ~ ~ ~ r ~ r ( ~ /  /lrqfory, l'ol. x X I v  
' AU Introduction t o  the Study of Corals.' ,Clenchester. 



STUDIES ON COR,AL AND COR,AL-POR,MATIONS IN INDIAN WATERS. 537 

Jones, E. J., 1887 . . . . ' Natural History Notes fro111 H.M.'s Indian Marine Survey Steanier 
" Tnvestigator ", No. 5. On some Nodular Stones obtained Ily 
trawling off Cololribo in 075 Fathoms of Water.' 

J o i ~ n ~ a l ,  Asitrlic Soc. Re~zgrrl, Vol. L\TI. New Series. 

Johnston, J. and Williamson, E. D., 

1916 . . . . . . "l'lie Iii,le of Inorganic Agencies in the Deposition of Calcium 
Carbonate.' 

Tlze Jo~rr~rnl  o f  (;eology, Vol. XXII', No. 8 .  

I,ipman, C. B., 1924 . . . . ' A Critical and Experimental Study of Drew's bacterial Hypothesis 
on CaCO, precipitation in the Sea.' 

Pnpcrs jvoln Ike D@l. Marine Riol., Canregie Inslittile, Washinglon, 
\'01. SIX, NO. 8. 

Macfadgen, W. A., 1930 . . ' The undercutting of Coral 1,ilnestone on the coasts of some islands 
in the Red Sea.' 

TIze (;t,ografil~icnl Jozir~zal, Vol. LXXV. 

Marshall, P., 1931 . . . . ' Coral Reefs-Rough Water and Calm Water Types.' 
Rrpovl of Ihf! (;rmt 13nr1,icr Reef Con~miltee, No. 8. 

Marshall, S. M., and Orr, A. P., 1931 ' Sedinlentation on I,ow Isles Reef and its relation to  coral growth'. 
Great Nnvricv Kerf Expedition, 1928-29, Scientific Reports, Vol. I, 

No. 5 .  British IvIt~seum (Natural History). 

Mawson, Sir D., 1929 . . . . ' Sonie South Australia11 Algal Liniestones in Process of Fortnation.' 
T h e  Qirnrievly Joi,rr~l. Geological Soc., \'ol. LXXXV. 

Mayer, A. G., 1918 . . . . ' Ecology of the Murray Island Coral Reef.' 
Pnpous fro111 tlr,e Deb/.  Mnrine Biol., Carnegie Institirte, T.Vnslii~~,gIon, 

1'01. I S .  

Mayer, A. G., I C ) I ~ ( R )  . . . . ' Toxic effects dde to  High Temperature.' 
Pafirrs fronr tlic Deb/.  Marille Riol., C ~ r n t g i e  Insliffrlt., TVnshinglon, 

Vol. X I I .  

Maycr, A. G., 1924 . . . . ' The Structure and I{cology of Samoan Reefs.' 
Pnficvrs /rolt~ /he Dtafit. Jftrri~rc Biol., Cnvr~rgic. It~slilirle, ll'c~slriri~/orr, 

\'ol. X I S .  

Maycr, A.  G., I ( ) Z ~ ( L I )  . . . . ' Rose Atoll, American Sanloa.' 
Pt1pc.r~ frorr~ Ili12 D(.pl. Mtrrinr Ijiol., C~rt ie f I ' r  I i~s l i l rr l~~,  Tl'(~~liinglo)r, 

Vol. XIX. 

Mayrr, A. G., 1924(6) . . . . ' Tlie Gro\vtli rate of Sanioan Corals.' 
Pn/?c,rs .fro~rr / I I P  Defd. dltrriirc Hiol., (-civrrl:gic- J ~ I S / ~ / L L / ( ~ ,  1 I ' ( t ~ l ~ i ~ i , ~ l o ~ r ,  

Vol. SIX. 

Mcclendoii, J. F., 1918 . . ' 011 changes in the sea ant1 their Relation to Organislns.' 
[ ~ ( l p ~ ~ r s  /roirt / / I ( .  D(.p/. :llnvirrc. Iliol., (:nrrrc.,giir Iirslitirlr. I~l'trslriii,~lo~r, 

Vol. S I I .  No. XI. 

Moseley, H. N., 1842 . . , , ' Notes a Naturalist. An accou~it of ol?ser\rations lliade during 
tlle \,c>!.age of H.hI.S. .. Cl~alleliger ".' 2nd lklition, 1,ontlon. 

~Iorcshy. 18.55 . . . . '011 tllc Northcru ;\tolls 01' tlic JI:ildivcs.' 

( ;cogr(~pl~ic(~/  .\orrvir(r/, \-(>I. V .  

Murray, J. and Irvine, R.,  1890 . . ' Coral Reefs anti otlter Cnr1)otiate of 1,iliie l~orniatior~s in hIodern 

Seas.' 

Proc. Royal Soc. Edinburgh, Vol. XVII. 



R,. B.  S. SEWELL. 

Oldha111, C. F., 18qf) . . 

Ross, IT.'. C.. and Bagchi, K. N., 1919 

Ross, W. C.. and Bagchi, K.  N., 1925 

Saville Kent, Mr., 1803 
Sewell. R. B. S., 1022 . . 

Sewell, R .  B. S., 1921 . . . . 

Seaell,  R. R. S., 1928 . . 

Sewell, K. B. S., 1932 . . . . 

Skeats, E:. \V., 1903 . . . . 

Steers, J. A.,  1930 . 

Stepl~enson, T .  A. ,  Tandy, G., and 
Spender, AI., 1931 . . . . 

Tliurstoti, E., 189 j 

Tizard. R. N., hloseley, H. N., 
Buchaiian, J. k'.. ant1 binrray, J . .  

1H8j . . . . . . 
I!n~bgrove, J .  H.  I:., r o r S  . . 

van 'Ihyl, 1;. hl., 1q10 . . . . 

Vaughat~, T. \\'., I O I J  . . 

(i) ' Topography of the Arabian Sea in the neigllbourhood of tile 
Laccadives. (ii) The Physical features of soine of the islands,' 

Journal of the Asiafic Society of Bengal. Vol. LXIV, part ii, 
' Note on the Geology of the Andaman Islands.' 
Rrc.  Geol. .Survey Irtrlin, Vol. S V I I I ,  Pt .  3. 
' The Geology of the Persian Gulf and the adjoining portions of 

Persia and Arabia.' 
Mem.  Ceol. Survey Indict, 1/01, XXXIV. 
' The Seasonal Variation in the Reaction and Hardness of River 

Water in India.' Par t  I. 
Indials Jozrrn. i l fed.  Research, 1'01. I rI .  
' 'l'l~e Seasonal Variation in the Reaction and Hardness of River 

Water in India '. Part  2. 
Irtrlircu Jorirn. .l/(rrl. Rrsrarclz, Yol. S I I .  
' 'I'he Great Barrier Reef of Australia.' Lonclon. 
' A Survey Season in the Nicobar Islands.' 
Journal Hontbay Na t .  Hisl .  Soc., Vol. XXVIII.  
' Observations on growth in certain Molluscs.' 
Rec. Ind .  Afns . ,  1/01. S X V I ,  Part  VI. 
' A study of recent changes of sea-level based largely on a stud!. 

of coral growtlis in Indian and Pacific Seas. 
Inlernat. Rrzlite rirr ges Hydrohiol. 11 .  Hydrogrnphir, Vol. X X ,  p. 89. 
' The Coral Coasts of India.' 
The (;eogrnphicni Jor r r~a l ,  Vol. LXXIX,  No. 6. 
' The Chemical Composition of 1,imestones froin upraised Coral 

Islands with notes on their Microscopical Structures.' 
Bull. 1I.lz.c~. Comb.  Zool. Hrtrvard, Vol. XI,II (Geological Series, 

Vol. VI). 
' A Geographical Introduction to the Biological Reports.' 
(;rcul Barrier Reef Expedition, 1928-29. Scientific Rel~orts, Val. 111, 

No. I .  

' The Structure and Ecology of Low Isles and other reefs.' 
Greal Burrier Reef Expetlition, 1928-29. Scie~~tif ic  Reports.. 1'01. 111, 

No. 2. 
' Ramesvaran~ Island and 1:auna of the Gulf of Manaar.' 
Marircis (;oaertzns~n/ il.Ii~srrcwt R~ll lel in,  No. 3. - 
I Narrative of t l ~ e  Cruise of H.bI.S. (Jl;lllen~er,' 1'01. I ,  r~itl I'nrt. 

. 
' I)ie KoraalrilTeri in tle Bani van Batavia.' 
1)irrisl 7 ' f l l l  tlerc i\lijrrho~r~o in Nrtlrr/trtrrlsclr-ltrrlitr. ~etenscl~appelijke 

kletledeelinge~~. No. 7. 
' A contribution to the Oolite prol,le~ii.' 
7'lcr ,Jorirrtal o/ (;t,olog\t, 1'01. S X I V .  

I'reli~~iinary Kenlarks on the (>eology of the Halian~as, wit11 special 
reference t o  tlle Origirl of tile Hal ia~nal~ and 1:loridian Oolites.' 

I'(1b1~r.s frour I / I ( ~  I ' t~ r / r t~ f l s  /~r,f,or~rtor~y qf llri. f(rrr1iS,yie / ? ~ . ~ ~ ~ ~ f ~ ~ ~  d 
Il'cr.s/rinR1orr, Vol. V, No. j. 

' The Building of tlie Marr/uesas nntl 'l'ortugas atnlls ~ l l ( l  a sketcll 
of the (;eologic History of t l ~ e  1:loritla Reef 'l'ract.' 

1 'oper.s /ro,tr / /I , ,  ?'nr/rl~t,.s / . (~ / ,~r trhr .v  ?/ Ilrr ( .rrrtr(:ai(. l l l r l~ l~~"  "' 
Il'uski?rgln~~, 1'01. \', No. 14. 



STUDIES ON CORAL AND CORAL-FOEtBIATIONi3 IN INDIAN WATER.S. 539 

Vaughan, T. W., 1914(b) 

Vaughan, T .  W . ,  1918 

Vaughan, T. W., 1924 

Verstelle, J. Th., 1932 . . 

Wadia, D. N., 1919 . . 
Wharton, W. J. I,., 1897 

Wood-Jones, 1910 . . 
Yonge, C. M., 1930 . . 
Yonge, C. M., 1g31(a) . . 

. . ' Reef Corals of the Bahamas and of Southern Florida.' 
Carnegie Instiflrte, V'ashi~~gton : Year Book, No. 13. 

. . ' Sonie shoal-water Bottom Samples from Murray Island, Australia, 
and co~iiparisons of thein with samples from Florida and the 
Bahamas.' 

Pa$ers fro~rt the D e p t  Marine Biol . ,  Carnegie Institute, Washington, 
Vol. I X .  

. . ' Oceanography in its relations to other earth sciences.' 
Jour. LYaslringlo~r Acad. Sciences, Vol. X R ,  No. 14. 

. . 'The growth rate a t  various depths of coral Reefs in the Dutch 
East Iudian .\rchipelago.' 

Treitbia, Val. XIV.  
. . ' Geology of India.' London. 
. . ' Foundations of Coral Atolls.' 

Nattwe, Vol. LV. 
. . ' Corals and Atolls.' London. 

. . ' A year on the Great Barrier Reef.' London. 

. . ' Studies on the Physiology of Corals . I V .  The Structure, Distri- 

bution and Ph):siolog)- of the Zooxanthella.' 
Great Barvier Reef Expedition, 1928-29 Scientific Reports, Vol. I ,  
KO. 0. 













P~G. I. Another part of the raised Coral Reef at Pamban, Gulf of Manaar. 

2. Coral Colonies in the Maldive Archipelago showing the precipitation of amorphous calcium carbonate on the 
upper surface of the colonies. 









M.A.S.B., IX. PLATS 15, 

FIG. I .  The innr., I.iore-\s-ard portion of the Fringing Reef off Reed Point. Nankauri Harbour, Nicobar Islands, 
showing extensive growth of Hcliopovn cocv14lcn (Jortvir. Borlrbny N a l .  His l ,  Soc., XXVIII, opposite 
page 984. 1922). 

F ~ c .  2. Cliff 011 llorth side of Fehe~idu Island, Horsburgl~ Atoll, showing sandstol~e formation at a depth of 3 feet. 
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