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P R E F A C E .  

The Handbook of Professional Instructions of the Trigonometrical 
Branch is divided into nine parts ; the first eight of thesc are devoted 
to the details of the principal operations of a geodetic survey as carried 
out in India and the ninth deals with various miscellaneous matters. 
The nine parts are as follows :- 

Part I. 
11. 

111. 
IV.  
v. 

VI .  
VII .  

VII I .  
IX. 

The Measurement of Base-lines. 
Triangulation-Principal and Secondary. 
Astronomical Azimuths. 
Electro-Telegraphic Longitudes. 
Astronomical Latitudes. 
Tidal Observations. 
Levelling Operations. 
Pendulums. 
Miscellaneous. 

Of these the first and eighth subjects being too extensive for treat- 
ment in a handboolr, are very briefly referred to ; little more being given 
than references to such standard works as are regarded as the best 
authorities on these operations. 

Part I1 is a compilation of the various instructions on triangulation 
issued from time to time for the guidance of the officers of the 
Trigonometrical Branch brought up to date; and i t  embodies in 
a form easy for reference the results of their experience since the 
commencelnent of the Trigonometrical Survey. In arranging this 
part of the Handbook, and especially in the chapter that treats of the 
computations, I am much indebted to Mr. Cole (in charge of the Com- 
puting Office) for his assistance. 

Part 111 describing the observations and computations connected 
with astronomical azimuths is almost eutirely due to the same officer. 

For Part I V  treating of Electro-Telegraphic Longitudes, I am my- 
relf solcly resyonsiblc. 
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Part V has been contributed by Captain Burrard, R.E., and Parts 
VI ancl VII Iiave been compilccl by Mr. Eccles, tlie former from cc A 
3lanual for Tidal Observations '.' by Major Baircl, R.E., and Professor 
G.  13. Darwin's Rcport to  tlie British Association of 1853; and the 
latter from Colonel Walker's '( Afemoranda on Levelling Operations ". 

These last three Parts necessarily describe the operations as carried 
on with the particular equiprnents now in  use, ancl therefore are not 
of universal application; bat it is hoped tliat the general principles 
iuvolvecl have been so far esplainecl, that any reasonably intelligent 
officer coulcl, *ith instruments of a different design, adapt his procedure 
ziccorclingly . 

Part I X  is in a great measure a repetition of Chapter I11 of the 
Haliilboolr of tlie Topograpllical Branch ; but as that work may not 
necessarily bc in tlie possession of officers of tlie Trigonometrical 
Cmncli, i t  lias been coiisidcrcd aclrisaljle to reprint some portion of it 
?nutatis nzulandis for insertion iu this IIandbook. 

Tllcre are, ancl probably always mill be, many differences of opinion 
about thc rclntive aclvantages of varions morlcs of concl:~cting such ope- 
rations as are here cleszribccl, but the rulcs laid down have been found 
by experience to  be the best adapted to the rcquiremcllts of Indian 
Geodesy, ancl should tlierefore not be lightly departcd from by officers 
of the Survcy Department. 

Deputy Su~.c.cyor General, 

In charge Tri,yono~nelrical Branch, 
Survey of India. 
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While this Handbook was in the press, a new Greenvich Ten-year 
Catalogue mas published, giving tlie places of 4059 stars in Right As- 
cension and Declination on I st January 1 880. For this Catalogue the 
quantities e, f, g, 1.1, I, and c', f', g', Ii', ancl l', have not been computed, 
and moreover Airy's Day Numbers are not given i n  the Nautical Al- 
manac for 1891 and 1892; and presumably will not bc gircn for subse- 
quent datcs. The mctliod of coiilputiilg star places as csplaincd on pages 
74, 106, and 178, and esemplificd in page 2 of Form P. 32 for tlie Azi- 
muth Computations, ancl in Porn1 No. 4 of the Electro-Telegraphic com- 
putations, is tlicrcfore no longcr al~plicable. The recluction must be 
macle in future by means of tllc " Quantities for Correcting tlie Placcs 
of Stars" gircn for evcry day of the year in  the Nautical Almcmac 
under the hcading '(Apparent Places of S ta~s" ,  the use of which is 
rendered sufficiently clear by an csample worked out in tlie "Explana- 
tion" at the encl of the Nautical Almanac. Professional Forms 32, 36 
and 37 have been revised so as to suit the above mentioned alteration. 
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P A R T  I .  

The Measurement of Base-Lines. 

I .  Thcre are few scientific operations on wliich care ancl ingenuity 
haye been inore laoisllly cxpcnded tliaii on tlle measurement of Base- 
lines, tliough it may at first siglit appear to be but a simple matter 
to measure tlie clistance 1)ctwceii two fixcd points. Tllc neccssity for 
estrenic accuracy ariscs from tllc fact tliat in extending a cliain of tri- 
mlgl(:s from a ineasurecl base, any small error in  the latter is increased 
i11 tlic former in the csact prol~ortion by which the lcngth of tlie cllain 
differs from that of tlic base-linc. Many methods haye been tried at  
various timcs, l ~ u t  one of the most trustarorthy and thc olily one likely to 
1)c adol~tecl in tlie iinmetliate futurc in the Trigonomctrical Branch, is tllc 
nleasnren~ent l)y tlie Colby conll~ciisntion bars and microscopes. A bricf 
liistorg of tlic mcasurcmcnt of t l ~ c  old Inclian Base-lines mill be found in 
C l i a ~ t e ~  V of Tolumc I of thc "hcco~znt of tlie Operations of the Grcnt 
T1.igoiiomctrical Surrcy of India", to which the rcacler is referred, 

2. A detailccl clescril~tioti of the Colby apparatus woulcl be too long 
for insertion i11 this I-Ianclboolc, iior is it  neccssary, as it may bc fouiicl 
in ninny standard worlrs, viz., in Captain Tolland's "Acconnt of 
tlie Alcasurcnicnt of tllc Lougli Poyle Basc, 1847", in Colonel Evercst's 
" 3Icasl1rcnlcnt of the Afcriclional Arc of Inclia, 184i'", in Captain 
Clarlie's '( Account of tlie PrincilIal Triangnlation of tlic Orclnancc 
S n r ~ c y ,  1858", ill Sir Tliomas A$nclcar's " Verification and Extensio~i 
of LnCaillc's ,ire of i\Icridian, 1866", and in thc 3rd Volun~c of the 
" Conrsc of i\Iatlicmatics )' formcrly in 11sc at tlic Royal Military 
Acatlcmy, TT'ool~ricll. Clial~tcr V I  of Volume I of tlie " Account of 
t l ~ c  0l)crations of tllc Great Trigonomctrical Surrcy of India" also 
contailis a bricf dcsci.il)tion of tlic apparatus and tlic l~rccautions to be 
obscrvctl in usiiig it, inclutling tlic all-important proccss of coml~aring 
tlic bars and i~licroscopcs with tlic 10-foot and G-incli standards. 

3.  T l ~ c  mcas~~rcmcnt of a base is so important and so special an 
operation that it woultl always bc cntrnstcd to one or morc of tlie most 
eapcric~~ccd officcrs of tlic Dcpartmcnt, who woulcl iicccssarily have nt 
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hand for reference some of the extensive literature on the subject; 
i t  falls tlierefore somewhat beyond the scope of this Handbook which 
is intendcd for the guidance of young ancl inexperienced officers when 
called upon for the first time to superintend the ordinary operations 
of geodesy. 

PART It. 

Triangulation, Principal and Secondary. 

I. The principal triangulation consists of a system of chains of 
triangles, conforming generally in directioll 

Trian- with meridians or parallels of latitude, ancl gulation. 
tied together by otller chains at their extre- 

nlities. The values of side lcngth are clerivcd from base-lines measured 
ill different parts of India, and the geodetic elements of latitude, 
longitude and azimuth are brougl~t up through the triangulation from 
a station of origin, which has been chosen at  KaliAnpur.* The 
latitude and azimuth were obtained there by astronomical observations, 
and the longitude was deducecl through the trialigulation from the 
Madras Observatory. The heights are referred to mean sea level as 
origin ; for a definition of which term, vide Parts V I  and V I I  of this 
Handbook. 

2. I n  the course of the execution of these chains, thc positions of 
neighbouring places of note, and of prominent 

Definition of Secondary Trian- 
gulucion. points, are established by triangulation of less 

precise character which is called " Secondary." 
The points so fixed are intended for thc usc of detail surveyors. 

3. The direction in which a series of triangles sllo~lld procccd 

Direotion of chnins. 
depends on the oh,iect for which it is nncler- 
taken ; but it is clistomarv in India to avoid an 

.I 

oblique direction, and to conform strictly to a meridional or longitudinal 
line. 

Fidr Clupter XI, Volume I1 of the "Account of the Opewtione kc." 
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4. I n  geodetic operations, the determination of the elements of the 
earth's figure being the object in view, both 

Employment of chains of tri- 
angles in determining the directions are of equal value ; for it is only by 
figure of the earth. a comparison of the positions of the stations as 

obtained from the triangulation with those resulting from suitable 
astronomical observations that these elements can be arrived at. The 
meridional chains suffice in conjunction with astronomical determi- 
nations of latitude to determine the figure of the meridian, and the 
longitudinal chains combined with observations of differences of longi- 
tude (effected in the present day with extreme accuracy by means of 
the Electric Telegraph, vide Part I V  of this Handbook) lead to a 
knowledge of the magnitude and form of the Equator, and of the circles 
of latitude parallel to it. 

5. The initial line from which the series starts (whose length will 

Determinationof the direction. 
have been determined either by direct mensure- 
ment, or deduced by triangulation from a 

measured base) being selected, the next operation will be to choose the 
stations in a judicious manner in  the required direction. As the azi- 
muth of the initial line is always known approximately from the 
previous triangulation, there is no difficulty in determining this direction. 
I n  starting, however, from a measured base it will be necessary, unless 
an azimuth has been observed in connection with it, to determine the 
direction of the meridian by any of the methods given at pages 78 to 81 
of the 3rd edition of the " Auxiliary Tables to facilitate the Calculations 
of the Survey of India." 

6. A Plane-table reconnaissance, where possible, will be found of 
Use of the Plane-table in great assistance in laying out the stations. The 

stations. initial base should be plotted on the board on 
any convenient scale (4 miles = I inch will probably be found suitable) ; 
and from either end of it, whcn the table has been properly set up and 
oricntntcd Eitllcr by compass, or by preference by thc back ray to a previ- 
olisly fixctl station, rays sllould be drawn to conspicuous points likcly to 
prove suitable sites for stations in advance ; from thesc again when visited 
the samc process should bc carricd on, advantage being talren at the 
samc timc of a11 opportunities of fixing promincllt hill peaks, trees, 
builclings kc., likely to be utilized in the sccondnry work. This rccon- 
nissance or Plane-tnblc triangulation is of grcat use in identifying 
points observcd, as well as in selecting stations, and should 011 no 
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account be neglected. I t  may even in slrilful hands be employed in 
executing a more or less good preliminary map of the districts visited, 
should none exist. I t  is assumed that the reader is familiar with the 
use of the Plane-table : much useful information on this point will be 
found in the Handbook of the Topographical Branch. The operations 
of selecting and constructing stations are described at some length in 
Chapter I1 of Volume I1 of the "Account of the Operations of the 
Great Trigonometrical Survev of India" to which the reader is referred. 

7. A series of principal triangles may be either single or double as 
varietisa or ,o,OaiI1g represented below, wherein No. 1 is a single 

the Seriee. series. A double triangulation may be arranged 

in several ways; for example, No. 2 is a series of successive quadrila- 
terals, No. 3 is a series of successive polygons. I n  practice it frequently 
happens that these varieties of figure are combined together in various 
ways, according to the nature of the country, and the local facilities it 
affords ; but as each method has its peculiar advantages and disadvantages, 
it is proper that their relative merits should be duly considered, in 
order that the most judicious selection may be made which circumstances 
admit of. 

NO, 1. NO. 2, NO. 8. 
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CHAP. I.] PRINCIPAL TRIANGULATION. 

8. The single series possesses advantages of economy of time, 

of labor, and money, as well in the field operations 
figures. as in the office computations ; and it is, conse- 

quently, the most proper kind of series to be adopted when circum- 
stances impose a strict attention to these restrictions. For instance, in a 
level country, like the plains of Hindustan, in which, from the absence of 
natural elevations, trigonometrical operations are both costly and tedious, 
every consideration of economy combines to recommend a single series 
as the most eligible arrangement. On the other hand, the advantage 
of accuracy will always be found greatly in favor of a double series, 
which, moreover, supplies a check of the most efficient kind at every 
stage of the work. 

9. The relative advantages of quadrilaterals, polygons, and single 
figures, are fully entered into at pages 38, 39 

Continued. 
and 200 of Volume I1 of the "Account of the 

Operations of the Great Trigonometrical Survey of India", a work 
which should be in the hands of all surveyors employed on triangulrt- 
tion. The conclusion there arrived at is that as a general rule a sym- 
metrical hexagon is the best figure for triangulation in a flat country, 
and a symmetrical quadrilateral the best in a hilly country. 

10. I n  all principal series azimuths must be observed at intervals of 

Local sttmctlon. 
about 1'. I n  order that these observed azimuths 
may be as free as possible from those errors 

which are caused by local attraction, i t  is desirable that no great mass of 
high mountains should stand either east or west of the station of obser- 
vation. Local attraction acting in any direction except in the meridian 
will, by dislevelment of the theodolite, cause uncompensated errors in 
the observations for azimuth. As astronomical latitude is advanta- 
geously measureci at the same stations as azimuth, it is always advisable 
to avoid local attraction in the direction of the meridian also, for its 
full effect comes in as error in the resulting latitude. 

I I. I n  choosing stations it is extremely impo~qtant to avoid interrne- 
diate obstacles situated on, or close to, the 
ray, because if the ray grazes the side of a 

monntain it will certainly be deflected by the vapours which arise from the 
eloping ground, whereby the observations will be more or less inju- 
riously affected by lateral refraction; and if the ray grazes close over. 
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the top of a mountain or over intervening ground or even over a village 
or huts, then the angles horizontal and vertical will be greatly disturbed. 
I f  circumstances, however, concur in admitting of no other choice, it 
will be desirable always to provide a check by introducing a polygon or 
quadrilateral at  that part of the work, and a secondary station should 
also be established on the intervening hill, which may be treated as an 
auxiliary point, for taking vertical angles, whereby the comparative 
heights may be determined independently of direct observation. 

12. A Principal Series should consist of triangles as large as the 
features of the country admit of without graz- 
ing rays, by which arrangement the number 

of stations, and probability of accumulation of error will be least. 
Considerations of economy likewise impose the same restriction, in- 
asmuch as the additional points required for topographical purposes 
can be obtained at less cost by means of secondary triangles, in which 
accumulation of error is an evil that need not be dreaded, the limits of 
inaccuracy being sufficiently controlled by the principal triangulation. 
No general rule can be applied with respect to the magnitude of 
triangles, which must necessarily vary with the configuration of the 
surf ace of the country. I n  a mountainous region with gigantic features, 
(composed of lofty peaks and deep valleys) it would be as difficult as it 
would be injudicious to select small triangles ; and in a flat country it 
would be absurd to struggle against natural difficulties in the vain en- 
deavour to establish a series of great magnitude. I n  hilly countries, 
twenty to thirty miles is a convenient distance for principal stations, 
and such distances can usually be observed with facility, in all ordinary 
conditions of atmosphcre, by means of hcliotropes and Argand lamps. 
When hills are table-topped, as is generally the case where the strati- 
fication of the rocks is horizontal, i t  may be necessary to shorten the sitles 
to less than twenty miles. An open country with cletached pcaks may 
frequently afford distanccs of thirty to forty miles with the faircst 
prospect of good observations : in a level country, such as Bengal, ten 
miles is the most favorable length of side, and the limits should be 
considered eight to fifteen miles. 

13. The triangles selected should be symmetrical, that is, as nearly 
equilateral as possible, such being the best 

Bymmetrf of trlanglrr. 
condition for ensuring accuracy when all the 

mgleea are measured; but a3 it is impracticable to obtain in the field 
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triangles exactly equilateral, the rule in practice is, to admit of no angle 
under 30°, or above go0. This rule applies to all the triangles which com- 
pose a series, whether principal or secondary ; but, in the case of secon- 
dary triangles which do not form part of a long series, wider limits are 
admissible. These limits must also of necessity be extended in the case 
of a quaclrilateral, because the four triangles of which it is composed 
obviously cannot be all equilateral. The best condition for that figure 
is when it approximates to the square, in which form no angle will be 
much above go0, and none much less than 45O. 

14. The stations selected should be on the highest peaks, but if these 

Proper sites for stations. 
are inaccessible, i t  becomes necessary to adopt 
a lower point. Every effort should, of course, 

11e made to reach the summit when practicable. I n  the case of a lower 
point being used, carc must be taken that the view is clcar in the direc- 
tion of tlie stations in advance and that it is suitably situated for the use 
of topograpliical surveyors. Tliis precaution has occasiollally been 
neglected greatly to the inconvenience of dctail surveyors wishing 
subsequently to utilize the stations for secondary n-ork. 

15. There has bcen at cliffereizt times considerable variety in tlie 

Construction of stations. 
structures built to mark tlie sitcs of tlie prin- 
cipal stations : experience has shown that one 

- 

of the three classes here described will be suitable in almost all cascs 
that can occur in Indian practice, but of course under exceptional cir- 
cumstnnces modifications may be made where really required, but not 
merely at the caprice of executive officers. 

First. Hill stations :- 

Wllcre tlie soil is composed of rock, a dot surrounded by a concentric 
circle is cut on the solid rock in sit12, othcraise a large stone similarly 
marked is buried in tllc ground. Over tlie mark a smallpakn platform 
or pillar is l~nilt to a convenient 11cigl;ht, and of sufficient diameter to 
accommodatc thc tlieodolite stand : on tlie summit of this pillar another 
mark-stone is insertcd, and fixed truly vertically over the lower one. 
Besidcs the uppcr mark-stone i t  is usual to imbed in the pillar three 
picked, flat, heavy stones, for thc tripod of the instrument to stand 
upon. These are callcd "foot stones," and they should be duly le- 
velled, wllicli will save trouble afterwards in adjusting the instrument. 
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Surrounding this pillar and separated from i t  by an annular space, a 
platform is built, on wliich the observer and his assistants stand. The 
dimensions of this platform should be at least as large as the observatory 
tent, and i t  will generally be found convenient to make it somewhat 
larger-I 2 feet x r ,5 feet will prove a suitable size. The annular space 
round the central pillar is for the purpose of iso1atl;ag the instrument, and 
preventing any slialie caused by the observer's movements ; i t  should he 
filled in with loose sancl, otherwise screws or other parts of tlie apparatus 
may be lost by falling into it.  The distance between the two mark- 
stones slloulcl be rccorclecl, but all measurements ancl observations should 
1)e referred to  tlie upper marl;-stone, ancl are so recorclecl in the 
angle books. I n  a l lu~ia l  co~untry whcre stone is scarce, i t  will be 
better to mark the circle ancl clot on bricks, as flat dressecl stonc is 
likely to be stolen by the inhabitants of such districts for domestic 
purposes. 

Secondly. Tower stations :- 

These are gencrally resorted to in  flat countries to enable tlic 
obserrer to surmount trees and other obstacles to the view, ancl to 
overcome the curvature of the earth. The most approvcd form is a 
liollow rectang~llar ton-er of pnkn masonry. This is first built up to 
within 3 fcct of its ultimate height, and upon two of thc opposite nalls 
(say north arid south) are laic1 ttl-o stout bcams, ancl crosswise on tliese 
near tlicir centre four smallcr ones. This platform of fonr snlall beams 
or battens scrves as a foundation on which s pcrforated circular pillar of 
masonry to support tlic theodolite stancl is built np to tllc required Iicigl~t. 
The n-nlls of tllc tower are tllcn carriecl up to 11-itliin about 6 ilicllcs of t l ~ c  
level of tlie top of tllc pillar n-lien tv-o similar bcanls to sul)l)ort tlic flooriiig 
for tllc tent ancl for the observcr to mow ahout on are placctl on thc cast 

and \vest walls, and a firm railing addccl for tlic salic of thc 01)servcr's 
safctp. Thc dimensions of the various parts of tl~csc towers will vary 
accoreling to circumstances, ant1 it is impossible to lay down any hart1 and 
fast rule. The following fornluln will probably be found suitul~lc in 
most caacs :- 

4 
Thickness of wall at bottom in feet = o *  2 x hz, I8 being tllc 

height in feet. 

Tnside the n-alls should he vertical, and outside they s?~onld tapcr to give 
a thickness of about I 4 feet where the beams for the obscr~cr's platform 
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rest. The interior dimensions should be 7 feet x I I feet, giving a space on 
the platform of lo feet x 14 feet which is amply large enough for the 
observer and his assistants : indeed with the modern theodolites, which are 
considerably smaller than the old 36-inch and 24-inch instruments, less 
space than this might easily suffice; but the size of the observatory 
tent must be the final guide to  the dimensions required. The perforated 
circular pillar on which the theodolite stands must be 24 feet diameter 
for the new 12-inch instruments, and somewhat larger (about 3 feet) 
for the older pattern of 24-inch theodolites. The perforation is t o  
enable the plumb-line to pass down through it to the mark-stone 
on the ground level. A second mark-stone is buried in the ground 
vertically below this surface one, as in the case of ordinary hill stations. 
I t  is objectionable to build solid pillars for a station exceeding 3 or 4 
feet in height, as in course of time deflection is sure to occur to a 
greater or less extent, and so to vitiate the true centering of the 
instrument. Plate I shows, by sketches not drawn to scale, the general 
arrangement of a tower station as above described. 

I n  Fig. I is shown the tower built up to the level of the cross 
beams supporting the isolated pillar ; and also the dctails of the pillar 
itself. Fig. 2 represents the completed tower. Thc aperture at the 
bottom is to facilitate the centering of tlle theodolite over the mark- 
stonc by a plumb-line. Fig. 3 shows a mcthod of raising the theodolite 
boxes, and othcr stores, to the summit of the tower; carc must be taken 
that the feet of the shears are bccided in holes sufficiently deep to pre- 
vent them slipping. If the tower is a low onc the shears will be unneccs- 
sary, and the arrangement in Fig. 4 will probably bc found more handy. 
I t  represents thc observing platform extended sufficiently bcyond the walls 
of t l ~ e  tomcr to cnable the boxcs to be drawn up without scraping against 
the brickwork. Access to the summit of the tower is gaincd by ldders,  

Thirdly. Trcstle stations :- 
These have bcen found a chcap and convenient substitute for tower 

stations, whcrc timbcr and workinen are casily ohtainecl, and thc height 
rcquircd is not cxccssive. Plate I1 shows tllc construc~tion of a trestle 
station, as cicsignccl and built by Rlajor Branfill, ou thc South-East Coast 
Srrics in 1 Y 74-75  I t  consists csscntially of a braced tripod stand I 7 feet 
liigll rcsting partly on tllc masonry platform, and partly on the summit 
of the isolated pillar. This stand is surrou~ldcd by a braccd scaffolding, 
to which at the proper hcight is attached a platform for the obse rva to~  
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tent, and which is carried up to  a considerable height above this, for 
the purpose of showing the lamp or heliotrope to other stations. I n  
Major Branfill's case palmyra trees which had been cut down during 
the process of ray clearing were used, and found to answer well. It 
appears from his report that lashings only were used for joining the 
various parts of the structure, the cost of the whole being only about 
Rs. 30. No difficulty would be experienced in raising the theodolite 
boxes on to a platform of this description. 

16. The simplest practical method of determining the height to 
which a tower must be raised is to erect on the site of the station a 
temporary scaffolding of bamboo or other suitable material, sufficiently 
high to bring clearly into view at the time of minimum refraction the 
lowest of all the neighbouring signals that have to be observed. It 
may be useful to remember that if h is the height of a tower, the ray 
from it will graze the earth's surface at a distance d approximately, such 

- 
that d = d*, d being measured in miles and h in feet. 

2 

I 7. The method of adjusting mark-stones is as follows :-Let A be 
the mark at  the foundation, either engraved on 

Adjustment of mark-stones. the rocli, or on a heavy embeclclecl stone. Let 
the external part of the platform be built up to the intended height of 

S E C T I O N  

P L A N  

the next mark, and placc upon it fonr heavy 8ttonc9, arranged in A 

quadrilateral figure, in snch wise that thrcads A C and D E stretcl~cd 
diagonally across may ilitcrscct nrxr tlic rcntre. A(1jn~t tlicsc tlircxds 
to  correspond with a plnrnh-line sllspcritlerl ovcr thc mark A, arltl when 
the coincidcncc is com~letc, mark tlic four entcrior stonra, hy pmcil lincs, 
or line8 scratched with a knife. Arrangcmcuts must uuw be mule for 
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protecting these stones, either by covering them over, or appointing a man 
to  watch each, while the pillar in the centre is being built up nearly to 
the level of B C, at which height the next mark-stone should be fixed 
and adjusted, to correspond with the cross threads before adverted to. 

18. At principal stations as soon a's the observations are completed 
the mark-stone must be protected and concealed 

Construction of protecting pillar. from view by a masonry pillar, which should be 

lel or perpendicular to 

built in such a manner that future surveyors may use it instead of a 
stand to rest their thed- 
dolites on, and centre the 
instruments with almost 
as great accuracy as if 
they were to set them up 
visibly over the mark. 
Grooves must first be cut 
on the surface of the 
existing isolated pillar in 
straight lines from the 
circumference to the edge 
of the mark-stone, and in 

I 

such dircctions that if I 
I 

they nrcre carried ovcr I 
I 
I 

the stone, they would 
intersect each other at 
right angles on the mark. 
Thcn a rectangular ma- 
sonry pillar, of ~vliich 
each side sholild equal 
seven-tenths of thc dia- 
metcr of the circular 

A ---,--- -- 
pillar, must bc raised on I 

I 

the lattcr pillar to a 
hcight of tl~rcc fect six I i 
inches, tapcring upwards, 
SO cts to make thc summit 
twenty inches squarc. 
The sidcs of the rectan- 

F I b  2 i I 

gular pillar will hc paral- S C A L E  of F E E  1 - F O R  Fit I w 2 
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the grooves on the circular pillar, the extremities of which latter will 
be left visible for reference. The accompanying figures 1, 2 and 3 
exhibit all these details very clearly. Lines to fix the exact position of 
the mark on the upper surface of the pillar may be drawn by means of 
a simple square bar of iron or wood about four feet long, fitted with a 
plummet at either end, both suspended from the same face of the bar. 
The plummets must, by moving the bar, be brought first over one pair 
of grooves and then over the other, lines being drawn in both cases 
along the edge of the bar used as a ruler. I n  the case of tower stations 
i t  will be sufficient to pile some loose stones or rubbish over the mark- 
stone and then to brick up the aperture at the foot of the tower. 

19. Grooves should be cut into the surface of the rectangular pillar 
as in that of the circular. The masonry should 

Constrnctlon of protecting plllar. 
be of the best burnt brick and mortar pro- 

curable ; the exterior surfaces of the bricks to he neatly cut and finished, 
and unplastered. Figure 3 represents a completed pillar. A pyramidal 
pile, seven feet square at base and six feet high, either of earthwork 

and stones or kacha hricks cemented and plastered with mud, should 
be built over the pillar for its protection, and to prcvent water from 
getting into the annulus between it and the platform. If the station 
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is likely to be subsequently required for secondary work it is usual to 
set up over the protecting pillar a pile of stones supporting a pole with 
brushwood tied on to it as in the 
annexed diagram. The pile of stones 
should be about 5 or 6 feet high and 1 

the pole about as much more. The 
station must then be made over to the 
care of the senior Native official of 
the village in whose lands it is situat- 
ed. For this purpose, a document 
must be drawn up in duplicate in  
accordance with the form provided for 
the purpose, viz., 0 .1 .A ,  the original 
being sent to this office for record, 
while the duplicate is left in the hands 
of the person to whom the charge 
of the station is committed. The 
authorized form is as follows :- 

(1) The station named of the Great Trigonometrical 
Survey of India, situated in latitude longitude on the 
lands of the village in Pargana District is 
hereby placcd in the charge of* 
and will remain under his charge and that of his successors until furthcr 
orders. 

(2)t He is authorised to prevent all persons from injuring the 
station, but he will permit any person who may have occasion to visit i t  
for Survey purposes, to remove the covering pile of stones or eartliwork, 
and refcr to the station mark, which is indicated by the intersection of 
the cross lincs on the surface of the masonry pillar. When such a 
pcrson has completed his observations, he will be required to erect a 
fresh pile of earth and stones, 7 feet square at base, and 6 feet high over 
the pillar. 

(3) Any pcrson wilftilly injuring the station, or neglecting to comply 
with the terms of this document, will be liable to be prosecuted by the 

Irere ~ i v o  name and omclal rank of Individllal In question. 
t In the case of tower etations para. (2) ~hou ld  be scored out, 
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w 

District Officer, to whom a report must be made without delay by the 
official in charge of the station. 

Given under the orders of the Government of 
dated 30th October, 1865. 

Date of Transaction 

Signature of Survey Officer 
Signature of Native Official 

20. The selection 

Final obsemotions. 

of stations is merely preparatory to the final observa- 
tions, and is called carrying on an Approximate 
Series. It is usual to choose a few triangles - 

in  advance, and then detach a party to continue the Approximate Series, 
and prepare the stations ahead, while the final observations are progress- 
ing in rear. This division of labour is of great advantage in accelera- 
ting progress, and, if judiciously arranged, with regard to local circum- 
stances, and the organization of the party, is productive of the best 
results. 

21. The angles at  a station are taken thus: supposing the observer 
to be at  A, and the signals at  

Measurement of horizontal anglea. B, C, L), E all visible, the instru- 
ment is carefully levelled and adjusted, and so fixed that 
some station, B for instance, reads oO, or zero in micro- 
scope R : B is thcn called the zero station. Suppose the A 

telescope to be brought up from the left hand of B, and 
turned gently, so that B may enter the field of view, 
and come near the centre wire, but not pass over i t ;  
the instrument must then be clamped, ancl the bisection 
of B completed, by using thc slow motion screw. All 
thc micrometers, or verniers, are now read, and the assistant records the 
readings in a fair legible hand in the Angle Book. The ohserver should 
then look again into the telescope to see that U remains bisected. If 
found correct the telescope is to be carefully unclamped and moved 
tomarda C, care being taken not to overshoot it. The clamping, bisect- 
ing, and reading is done as before, and similarly also for D and E. A 
complete set of observations is thus obtained at zero o0 by a continuous 
motion from left to right. Now, after overshooting the station E the 
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telescope is brought back by a continuous motion from right to  left, t o  
each station in succession, and the readings recorded. This will give 
a second set at zero oO. A third set, or, as i t  is commonly called, round, 
is then taken in a similar way, and the three rounds, if accordant will 
suffice for that zero; if the discrepancies in the values of any angle 
exceed 2" another measure of that angle must be taken. It is by no 
means a matter of indifference (except at the centres of polygons) which 
station is selected as the zero station. The left and right hands should 
be taken alternately at the successive stations for reasons given at 
pages XII to XVII of the Introduction to the Great Indus Series, 
Volume 111. 

22. When the signals to  be observed lie all round the station ob- 
served at, as at the centre of a polygon, the observer must be careful 
to complete each swing by intersecting the same signal as he commenced 
with. Thus if he begins with B in going round from left to right he 
will end with B, and again beginning with B, having first overshot it, 
he will swing round from right to left and end on B. 

23. Now turn the telescope through I 80' in a vertical plane, and round 
I 80' in azimuth, so that if the face of the vertical circle were previously to  
the left hand, it will now be to the right hand ; B will then read 180°, 
and this is called zero I 80' F R, the former position being zero o0 F L, 
i .e . ,  face left. Proceed as before, and take three sets of observations, 
the motion of the instrument being in one set continuous from left to  
right, in the next from right to left, and in the third from left t o  
right. 

24. Having thus obtaincd six sets of observations for one position 

Zero changes. 

- 
of the instrumwt a " change of zero" must be 
made, i .e . ,  t l ~ c  horizontal limb must be turned 

round through some definite arc, thus altering the readings of all tlie 
stations by that amount. In this position also six sets are to be secured 
whcn a farther " change of zero" and another six sets are to be taken, 
as far as is desira1)le. The angle through which the limb is shifted a t  
car11 cl~nngc of rcro aiid also the n~inlbcr of changes vary with the 
di ff crent clnarra of iiistrluncllt. The following table gives tlie details 
for thc tllrrc kiilcla of Thcodolitc rommo~lly nllploycd. Full informa- 
tion on this anl).jrct is givcu in Voluluc 11, Chuptcr IV, to which tho 
rcader is rcfcrrcd. 
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Five Microscope Theodolite :- 

Three Microscope Theodolite :- 

0' 0' 70" I' 140' 2' 210' 3' 280° 4' 350' 5' 
180" of' 250" I" 320" d' 300 3' ' '0007 and -- 170" 5" 

New I 2-inch Theodolites with two microscopes :- 

25. Having described in a general manner the method of observing 

Precnutions. 
the angles in a Geodetic Survey, it is necessary 
now to remark upon the chief precautions neces- 

sary to be taken, in order to ensure the greatest degree of accuracy, which 
the means at  our disposal admit of. 

26. The observer ought to  be skilful, scrupulous, and patient 

Continued. 
and should cultivate, by incessant practice, 
the power of vision, and delicacy in handling 

instruments. The instrument should be kept in  good order, and 
handled with the greatest care. Separate instructions on this head are 
given below. 

27. The stability of the foundation of the pillar and due isolation of 
the instrument are essential elements of accuracy, 

Continwd. 
as already remarkcd in para. I 5. The instrument 

should also be carefully centred over tlie station mark, and made truly 
level, for effecting both of which purposes appropriate apparatus is 
attached to every instrument. 

28. The operation of levelling is thus performed. Lct tho levcl on 

Levelling. 
the hody of the instrumcnt he placed parallcl 
to a line joining two foot-scrcws, and, by means 

of these, bring the bubble to float in the centre of its tuhc. Tlien 
turn the instrument round 180° in azimuth, and if thc bubble con- 
tinues to float in the centre, that diameter of tlic limb which is parallel 
to  the line joining the two foot-screws must be truly level; otherwise 
half the difference of the reading at  each end of the bubble is the error, 
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which ought to be corrected by the foot-screws, and the other half 
difference of the reading is the error of the level itself. The latter 
error need not be corrected at all, if it amounts only to a few 
divisions, because it can always be allowed for in performing the 
adjustment. For instance, if the right hand end of the bubble 
reads a divisions, and the left hand end reads b divisions, in one 
position of the instrument, and after a semi-revolution in azimuth the 

a + a' 
same ends of the bubble read a' and b', then --- 

b + b' 
and - are the 

2 2 

readings which the bubble ought to have when the instrument is truly 
level. Now turn the instrument round go0 in azimuth, and, by means 

a +  a' b + b' 
of the third foot-screw, bring the bubble to read - - 

2 ' 2  
. The 

diameter at right angles to the former one will now be approxi- 
mately levelled, and if this operation be repeated two or three times, 
the adjustment will be perfected. The process should always conclude 
with the third foot-screw. If the error of the level be very large, that is 
to say, if the reading of one end of the bubble differs considerably 
from the reading of the other, it can be rectified by the small capstan- 
headed screws attached to the level for that purpose. The proper time 
for effecting the practical correction is when the instrument is nearly 
level ; but if the error be small, it  is better, as before stated, to leave it 
alone, and allow for it in levelling, because the materials of the instru- 
ment have a tendency to settle into a position of equilibrium, in which 
they will remain steady, but, if frequently disturbed, the screws will in 
time work loose, and no confidence can then be placed in the permanence 
of the adjustments. 

29. The apparatus attached to the level for the purpose of adjusting 

AdJuetment of level. 
it in due relation to the axis of the instrument, 
is very different in various instruments; for, 

in some, there may be a single screw at one end for raising or depressing 
that extremity of the level; in other instruments there are two 
antagonizing screws at one end of the level, and one must be released 
before the other is tightened. 

30. I n  most modern instruments, however, there are three screws 

Co~rl in i ted .  
at each end, of which the central of each set 
is a drawing screw, and the two external ones 

are pushing screws. I n  this case, if one end of the level requires 



1 8  HANDBOOK OF THE TRIGONOMETRICAL BRANCH. 

lowering, release the central screw, and tighten the external ones. 
On the contrary, for raising that end of the level, release the external, 
and tighten the drawing screws. It is a general rule, in working 
antagonizing screws, that is to say, screws that produce opposite results, 
that one should be released before the other is tightened, otherwise the 
screws are liable to be bent, or the threads broken, and the efficiency of 
these delicate instruments to be completely destroyed. 

31- The criterion of the instrument being level, is, that the reading 

Cont inued.  
of each end of the level remains constant 
during a complete rotation in azimuth. The 

accuracy of the adjustment should therefore always be tested before 
final angles are taken, by reading the level in a position parallel to two 
foot-screws, and then successively at go0, 180' and 270' in azimuth. A 
difference of about one division may be considered of no account in taking 
terrestrial angles, but the most scrupulous care must be taken in levelling 
the body of the instrument when stars, or other elevated objects, are 
observed. 

32. The process of levelling is liable to disturb the centering of the 
instrument over the station marlr, which should 

Centering. 
therefore be duly looked to. Instruments are 

centered either by means of a plummct, or by a look-down telescope. 

33. The point of suspension of the plummet map, perhaps, not 

Cont inaed.  
coincide preciscly ~vitli tlre centre of the asis ; 
therefore, if thc plumnlct rcsolvcs with the 

instrument when the latter is turned rouncl in azimuth, the centre will 
not agree after a semi-revolution, and must be corrected for half the 
difference. I f  the point of suspension of the plurnmct is not attached 
to the axis of the instrument so as to revolve with i t  thcre is no method 
of correcting the eccentricity. 

34. Wlren a look-down telcacope is employcd for centering, the 

Cont inar r l .  
i~lstrum~rit  must first he duly lcvcllcd, thc cye- 
piccc oE tlle look-down must he adjusted to 

distinct vision of the wires, and the object-glass arljnsted to distinct 
vision of the station mark, so as to he free of paralla~. NOW, by 
means of the centering screws, movc tlre inatrumrnt till tb i  station 
mark is duly bisected by the cross wires. Then tun1 the instrument 
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round 1 8 o O  in azimuth, and if the station mark is seen on one side of 
the wires, half the difference is the error of centering, the remainder 
being the error of collimation of the wires. Adjust the wires accord- 
ingly, and also the centering, after which relevel, and repeat the process, 
which will generally suffice to perfect the adjustment. The advantage 
of a look-down telescope over the plummet is two-fold;--first, it is not 
disturbed by currents of wind ; secondly, the adjustment is more minutely 
performed, by reason of the magnifying powers of the telescope. This 
latter advantage is, however, more apparent than real, as it is of no use 
to centre the theodolite more accurately than the signals observed. 

35. The body of the instrument being duly centred and levelled, 

Adjustment of transit axis. 
the next care of an accurate observer is to 
render the transit axis truly horizontal. The 

telescope of every theodolite, with its attached vertical circle, is sup- 
ported on a horizontal axis, the ends of which, called " pivots," rest in 
angular supports, termed Ys. 'l'he imaginary line, joining the centre 
of the pivots, is the axis on which the telescope rotates, and, in order 
that the latter may describe true verticals, the axis must be truly 
horizontal. This adjustment is effected by raising or lowering one of 
the Vs by the appropriate screw, placed beneath the V for that pur- 
pose,-the amount of adjustment being regulated by the indications of 
a riding or striding level, which must be placed upon the pivots during 
the process of levelling them. 

36. The riding lcvel is fnrnisheci with two feet, which are cut into 

Corrti,rtred. 
thc shape of notches, or inverted Vs, and thcre 
is either a single screw or two antagonizing 

scrcn-s at one cnd of tllc tnl~c, whereby to adjust the bubble to paral- 
lclism wit11 tllc line of hcaring of the feet. 
Tllcrc is also gcnc.rally attacliccl to onc crid of 
tlle ritling lcvcl a littlc cross lercl, by mcans of 
wllicll thc inrrcrtctl fect Vs are maclc to rcst 
always with thc samc points on the pivots, and 
any slight discrepancy in thc verticality of the 
fcct Vs is tl~crchy 1)rcvcntrtl from having any 
cffect. If tllc figllrc in thc margin rcprcsent 
an invcrtctl foot V, and n b be the linc bisecting 
tlic anglc of tlic V, tlierl it is clcar that if n h 
bc truly vertical, each side of the V will rest 
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equally on the pivot ; but if the similar line a' b' of the other foot be 
not truly parallel to  a b, then, on a slight declination of the line a b, 
the level will rest on the pivots by three points only, instead of four, 
and the bubble will, by reason of the obliquity of the V, run up 
towards one end. The remedy for this evil is t.0 render the two 
feet of the level truly parallel with respect to the imaginary lines 
bisecting the inverted Vs. For this purpose release the screws which 
attach the feet to the tube of the level, and gently turn the feet until, 
by successive trials, it is found that the bubbles remain stationary, 
even when the level is inclined a little on one side or the other of 
true verticality, as respects the bisecting line of the vs.  The pro- 
per bearing on the pivots will thus be maintained, and the riding 
level will give true indications, even without the aid of a cross 
level. 

37. To level the transit axis-Uncover the pivots by removing the 
clips which retain the pivots in their vs.  In- 

Continued. 
troduce the riding level gently between the 

radii of the vertical circle, and place it upon the pivots. Adjust it to 
the cross level, if it  have one, and read off the ends of the bubble. 
I n  order to distinguish one end of the bubble from the other, it is 
usual to call the end next the little cross level L, and the opposite 
end 0 ; but if there be no cross level, it  is as well to mark the letters 
L and 0 on the tube, as characteristic marks. I t  is also usual to call 
the divided face of the vertical circle F, and the other face P. Now, 
suppose, in the first instance, that the L end of the level is at F, and the 
readings of the bubble in that position are I and o, gently take off the 
riding level, and reversing it, cnd for end, replace it on the pivots, so 
that L, which before was at F, will now be at P;  read off the bubble, 
and let the readings be I' and o', then half the difference between the 
reading of the same ends in the two positions will be the inclination 
of the transit axis, to be adjusted by the proper screw under one of 

I -  I' 
the Ys, whereby that Y may be raised or lowered. If -- be greater 

2 

0' - 0 
or less than - the difference is occasioncd by unequal cxpansion 

2 

of the level, and the mean must be adopted as the true error. The 
other half differc~~ce of the rcadings is the error in the level itsclf, 
which, if it arnoullt to any co~lsi(lcrahlc quantity, may be practically 
corrected by the appropriate screws attached to tllc level. 
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38. I t  is inadvisable to alter the inclination of the transit axis for 
an error amounting only to four or five seconds, 

Continued. 
because frequent tampering with the screws 

will in time loosen them, and destroy the permanency of the adjust- 
ments, the stability of which is a most important circumstance in 
making observations, because it is of no avail to render an instrunlent 
free from error at the commencement of a set of observations if the 
adjustments do not continue permanent throughout. 

39. The value of the divisions of the scale of all the levels em- 
ployed should be determined either at the 

Valuee of level scdee. 
Mathematical Instrument Office, Calcutta, or at 

the Trigonometrical Branch Office, Dehra Diin, by an instrument called a 
bubble tester, before the party takes the field ; but if for any reason this is 
impracticable, it may be ascertained by affixing the level to the frame 
of the vertical circle, or making it ride parallel to the telescope, and 
then taking the readings of the microscopes in two positions of the 
bubble, whence comparing the number of divisions of the level scale 
run over by the bubble with the corresponding angular motion of the 
vertical circle, as measured by the microscopes, the value of one di~ision 
of the level scale will be obtained by simple proportion, as shown in the 
following example :- 

5'6615 

-- 
Mean velne of one dlvlslon of the level scale, ... ... ... 0'94~6 

A n ~ u l e r  
Difference. 

N 

... 
33-30 

8'2.5 

9'90 

10'55 

7'85 

a 

P 
P 

i 
lh 

?- 
L 

8 
k 

Computed 
velur of ono 
division of 
the Level 

scnla- 

-- 
I1 

... 
0'9610 

0'9116 

0.9755 

0.9769 

0'8870 

0.9495 

L E V E L .  VERTICAL MICROBCOPEB. 
- 

D. 

0 I I1 

7 1s 47'0 

7 16 PO'S 

7 16 na'r 

7 a5 61.1 

7 15 51-1 

7 a5 44'1 
7 16 1 l . r  

-- 

Readlnge. 

L. I 0. 

d 
85'6 

50'9 

59'9 

70.1 

81'0 

89'9 

61.2 

Differences. 

L. I 0. I Meen. 
E. 

I1 

41'0 

14.1 

6'0 

56.3 

45.0 

37'3 

4.9 
-- 

d 
48'4 

83'0 

73'9 
63.8 

53-1 

44'3 

73.0 

Meen. 

0 I 11 

7 2 s  44-00 

7 a6 17'30 

7 a6 9-05 

7 a( 59'1.5 

1 as 48'60 

7 15 40'75 
7 a6 8-00 

d 
... 

34-65 

9.05 

10.15 

10'80 

8'8.5 

28-70 

d 
... 

34'7 

9'0 
10.1 

10.9 

8'9 

28'7 

d ... 
34'6 

9'1 

10.1 

10'7 

8'8 

28.7 
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40. If in  the figure in the margin, which represents an orthogra- 

Effects of dislevelment. 
phical pro- 
jection on 

the plane of the horizon, Z be the 
true zenith, and t t' be the direc- 
tion of the transit axis, then, when 
that axis is level, the telescope will 
rotate in the vertical plane H Z  H' 
at right angles to t t', and when 
the telescope is elevated go0 it mill 
point to Z, the true zenith of the 
place. But if the transit axis be 
inclined to the plane of the horizon, 
the telescope will decline from the 
point Z by an angle Z Z' equal to 
the amount of the dislevelment of the axis. The telescope mill now rotate 
in an oblique plane H Z'H' ,  and if S be an elevated object, the tele- 
scope will refer its position to H on the horizon, instead of to S', wliich 
is the true horizontal point appertaining to S, as determined by the true 
vertical Z S Sf passing through Z and S. The angle H Z S', or corre- 
sporlding arc H Sf is the error in azimuth occasioned by the dislevelment 
of the transit axis, and in the spherical triangle S Z 2' right angled 
at Z', me have cos S Z 2' = tan Z Z' cot Z S, or as the arcs Z Z' 
and H S f  are both small, amounting in fact to a few seconds, we have 

H S' = Z Z' x tan altitude. 

41. This formula clearly shows that when the altitude is oO, an 
inclination of the transit axis prorluces no error 

Continlied. 
in the azimuth readings; and also the crror 

in  azimuth must be very small wlicn an ohject is little elevatcd, as is 
the case with terrestrial objects. I t  is also eviclent that thc crror lies 
in the direction in which the pivot is l~iglicr, so that if the left Iian(1 
pivot he higher, the error mill hc minus, ancl corresponclirig correction 
plus ; but, on reversing the face of the instrument, thc pivots cliange 
positions with respect to the observer, and the errors mill havc an oppo- 
site sign ; consequently, if the mean be talcen hetwcen an ohscrvation 
face left, and another face right, the infliicnce of an inclination in the 
axis mill be entirely eliminated, and this will also happen with regarc1 
to  depressed objects, in which the signs of the errors will be opposite 
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to those in the case of elevated objects. Hence, if angles be taken 
between an elevated and a depressed object, those on a single face will 
be burdened with the sum of the errors due to the depression and ele- 
vation, but the mean of the angles between face left and face right 
will be free from error. 

42. The next adjustments to be undertalien are those of the tele- 

Further adjustment. 
scope itself, which are four in number, and all 
have reference to the wires, or ocular lines, 

situated near the eye end. These adjustments are,- 

1st-Distinct vision of the wires, 
2nd-Freedom from parallax, 
3rd-Collimation in azimuth, 

4th-Verticality of the vertical wires, and horizontality of 
the horizontal wire. 

43. The only adjustment of a personal nature is that for distinct 

Distinct vision of wires. 
vision of the wires, which varies with the focus 
of the observer's eye, and the eye-piece must 

therefore be pushed in or drawn out of its cell, until distinct vision is 
obtained. It is advisable to direct the telescope to the sky, or hold a 
piece of paper obliquely in front of, and a short distance from, the 
telescope, so that the wires being projected on a blank field, may be 
viewed by the eye, undistracted by othcr objccts. The wires will 1)e 
truly in tlie focus of the eye-piecc whcn they appear sharply defined, 
and all the little spccks of dust on them are seen clear and distinct. 

44. Now direct the telescope upon a distant object, a heliotrope for 

Elirninntion of parallax. 

- 

instance, which bisect with the vertical wire. 
Move the eye gently to one side, and ill the 

objcct still appcars hisectcd there is no parallax, and the wires are truly 
in the focus of tlie object-glass. If, hornever, on moving the eye to 
onc sidc, thc image of thc ol~jcct appears to move with the eye, then 
thc focus of the tclcscopc lics bcyoncl the wires, and the object-glass 
and wires must bc npproximatcd to cacli other: this is called far 
parallax. If, on thc othcr hnncl, tlie image appears to move in a con- 
trary clircctioil to thc eyc, the imperfection is callcd near parallax, ant1 
may hc rcctificcl by angincnting thc distancc bctwccn the object-glass 
and tlic wires : this adjustment is cffccted in some instrumellts by moving 
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the object-glass, in others by moving the tube which contains the wires. 
Small instruments usually have a pinion and rack to regulate the adjust- 
ment of the focus, but this is not the case with the larger class of 
instruments. 

45. The line of collimation in a telescope may be defined to be the 

Collimation. 
line join- 
ing t h e  

centre of the wires and the centre 
of the object-glass. I n  a theodo- 
lite or alt-azimuth instrument, the 
telescope rotates on the transit 
axis, and the line of collimation in 
a telescope thus mounted should 
be at right angles to the transit 
axis, otherwise, it will not describe 
a great circle, when the transit 
axis rotates. For, let t t and o z 
be the directions of the transit axis 
and line of collimation respective- - 

ly ; and suppose the line o z to 
rotate round the axis t t previously made truly level, it is clear that 
it will not pass through the zenith at all, but after a semi-revolution 
the point o will arrive at 0'. The line of collimation will in f ad  
describe a cone, the base of which will be a small circle yaral- 
lel to the vertical circle, which intersects the transit axis at right 
angles. 

46. Having defined what the line of collimation is, the next thing 
to he considered is, the practical method of 
adjusting it. There are several ways in which 

this adjustment may be effected, and of these the following is the one 
usually adopted in the field with moderate-sized instruments. 

47. Direct the telescope to a distant fixed object which should be 
nearly on the observer's level, and bisect it with 
the wire. Then lift the telescope out of the 

Vs, and replace it with reversed pivots, so that the right hand pivot may 
now be at the left hand. This must be done with delicacy, taking care 
not to shake the instrument, as the success of the observation depends 
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on the Ys remaining unmoved. If the line of collimation be true, the 
object will appear bisected in the second position of the telescope, 
otherwise i t  will be seen to one side of the wires, and half the apparent 
is the real error to be corrected by the appropriate screws at the 
eye-end of the telescope. Two or three repetitions will suffice to  
perfect this adjustment, and when i t  has once been effected, it should 
not again be tampered with unless the error of collimation amounts to 
more than 3" or 4". 

48. It is very clear that, by pursuing the process described in the 
Measurement of amount of col. foregoing paragraph, the amount and direction of 

limntion. collimation can easily be measured on the limb 
of the theodolite, and may be used as an element of reduction, instead of 
practical adjustment. All that is necessary is, after intersecting the 
distant fixed object, to read off the microscopes, then lifting out the 
telescope, and replacing it with reversed pivots, again bisect the object, 
and read off the microscopes. One half the difference of the readings 
mill be the error of collimation, and its sign may be known from the 
following consideration :-Suppose the instrument, in the first instance, 
to have stood face left, with the pivots in their usual Ys, and suppose 
the readings in that position to have been in excess of those obtained 
after reversal, then the error of collimation is + as respects all obser- 
vations on face left, and - as respects those on face right. Conse- 
quently, in applying the reductions dependent on this error, the correc- 
tions will have opposite signs, viz., - for face left, and + for face right. 

49. If the distant fixed object, by means of which the collimation 

Correctlou for altitude. 
has been determined, is situated above or below 
the horizon, the collimation error thus obtained 

must be reduced by multiplying it by the cosine of the elevation or 
cicpression of the object observed. On the other hand, the amount of 
thc collimatio~~ error at the horizon being known, the azimuthal error at 
any altitude may be obtained by multiplying by the secant of the altitude. 

50. This clearly shcws that an error of collimation produces its least 

Eliniinntion of eollimation. 
effect on azimuthal readings, when tllc altitude 
of thc observed object is nothing. I t  is moreover 

evidcnt that thc system of observing with the face of the instrument 
alternately left and right must necessarily eliminate the effect of the 
error, because it lies in contrary directions on the two faces. 
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51. The permanence of the direction of the line of collimation is a 
most important consideration, as any change 

Effects of erroneous collimation. 
during the course of the observations will pre- 

vent the errors cancelling each other. I t  is found in practice that the 
line of collimation is liable to  a slight fluctuation of a few seconds, on 
account of the unequal expansion of the metal composing the telescope, 
but the errors incidental to this fluctuation have a tendency to compen- 
sate during a long series of observations.* I n  observing stars for azimuth, 
the greater their elevation, the greater is the error produced in the 
resulting azimuth by unadjusted collimation. 

52. The previously described method of adjusting for collimation is 
Inconvenience in the that which is usually practised with moderate- 

above method. sized instruments ; but it was found inapplicable 
to  the large theodolites. The difference of the readings on opposite faces, 
as obtained by observing an object alternately face left and face right, 
gives double the error of collimation, and such is the accuracy with 
which these instruments are graduated, that its amount and direction can 
always be inferred with great confidence from the regular observations, 
and may easily be corrected, when required, by the appropriate screws at 
the eye-end of the telescope. This method, however, does not appear 
to  be altogether satisfactory for instruments with three microscopes or 
verniers, because the microscopes, on reversing the face, will stand 60' 
apart from their previous positions, thus embracing the greatest change 
in  zero which the instrument is capable of, and introducing the full 
amount of uncertainty due to graduation. Another objection to this 
method in instruments which are not provided with a full vertical circle, 
is the extreme difficulty of reversing the pivots of a large hcavy in- 
strument without some jar or shake, the occurrence of which there is 
no means of determining, and which, if i t  exists, vitiates the whole 
observation. 

53. Gauss's method of collimating is free from the foregoing 
objections, being equally independent of errors 

O.us8's method of collimating. 
of gmchiation, and of the practical difficulty 

of reversing pivots. The principle of it is as follows :-Supposc two 
telescopes each fitted with a cross of apicler lines at the solar focus in 

' Aa a precn~itio~~ nqningt, ~ i n e q u ~ l  cxpnnslon, it 1q proper to clotl~e thc tel~wopc nn(1 axes with woollen 
cloth, and to protcct tlre inetrurnent from cold ourrenb of air, kc,, and frou~ the prcjudicinl eflecta 01 solar 
mya. 
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the ordinary way, be placed approximately in the same straight line, 
object-glass to object-glass. An observer looking through one telescope 
will then see, by a well known optical principle, the cross in the other 
as well as in his own, and by a slight motion of either telescope the 
two crosses may be made to coincide. The lines of collimation of the 
two telescopes are then exactly parallel (if not coincident) and if pro- 
duced indefinitely will cut the celestial sphere at  the two opposite poles 
of a great circle. Now suppose the telescope whose collimation is to  
be tested to be placed somewhere between these two, sufficient room 
being left for this purpose, with its line of collimation parallel to theirs, 
it is evident that if its cross coincides with that of one of the collimators 
in  one position it will, if properly collimated, coincide with that of the 
other after it has been rotated 180' round the transit axis. 

54. The practical execution of this method of collimating consists 

Continued. 
in placing two small theodolites, one on each 

\ side of the instrument to be collimated, so that 
all three instruments shall be nearly in the same straight line.* To 
effect this, set the telescope of the centre instrument level, and place a 
theodolite so that its wires may be seen on looking through the centre 
instrument. Now turn the centre telescope 180' in a vertical plane, 
and place the other theodolite so that its wires may also be seen. 
Then remove the centre telescope, by lifting it out of the Vs, whereby 
the two external telescopes may be adjusted upon each other, so 
that their wires shall mutually intersect; after this they are not 
to be disturbed. Replace the centre telescope, and directing i t  upon 
one of the small theodolites, intersect the image of its wires and then 
turn over 180" in a vertical plane, so that the telescope may now point to  
the other theodolite; and, if the wires of the latter are found to be 
also intersected, the line of collimation is truly at right angles to the 
axis of rotation, otherwise one half the apparent is the true deviation 
to be adjusted, or measured by the microscopcs, as the case requires. 
I t  is obvious that this method, with a littlc modification, may be made 
applicable to collimation in altitude?. 

A few t,mt.ha of nn inch nrc not inilmrtnnt hccnuae i t  is the parellclism of the rays, and not tho exact 
Centedllg of thr ohjcct-glnfiges. upon which thr method dcpcnds. 

t For rxnmplc.: Ily nleflncl of lllc vcrticnl tnngent gcrcw intersrct tire wires of one of the nnxilinry 
theo(lolitr~, turn round r ~ b O  in n7.i1nritl1, nntl the trlrscopr will point. t.o t,lio other n~~x i l inry  tl~eodolite. One 
half the RDI'Hl'rnt, drvi~rlion in nlt i t~~t lr  will I D C  tllc error of collimntion to bc adJriated hy the screws f l~ t ing  on 
the wires. After which t l ~ c  micrometers s h o ~ ~ l d  hc adillated t,o zero. This method is neldom employed, nu 
~ 1 t . h  nn nltilllflr flnrl n7,im11tl1 cil.c,lt*, thc i~ltlcz crrol. call ensily be corrected hy nlcnns of obscrvntio~~s taken on 
h t l l  l l l c ~ S  US \!ill bc cxylaincd below. 
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55. The distance between the telescope9 is necessarily limited by 

Continurd. 
the fineness of the wires and the magnifying 
powers in the auxiliary theodolites, the wires 

of which are not likely to be visible at  a greater distance than ten or 
twelve feet; consequently, they must be placed about five feet from the 
telescope to  be collimated, or at any distance greater or smaller, which 
on trial may be found suitable. To render the wires of the latter distinct, 
an assistant should reflect light into its eye-piece, and for this purpose 
a slip of paper held obliquely will answer very well. The wires are seen 
more plainly when plain glass is substituted for the eye-piece of the 
telescope. 

56. The fourth adjustment in  the telescope referred to in para. 42 

AdJustment of dlephregm. 
consists in rendering the wires in the telescope 
perfectly vertical and horizontal. The systems 

of wires used in the focus of telescopes are very various, a common 
form consists of a single vertical crossed by a horizontal wire, which 
is the best for the principal triangulation, as the objects observed 
are generally luminous points. For observing flag-staves, spires, 
and other perpendicular objects, a St. Andrew's cross is employed in 
connection with one horizontal wire. As the intersection of three 
lines, however, occupies a large undefined space, i t  is preferable that 
the horizontal wire should not pass through the intersection of the 
oblique lines, but form a small triangle therewith. I n  this case hori- 
zontal angles should be observed to the centre of the cross and vertical 
angles on the horizontal wire. A system of wires consisting of five, 
seven, or more vertical wires and one horizontal wire (or occasionally 
two very close ones) is usually applied to astronomical circles. These 
wires are generally fixed at a proper angle on a perforated plate, which 
admits of a small play for the purpose of adjustment. To verify the 
horizontal wire all that is necessary is to set the telescope after levelling 
it on a distant steady defined object near the horizon, and move the 
instrument in azimuth, when the object should appear to move along 
the wire from one extremity of the field to the other. To adjust the 
vertical wire all that is necessary is to move the telescope in altitude, so 
that a distant object may appear to traverse or run along the vertical 
wire. If the object does not remain intersected at all parts of the 
field, the error ought to be rectified by moving the wire-plate in the 
appropriate direction. The relative position of the wires, with respect 
to each, other having been fixed by the maker, it is only possible to 
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adjust one wire by means of the wire-plate, but if there be a micrometer 
at  the eye-end, its wire can generally be adjusted separately. 

57. The wires should be stretched tightly, for if they be alack 
their intersection 

Method of wiring diaphragms. 
will not remain 

permanent during the revolution of the 
telescope on its axis. As wires are liable 
to be broken, to become slack by damp, 
or uneven by accumulated dust, it is neces- 
sary that every surveyor should be able dj 

to replace them when required. The best 
substances to apply to large instruments 
are spider lines, and to small ones, the 
fibres of raw silk. To procure spider lines, FIQ. 2. 

prepare some card frames, as shewn in the 
margin. Next look out in the garden, or 
among trees and bushes, for some healthy 
spiders, and take one up on the edge of 
the card frame. Then gently shake the 
frame, to detach the spider, which will I 
hang therefrom, as shewn in fig. I. Wind up the fibre, so that the 
turns may be rather widely apart, vide fig. 2. When the end of the 
card is reached, make a notch (a), in 
which insert the end of the thread, and 
then cut off the rest with a pair of 
scissors. If more cards are wanted, FIG. 8. 
do not let the spider fall to the ground, 
where it would be covered with dust, but 
lay hold of the line at b, and place it in 
tlie notcli of another card, which wind up 
as beforc. The cards should afterwards be placed between leaves of 
clean paper, to preserve them from dust. Having obtained the fibres, they 
may hc fixed as follows :-Take out the wirc-plate, remove the old wires, 
and c l c ~ n  thc varnish from the engraved cuts. This must not be done 
by scraping with a knife, but by using spirits of wine and warm water, 
wiping thc old varnish off, until the cuts appear quite clean. Now 
take a card, examine thc fibre with a magnifying glass, and select a 
clcan uniform piccc. Take two little balls of wax, which attach to the 
cxtrcmitics of thc selccted fibrc, and cut off the remainder. If one of 
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the balls of wax be held in the hand, and the other be allowed to 
hang freely, the fibre will become straight and untwined. Now takela 
camel's hair brush, dipped in clean water, and rub the fibre 
gently, for the purpose of cleaning and damping it, Put 
the wire-plate upon alittle block of wood, vide fig. 5, and 
place the fibre upon it, taking care to examine with a 
magnifying glass that the wire falls into the proper cuts. 
The two little wax balls hanging on either side serve to 
stretch the thread, and keep i t  in its place. The cross FIQ. 4. 

wire is prepared in a precisely similar manner, and 
as many more as may be required. Then, taking care 
that they are all truly adjusted in their respective lines 
or cuts, let a drop of varnish fall upon each cut, and put 
a tumbler over the apparatus, to protect it from dust. In 
twenty-four hours the varnish will have set, the ends of the 
fibres may then be cut off, and the wire- 
plate carefully replaced in the telescope. 
This last is the most difficult part of 
the undertaking, because it requires very 

FIG. 6. 
delicate handling to replace a wire-plate 
without breaking a wire, the method of 
proceeding may however be acquired by 
patience and practice. The best varnish 
to use is copal, but sealing wax dis- 
solved in spirits of wine, friar's balsam, or laudanum, will answer. 
Fibres of raw silk are most suitable to small instruments, and these can 
easily be applied by following precisely the same rules. The previous 
damping of the fibres ensures their becoming tight and well stretched 
when dry. The best time to apply fresh wires is during the rains, 
when there is no dust flying about, and the atmosphere is rather damp. 
All the instruments should be carefully examined at that time, and 
those which require it should be fitted with fresh fibres. Freedom 
from dust also renders this season the most favorable for cleaning the 
axis and other working parts of the instrument which require to move 
glibly. 

58. The next subject for consideration is the azimuthal micro- - 

Adjustment of microscopes. 
scopes, upon the proper adjustment of which 
the value of the azimuthal observations greatly 

depcnds. 
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59. When a circle is graduated into spaces of 5' each, the rough read- 
ing of the degrees and fractional parts of the 

Description of microscopes. 
degree, as far as to the last 5' space, is perform- 

ed by an index having a single stroke upon a piece of metal, which is 
adjustable, and generally fixed on the clamp-plate. The remaining 
minutes and seconds are shewn by the micrometer microscopes, of which 
there are generally three or five attached to the body of the instru- 
ment in old theodolites and two in the modern ones. These are firmly 
affixed to radiating arms, and are placed at equal intervals round 
the circle. The reading microscope, as now constructed, is a species 
of compound microscope consisting of three lenses, one of which is 
the object lens, and the other two form a positive eye-piece; the 
amplifying lens being omitted, as the field is not required to be exten- 
sive, and the measure is made near its centre. When firmly fixed and 
truly adjusted it is capable of sub-dividing the minute into seconds and 
fractions of a second with great accuracy and facility. It admits of 
the divisions on the limb being well illuminated, and does not injure 
them by friction, as happens with the vernier, over which it possesses all 
the advantages of convenience, combined with high magnifying power 
and micrometrical nicety of measurement. I ts  value, however, is entire- 
ly dependent on its being kept in proper working order and true adjust- 
ment, for which reason a knowledge of the principles of its construc- 
tion is essential to an observer who aspires to great precision. 

60. The arc usually measured by a microscope is a divided space of 

Continued. 
the value of 5', to be sub-divided into 300" by 
five revolutions of the micrometer-screw, which 

therefore has its circular head graduated and numbered from zero by 
10", 2oH, 3oN, &c., up to 6oN, every fifth strolte being longer than those 
of the other graduations, and terminating with a lozenge. Now, in order 
that the screw may be competent to measure a 5' space without excess or 
defcct, it  is clcar that thc image of the latter must be magnified so as to 
occupy prcciscly the length of five revolutions of the screw. Suppose that 
an objcct (tllc diviclccl limb of the circle for instance) is placed exactly at 
thc solar foclls of thc objcct lens, the rays passing through the lens become 
pnrnllcl, and the image will be formcd at an infinite distance ; but if i t  be 
placed bcyond solar focus, an imagc is formed within the tube, and the two 
points whcrc thc clividcd limb and its image are situated, are called con- 
jugate foci, the latter of which recedcs upward as the other approaches 
thc object lcns. If wc call the distance of the limb from the lensf, and 
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the distance of its image from the same lens F, the length of the image 
F will exceed that of the object in the ratio of F to f, or will represent 
J 

the magnified state of the image. Hence it is manifest that the - 

F expression -will have an increased value if we either augment F o r  
f 

diminish f. This is the fundamental principle to be attended to in ad- 
justing the runs, viz. :-If the object-glass be protruded, it will approach 
nearer to the limb, whereby the size of the image will be increased and 
will require more traverse of the micrometer-screw of the microscope 
to measure it, and this will also be the case if the whole microscope be 
made to descend towards the limb. 

61. Before describing the method of performing the adjustments, i t  

Conditions of aclJustrnent. 
may be necessary farther to premise that the 
microscope is in correct adjustment when the 

following conditions are strictly fulfilled, viz., when the image of the 
divided limb and the micrometer wires are so distinctly visible together 
that no parallax can be detected by varying the position of the eye, in 
which state of good vision, five revolutions of the screw must exactly 
measure one of the 5' spaces of the limb, or ten revolutions measure 
two 5' spaces. 

62. To obtain distinct vision of the wires, place a slip of white paper 
on the limb, and illuminate it by means of the 

Distinct vision of wires. 
reflector, the wires will thus be projected on a 

blank field, in which state the eye is better able to judge of their 
distinctness. Now slide the eye-piece in its cell, until the wires appear 
sharply defined. This is a personal adjustment, and varies with the focal 
length of the observer's eye. 

63. If, on removing the paper, the limb is not visible, the micro- 
scope must be moved bodily up or down,* till 

Ellmination of perallax. 
the limb is seen distinctly. The means of 

effecting this differ in the various classes of instruments in usc, 
and cannot therefore bc described in detail here; but no difficiilty 
in manipulation is likely to arise. Having rendcred the lines on 

It  can easily be found out whether the microwope req~~irea to he lowered or rniyed to prodnre diytlnrt 
vision, becanre, I f ,  on thrusting in the eye-piece, dlatinct visiotl is produced, there Is  far parallrx, nnd micro- 
scope trillst be lonerctl, nnd vice verrd.  Alter this experiment the eye-piece must be carefully restored to the 
polition adapted to distinct viaion of the wlres. 
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the limb visible simultaneously with the wires, bring one of the divi- 
sions to the centre of the field, and intersect it with the micrometer 
wire. Now move the eye to the left or right, and if the intersection 
remain steady, there is no parallax; but if the object appears to shift 
its place with respect to the wires, then notice in which direction it 
moves and correct the parallax according to the instructions given in 
para. 44. 

64. The microscope having thus been freed from parallax, it mill be 
necessary next to place a division of the limb, 

Adjustment continued. 
o0 for example, exactly under the centre of the 

microscope, and then to measure with the micrometer the number of 
revolutions and divisions between 359' 55' and o0 5'. If due care be 
takcn to note the way in which the graduation on the micrometer head 
runs from o to IO", 2oN, 30", it  will be found that one cut or stroke on 
the limb will be arrived at by revolving the micrometer in the same 
direction with the numbering of the seconds on the head, while the 
other stroke will be reached by a motion of the micrometer contrary to 
the order of graduation.* Subtract the reading of the latter from the 
reading of the former, and the difference will be the number of minutes 
and seconds measured by the micrometer. If this fall short of IO', the 
magnifying power is too small, and the object-glass must be protruded, 
in order to augment the image ; but if the measured space exceed IO', the 
objcct-glass must bc screwed upwards to diminish the image. Now, in  
the formcr case, protruding the object-glass will throw the image higher 
up the microscope, and produce near parallax, to correct which the whole 
microscope must again be bodily moved farther from the limb, and 
this again will diminish the run, so that the first correction should 
be a little ovcr done to counteract the subsequent adjustment for paral- 
lax, and the mrhole process must be rcpested two or three times, until the 
two conditions, viz., correctness of run and freedom from parallax, are 
very closely satisfied. 

65. I t  must, however, be rcmcmbcred that the divisions of the 

Further precnutions. 
limb arc t l ~ c ~ ~ ~ s c l v c s  affcctcd by error of gra- 
duation, to eliminate tlic effect of which i t  is 

dcsirablc to take a mcau of scvcrnl 5' spaces. ~forcovcr, the plane of 

* Snta tllnt l l ~ r  lin:~l i~ltr~.>,,c.titnn of H tli\.iqion on t l ~ r  limh v i l l i  tha mirron1rter .sl~o~lld nI\\.a!.n I I C  made 
11s arrr\villz 1 1 1 1  aguinst the s l ~ l . i i ~ g ,  x l l e t l ~ c r  tlrc ~not iur~ of tllc micro~cope es n whole i s  with or agniust the  order 
of gruduc~tiui~. 
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the circle may not be exactly at right angles to the axis of rotation, in 
which case all parts of the circle will not be at the same distance from 
the object lens, and there will be a difference of run occasioned by the 
circle approximating nearer to, or receding farther from, the micro- 
scope. It is also to be recollected that the excellence of the observations 
depends, not on a single microscope, but on the joint operation of all, 
so that although each may be near the truth, still the sum of their errors 
may be considerable; whereas, if the errors neutralised each other, the 
magnitude of the individual errors would not be of so much import- 
ance. To produce, therefore, the greatest degree of accuracy, the 
adjustment must be perfected with due regard to the foregoing consi- 
derations. 

66. I n  general, with an instrument that has been previously in use,* 
Finn] correction of one the adjustments will be found already near the 

ter. truth, and all that is required is occasionally an 
alteration of the run of a single microscope, so as to compensate the 
combined errors of the others. Now as the value of one micrometer 
has only the weight of one-third in producing the mean, so the cor- 
rection to be applied to an individual microscope must amount to three 
times the sum of the errors of all the microscopes. For instance, if the 
mean value of three micrometers amount to 10' + 2" for a 10' space, 
then 3 x 2" = 6" is the correction to be applied to a single microscope 
to recluce the sum of the whole to IO', and this correction is much more 
easily applied than a smaller one to each. 

67. The rule to be adopted is therefore as follows :-Set the instru- 
R O I ~  fir oblalning the meen value ment to 0' by the index, and a whole degree 

of nll the runs. stroke will then fall nearly under the zero of 
each microscope. Now, as the micrometer in observing is limited to 
less than a 5' range on each side of zero, it is unnecessary to go beyond 
that extent on either side. I t  is also immaterial to read the whole dcgree 
stroke in the centre, hecause the sum of the 5' spaces will be given at 
once by the reading of the extremes; consequently, it will suffice to 
measure the 10' spaces under micrometers A, B, C, respcctively, repeat- 
ing each measure at least once, for the sake of precision, and to avoid 
mistakes. Now turn the instrument round I 80' in azimuth, and measure 

Unleoa the microscopes hnve been dirrmnntled, or taken off for the purpoae of being cleaned, or of 
llowlng the aria to k cleaned, or for ally other similar reaaon. 
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the 10' spaces as before. The mean value of each microscope will thus be 
obtained from the mean of 10' spaces at  opposite diameters of the limb, 
and therefore in the case of three-microscope instruments the mean value 
of the runs of all the microscopes will be got from six 10' spaces a t  
every 60' of the limb apart, or from twelve independent 5' spaces, which 
should suffice. Now, if the mean error of the microscopes amounts 
to more than I" in IO', it will be advisable to correct that microscope, 
which is most erroneous, by a quantity equal to three times the combined 
error.* I n  performing this adjustment the rules for avoiding parallax 
(as given in para. 63) ought to be strictly adhered to. 

68. The following example will render this subject quite clear, and it 

Example. 
is only necessary to add that the runs should be 
taken at every principal station, before begin- 

ning the measurement of the angles, and duly recorded in the angle 
book, according to the form subjoined. 

Observations to determine the rzins of the Micrometers belonging to Harris' 15-inch 
Theodolite in use roith tAe Kardra Meridional Series, 19th April, 1845. 

Meen of each, 9 55'05 ... Q 61-03 ... ... 9 60'18 
Mean of t l~ rco  Microacopea, ... ... ... .,. 1.. 9 58-19 
Error on lo' ran, ,.. .,. ... ... ... ,,, o 1-21 

8 H O R I Z O N T A L  MICROSCOPES. 
5 

A. B. C. 
R s i u r n x s .  

Thia rorrertion, if the nmollnt be only n, few scconds, wlll n o t  require t h e  object-glass t o  be disturbed, 
becnuse i t  will gmernlly suffice to raise or lower the  whole microacope, unt i l  the required value of tlle runs is 
oorrectly obtnilicd. 'I ' l~e rntionnlc of thin proceeding is thnt the microacopc is more scnsitivr, as regards the  
vallle of the rim, tllnn i t  is with rcapcct to pnrnllax, or clirtilic% vlsion. On account of tho spherical aber- 
rat ion of the lenses, t h e  exact  position of the point of distinct vision i s  undefined to a amall extent, and 
Within this small limit the  run  may bo sensibly varied without produeing nny appreciable parallax. This pecu- 

0 

0 

1 

'80 

0. - 

P IIarity will perhaps be rendered clcarcr by applying numericnl values to  the expression - which repre8entE 
F the m ~ n i f l a d  Ntc of the  image.. Lct -= = $, and let  t h e  microscope be  raiaed r o l  oAn inch, which 
J L  

m ~ k e  f = I'or. This will rcdllce tho imnge in the foc~le In the proportion of 4 to 3-96, In which ratlo the r u n  
will ~ l s o  bc rcdnced, cnnrrcg~~ently n* j to 100" so i s  3'96 to q7"'o. Tlicrcfore the descent or asccnt of such 8 
mirroscope will Protlr~cc n vnrintion of for 0.01 of a11 inch perpendicular rlw, while the lettor quantity 
would hardly perccptiblo in tho sllapc of parallax. 

I 1  

32'6 

32.7 
30'1 

30'0 

I1 

24'6 

25'0 

27'9 
a8.a 

I l l  

9 Sa-o 

9 5a.3 

9 51'7 

9 58.2 

I/ 

30.6 

30'9 

34'0 

34.3 

11 

31.1 

30'8 

36'1 

35.9 

I I/ 

9 60.5 

9 59'9 
9 62.1 

9 61.6 

11 

41.5 

4a.3 
15.2 

25.4 

' 'I  

9 63'3 

9 63'7 

9 57'3 

9 56.8 

I' 

45.8 

46'0 

12'5 

22-a 

The  circle is divided 
into 5' spaces, and 
the runs were taken 
from 5' below to 5' 
abovezero,tlieread- 
ing of the centre 
diYision~eingolnit- 
ted ns of no effect 
upon the  means. 
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AdJusted A Microscope to  read about 3"'6 more, after which the runs were as follow8 :- 

Mean of each, 9 58'73 ... 9 61'00 ... ... 9 60'18 

Mean of three Microscopes, ... ... ... .., - 0 -  9 59'97 

Error on 10' run, ... ... ... ... ... ... 0.03 

Error on 5' run, ... ... ... ... ... ... 0'01s 

69. The vertical microscopes are similarly adjusted, and their runs 

Runs of vertical microscopea, 
should be taken at  every station, and duly 
inserted in the angle book according to the 

following form :- 

... Mennof each, ... 19 54'6 ... ... 19 56'1 
... Mean of two Microncopes, ... ... ,. . 19 55'4 

Adjusted A Microscope to read ebout 9'' more after wl~ lch  the runs were as follows :- 

R r a r ~ a x a .  

Tho vert,icnl circle 
of this Instrument 
Is divided to every 
10'. 

Rendin8 
of the 
Indo .  

0 

F. B. o 

ee 

F. L. o 

#I 

Mean of each, ... ... 19 63'5 ., . ... 19 56.4 
Mean of two Mlcrwopes, ... ... ... ... 19 60'0 

... Bnor on a d  run, ... ... ... 0.0 

V E R T I C A L  M I C R O S C O P E ~ .  

A. 

Lowut ( Hlghest I Differ- 
Reading. Rending. ence. 

B. 

Loweat I Highest ( Differ. 
Reading. Reading. ence. 

I f  

31'0 
31'1 

34'0 
34'1 

I /I 

19 5.5'5 
19 55'9 
19 54'0 
19 53'0 

I/ 

27.5 
18'0 
24'2 

24'7 

I/ 

23'0 

23'9 
18.1 

17'7 

I/ 

~ P ' I  

23'0 

35'5 
35'5 

I 1 

19 50.1 

I9 51'9 
19 61'5 
19 61'4 
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70. The foregoing operations are very liable to disturb the lateral 
adjustment of the microscope, as this is regu- 

Final adjustment of position. 
lated by the three screws, which serve to move 

the microscope bodily a short space, so as to bring it over its proper 
division on the limb. After having, by means of these lateral 
screws, brought the microscope nearly over its proper division, the 
remaining minute portion of lateral adjustment can be readily effect- 
ed by moving the comb, for which purpose there is a screw at the 
reverse end of the micrometer box. I f  the comb be moved or adjusted in 
the slightest degree, care must be taken to set tlle zero of the micrometer 
head to correspond with the zero of the comb. For this purpose 
take the milled nut of the micrometer head in one hand, and the 
graduated head in t.he other hand, then turn the latter round (taking 
care not to turn the micrometer screw also), and when zero on tlie 
head corresponds with the index on the micrometer, the adjustment is 
complete. The graduated head only retains its place by friction, there- 
fore it is necessary to be careful in working the micrometer not to lay 
hold of the graduated head, but to use the milled nut which is given 
for that special purpose. 

71.  The microscopes should be fixed I zoo apart in a three micro- 
scope theodolite, and should coincide with a 

Dlstnnce between microscopes. 
whole degrce stroke mrhen the index is at o0 ; 

but on account of the errors of graduation, it is advisable, in ordcr 
that the rninutcs appertaining to microscope A may also answer for 
B and C, that thc latter sliould be set to read 30" or 40" in excess, 
whcrcby the minute given by A will be common to B and C, 
providctl care be taken to add 60" to the readings of the lattcr 
when thcy fall into the next minute above. Suppose B and C 
are set to rcad 30" and 40" morc than A, then if the rcading of 
A is o0 3' so", that of B will be recorded as So", and that of C as gof', 
which numbcr of scconds arc rcferablc to o0 3'. If this precaution bc 
not taltcn thc rninutcs, and somctimcs the dcgrees, may require to be 
sepsratcly registcrctl for cach rnicroscopc, because, on account of errors 
of gradnation, rcaclings wonld frcqucntly bc obtained, as shewn in the 
following cxamplc, which would provc inconvcnicnt for registry :- 

A B C 
oO 0' lofl 359' 59' 50" 359O 59' 55" 
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72. The vertical microscopes must, besides being set diametrically 

AdJustment of vertical microscopes. 
opposite to each other, be freed from index 
error; that is to say, when the telescope is 

pointed to an object in the horizon the microscopes must be at zero, 
or if the telescope be pointed to  an object of lrnown elevation the 
microscopes must be set to give that elevation. The true elevation of 
an object may be obtained by observations on both faces, the mean 
of which when corrected for level gives the required elevation. 

73. There remain yet to remark a few other points which should be 

Final tests. 

- 

attended to. For instance, 
it is clear that the microme- \ I /  

ters should act in a tangential direction to the circle ; \ I /  
therefore, if during the foregoing adjustments the 
direction of the microscope should by chance be 
changed, all that is necessary is to turn the micro- 
scope gently round in the collar until the micrometer 
is brought to act in the proper direction, when the 

A 
collar-screws should be tightened, to render its position permanent. If 
the wires form a cross, and the divisions on the limb are lines, then 
the tangential direction ought to be correctly attained, when the angles 
of the cross wires are truly bisected by the divisions, as shewn in the 
margin. Other instrumcnts may be differently constructed, but the 
peculiarities of such cases will suggest the method of placing the mi- 
crometer in a tangential direction. 

74. It is usual also at this time to take care that each micmscope is 

Continrcsd. 
set over the same part of the division lines, 
that is to say, the microscopes should be equi- 

distant from the centre of the circle. 

75. It has been mentioned in a footnote to  para. 64, that the inter- 

Aroldance of lost motion. 
section of a division should always be made by 
scrcwing against the spring. This is done in 

order that the shoulder of the micrometer head may be made to press 
steadily on its proper bearing. When the micrometer head is released 
it would leave its bearing, and the screw would not be retracted but 
for the action of the spring, upon the efficiency of which the unifor- 
mity of the motion of the micrometer during the releasing process 
entirely depends. It has, however, been found in practice that, owing 
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to irregularities of friction, or other causes, the spring does not act 
upon the screw uniformly and instantaneously. The head may be 
released by a small quantity before motion takes place. This is called 
lost motion, and occurs in all screws when the action is suddenly 
reversed. No reliance can therefore be placed on the action of a 
micrometer, unless the spring and screw are acting in opposition, 
whereby the bearing of the female screw is preserved, and uniformity 
and steadiness of action is maintained in immediate obedience to the 
rotation of the micrometer head. 

76. It is not to  be supposed, from what has just been remarked, 
Belaction of division of limb for in. that the micrometer is never to be turned to  

tersection. the left, that is to say, released ; because it is 
clear that, if constantly turned one way, the wire would soon arrive a t  
the extremity of the field. The screwing up motion is indispensable 
only for the purpose of finishing an intersection. The rule is, to select 
that line or division which appears to fall nearest to zero in the micro- 
meter, whereby the exclirsions of the wire are limited within a range 
of 5'. If the screw requires to be released, in order that the wire may 
reach the line which it is intended to intersect, then all that is necessary 
is to overshoot that line, by carrying the wire about a minute beyond it, 
and then to reverse the motion. Complete the intersection by the 
screwing up rotation. 

7 7 .  The graduation of an instrument consists of very fine engraved 

Precautions ns to illurninntion. 
lines; and it is obvious that if the light falls 
obliquely on the graduation, one side of the 

- .  

lines mill be illumined, and the other will cast a shadow. The apparcnt 
ccntrc of the line, will in this case not coincide with the true centre, 
and if the graduation be coarse, the discrepancy produced may amount 
to two or thrce seconds. Thc obvious precaution to bc taken is to throw 
light perpcndicularly on the graduation, taking care that the field is 
eqlially illurnincd, and that both sides of the division lines are seen equally 
distinct, and sharply dcfincd. Care should be taken in illuminating the 
field of thc tclcscopc at night to avoid any side light upon the wires, and 
not to alter the illumination between observations of two adjacent signals. 

78. No good observations can be expected if currents of air are 

Necessity for slis~tcr. 
allowed to impinge on the instrument, or if i t  
is subjected to the influence of solar rays, or 
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any other causes calculated to disturb the equilibrium of the expansible 
materials of which an instrument is composed. Independent of this 
evil, it  is. also to be remarked that, if the wind is allowed to blow on 
the telescope, i t  frequently produces a lateral deflection to the amount 
of a few seconds. To guard the instrument from disturbing causes 
of this nature, i t  is sheltered by a tent, called an observatory tent, the 
observations being taken through small windows protected by movable 
purdahs. 

79. It is not, however, sufficient to be skilful and scrupulous in the 

Care in rwording. 

- 
manual and optical processes of observing ; 
equal care and attention must be bestowed on 

the registry of the data in the angle books, otherwise the care and 
skill bestowed on the observations will be wasted. 

80. The observer should give out the degrees and minutes in an 

Duties of recorder. 
audible voice, and the recorder should repeat 
them while he is writing them down : unless 

this precaution be taken, errors may arise from peculiar pronunciation 
or defective hearing. Similarly, the readings of the micrometer heads 
should be given out distinctly to the nearest tenth of a second, and 
duly repeated by the writer. The figuring on the micrometer heads 
is seldom neatly executed, and a liability sometimes exists to read 
30" for 501', and vice versd, which mistake in one microscope of a 
three-microscope theoclolite would affect an anglc by ncarly 7". Errors 
of this and similar kinds can only bc avoided by strict attention. The 
recorder should examinc, wlicn the observations arc rcpeatcd, whcther 
any rcading is cliscrepant, and should give due noticc to the observer 
of such an occurrence. The relative rcadings of the microscopcs will 
generally serve to detect any error to the amount of a minute ; in the 
reading of B and C, for instance, if thesc bc set to read always in 
excess of A, i t  will be necessary occasionally to add 60" to their 
indications. The recordcr should always take out the anglcs while 
the observations are in progress, to enable the observer to note any 
errors at the time arid to repeat a mcwure, if necessary, according 
to the preccpt laid down in para. 21. Some observers taltc no 
hcccl of the results while t h y  are engagccl in observing, but makc 
out the angles dterwardg, a practice which cannot be too strongly 
deprecated. 
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8 I .  The book in  which observations are recorded is called an angle 
and durllcate angle book. Two of these books are kept on each series, 

books. one of which is used in the obscrvatory and called 
the " Original Angle Book," the other is a transcript of the former and 
is termed the " Duplicate Angle Book." These should be paged, indexed 
and signed at the foot of each page. The original is retained in the 
Dehra Office and the duplicate ultimately sent to tlie Calcutta Office. 

82. The angle book should on no account be suffered to fall into 

Angle books continued. 
arrears. The original should be examined by 
two computers, and attested by their signatures, 

as well as by that of the observer. The duplicate should be compared 
with the original by two persons, and attested by their signatures. It 
is a standing rule, that, in order to avoid mistakes, all computations and 
comparisons should be performed inclependently by two persons, who 
should each sign both copies ; and, unlcss such precautions have bcen 
observcd, the results are considered ~ntrustwortliy as final work. Obser- 
vations should never bc recorded on loose scraps of paper, or in pencil 
in rough books. The original record is always the most valuable clocu- 
ment, and the labour of copying, besidcs being espensive, causes delay. 
I t  is usual to add up all the angles obscrvcd on any one zcro togcther, 
and divide thcm by thc number, by wliicli mcans as many sets of means 
arc obtaincd as there arc zcros, each mean being considered as an intcgral 
obscrvation. I t  is a fixed rulc never to reject an observation, unless 
tliere be somc obvious error in  it, an explanation of which should be 
inserted in tlic column of remarlis : tlie circumstance of its differing, 
however widely, from thc mean is not a sufficient cause for its rejection. 

83. Having now rcmarltcd upon all the minutiae to be attended 
to in tllc obscrvntory*, i t  still rcmaiils to inculcate the neccssity of the 
signals bcing carcfrilly adjustcd ovcr thc station marks.+ To insure this 
condition bcing fulfillc(1, thc mcn wlio ~ ~ ' o r l i  tllc lamps and hcliotropes 
slioultl 1)c trnincd to pcrforin tllcir parts with skill and fidclity. 

84. Notwithstanding all thc precautions which may be taken in 

Rcsidunl errors. 
ninliing tllc obscrvntions, and recording them 
with fillclity and precision, it will be found that 

It, nlny Ilrr~! I I ~  rrmnrkrrl that in o11s1,rvin~ nzimiit,l~:rl nnglcg, tlie vrrticnl c l~lmp nnd tangent-scrcw 
I I I  I I I I  I i t  i I I  to I t  I t c o  I t n l l y  Thc t.rlegropc should bc rniscd or lowered 
t,o tllc 111.o111.r ; ~ l t i t ~ ~ t l ~ \  ol' t,lir oIJ~.ct I)y t l ~ r  >1cti011 of tllc I I I I ~ I I  nllly, thr vertical clomp bcing left qr~i le  free. 
Sirnilnrly, in ol~st,rvin@ rc.l.tic.~ll 11n~lra i t  is nnnecrsonry to clamp the flzinluth circlc ; tllc vcrticnl clamp and 
tUngcnb-s(.l.r~~v S I I I I I I I I I  1111111,, I ~ P  I ~ I I I ~ ~ ~ o J . ~ ~ .  

t 11 contlition us Indiul~ensuble to ncouracy as the ccntcring of tho iristrument itself. 
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every mean angle is nevertheless burdened with small residual errors, 
which i t  is impossible entirely to eliminate, and which must therefore be 
dispersed in the subsequent computation, agreeably to the rules which 
will hereafter be given. These errors arise partly from imperfections 
in the instrument, and in the observer, and some part of them may also 
be attributed to unavoidable sources ; such, for instance, as the displace- 
ment by refraction to  which an observed object is liable on account of 
the rays of light passing through a medium of very variable density and 
temperature. 

8 j. There is reason to believe that refraction takes place chiefly in 

Uncertainty of refraction. 
the vertical plane ; but owing to the smoke and 
various vapours perpetually rising from the earth 

probably not having an uniform density at a given height above the 
surface, the ray in its passage through these must unquestionably be 
to some extent, liable to lateral as well as vertical refraction. We see, 
in fact, both by night and day that this cause is perpetually in operation ; 
for the small disc of an argand lamp, which is only twelve inches in 
diameter, and in a clear, settled atmosphere, is reduced to a luminous 
point, smells out sometimes for several nights in succession into a broad 
ill-defined blaze, subtencling occasionally two minutes of the horizon, 
and vibrating more like a sheet of fire than an object intended for 
accurate intersections, whilst by day the visible disc of the heliotropc, 
though only two inches in diameter, is even vilder and more strag- 
gling. 

86. l'he only method of overcoming these sources of irregularity is 

Timp ,or obsrrring ,lorirontal to await favourable state of the atmos~hcrc, 
angles. and be prcparccl to profit by it when it offers 

itself. Such occasions occur for day observation almost cvery sunny 
day for a shorter or longcr pcriorl, bctwceu half-past thrce P.M. axid 
srinset. The lamps are also frcquently well adaptcd for observatioll 
from sunset to past midnight, cspccially in the early part of tllc scasoll, 
but at other times they are steadiest from after midnight till about sun- 
rise. 

87. I n  hillv countries, where the stations are placed on lofty peaks, 
Prccantions agninat lateral refrec- with deep intermediate valleys, objects are leas 

tion. distnrhed hv atmospheric causes than ilncler 
other circumstances. Very good observations may then be obtained for 

A 
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an hour or two after sunrise ; but, in general, however promising the 
apparent state of the atmosphere may be at sunrise, it  can rarely be 
depended on. It is at this period of the day that mirage is most 
conspicuous. Two or three heliotropes are sometimes seen piled one 
above the other, or placed side by side, sometimes uniting together to form 
columns or pillars of fire subtending several minutes, although the rays 
of light pass through an aperture limited to two inches in diameter. 
This kind of lateral refraction is, however, too conspicuous to be 
overlooked; but there is another insidious sort which ought carefully to 
be guarded against, because at the time it is in  operation the visible disc 
of the lamp or heliotrope appears at first sight small, well-defined, and 
steady; if, however, it be carefully bisected by the wire, and then 
watched, it will be found after the lapse of a few minutes gradually 
to diverge to one side, and after a shorter or longer time mill again 
move off slowly in  another direction. This treacherous state of the 
atmosphere is very frequently in operation, and the only remedy is to  
watch carefully, and adjust the position of the telescope so that the 
object may appear to diverge equally on each side of the wire. With 
this precaution good observations can be made, but each intersection 
occupies several minutes of time, and the observations proceed very 
slowly. 

88. The accordance, or otherwise, of angles taken on the same zero, 

Teat of ~ o o d  ~rork. 
enables an observer to judge of the accuracy 
of his intersections, and the average errors of 

thc trianglcs will show how far care and precaution have succeeded in  
eliminating the imperfections of the instrument, and other sources of 
error. Evcn with the best theodolites an observer may be satisfied with 
his work, if his triangular error does not average over one second. 

89. The formulae from which the relative heights of the stations 

Dcd~~ctlon of hdghts of stntlons. 
of a Trigonometrical Survey are deduced are 
explained in the third Edition of the Auxiliary 

Tables, page 241 c t  seq., ancl morc fully in Chaptcr XIII,  Volume I1 of the 
" Accorlrlt of thc Opcrations of thc Great Trigonometrical Survey of In- 
dia," and it will be linncceasary to entcr hcre upon this part of the subject. 
The proccdurc in thc ficld is limitcd to the carcful measurement, 1st) of 
thc vertical angles, with the corrcsponding level readings, and 2nd) of 
the hcights of thc tclcscope of the thcodolitc and of the signal above 
the platforms whosc relative hcights arc required. 
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90- It is generally assumed that the refraction at  both stations is 
the same ; but, in order to justify this assump- 

Reclprocal vertical angles. 
tion as far as possible, the back or reciprocal 

vertical angles ought to be taken at one and the same instant.* But 
as this is not always possible, the next best method is to be careful 
to  observe them about the same hour from noon, for then the errors 
caused by terrestrial refraction are more likely to compensate each 
other. The best period of the day for observing verticals is the time 
of minimum refraction, which usually occurs from about 2-45 to 3-45 P.M. 
Long experience has proved that reciprocal vertical observations, taken at 
that period of the day, notwithstanding the unsteadiness of the helio- 
tropes, give the most accordant results, and may therefore be confidently 
relied on. If thk stations are not visible at the time of minimum refrac- 
tion, the precaution should be taken of observing them simultaneously, by 
means of two instruments and two observers. 

91. Four sets of observations, two with the face each way, are sufficient 

Number of observations necessary. 
at each station, except in extensive plains, where 
a second and third day's measures are desirable. 

All stations that are visible should be observed, as verificatory results may 
thus be secured. Vertical observations taken with the face each way, that 
is to say, with the face of the vertical circle in one instance to the left hand, 
and in the next to the right, are called collimated observations, because 
the mean of the two faces gives a vertical angle free from error of collima- 
tion, which is not the case with observations on a single face. 

92. The method of observing is as follows :-The instrument should 

Method of observation. 
be duly levelled and adjusted previous to the 
time of minimum refraction ; and as soon as 

signals are steady, or nearly so,+ direct the telescope to one of the - - - 

principal stations, and having clamped the vertical circle, bisect the 
signal with the horizontal wire, and note the hour and tllc minute at 
which the observation was made. Now note the rcadings of the two 
ends of the level that is attached to the vcrtical microscopes,$ calling 

Thin was done on the Grent Indinn Arc, in  rroasing the  plnins of llintloston, hecnust! thc vertlcnl 
angles were there suhject to the i~~flnence of extraordinary refraction and miruge, on accollnt of the rays 
g n u i n g  along the  surfnce of the grol~nd.  

t Heliotropes nre seltlnm perfectly stearly tlll 4 or J$ P.ar.. but  a t  thnt. perlod they arc beginning to rlao 
nt the rRb2 of a aeconrl per m l n ~ ~ t c .  Although they may apprnr n little nnit~ltetl nt 3 P.M., ~ t l l l  tilt‘ rcfrnctinn IS 
then lenst, nnd the obscrvntions ~ i v e  the best rcsllltn. In flhrt. any error arising from t l ~ e  nyitut~rl n8petbt of the 
hellotropo will be much leg9 inJl~rlol~s than rr*fl.nrt,ion, nnd inilceil mny he r~o~~nternct ,cd in n g r m t  rnrllsurc hy 
rnnltiplylny the r~l~acrvntiona, hrcunsc tlre ct~itation of tho disc does not protluce a c:onstnnt error in one tlirec- 
tlon, aa happens In the rase of uncertnln refrnrtion. 

$ Tliedolltes direr  in the manner of attaching this level but ita indicatlons must nlweys be read whntever 
Ita constrnction. 
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them "eye end" and "object end" respectively, and read off the 
microscopes of the vertical circle, according as the vertical angle may 
be an elevation or a depression, and let the readings be duly recorded 
in  the angle book ; release the clamp ; turn over the telescope I 80' in a 
vertical plane, and the instrument round 180" in azimuth ; bisect the 
same station again, and record the readings of the level and microscopes 
as before, together with the hour and minute of time at which the 
bisection was made. The mean of the two observations will give one 
collimated vertical angle. Repeat the last observation as before, and 
then reverse the instrument, and take another observation, which will 
complete the second collimated vertical angle. If these two be accor- 
dant they will suffice, otherwise a third, and even a fourth, ought to  
be taken. Now direct the instrument to another station, and take the 
vertical angles in the same manner, and in that way proceed until all 
the surrounding stations have been observed ; but if the signals begin 
to rise, which will be ascertained from the depressions diminishing, or 
altitudes increasing, it will be necessary to desist for that day, and 
reject any observation which may have been made after the time of 
minimum. 

93. On arrival a t  a station which has been observed from one 

Reciprocal observations. 
in  rear, the back or reciprocal observations 
must be talten within a minute or two of the 

corrcsponding times. If any atmospheric change should appear to take 
plncc intermecliatcly to thc observations of the reciprocal vertical angle, 
the equality betwccn the rcfractions, mrhich the nature of the problem 
demands, is likcly to be destroyed ; and therefore too long a space of 
time ought not, when i t  can bc avoided, to be allowed to elapse before 
the reciprocal observations arc made. 

94. I t  must bc borne in mind that if the instrument gives altitudes 
Difercnt mp+llods of O n  OnC face, it  will give zcnith distanccs on the 

elcrution ant1 tleprcasion. other, and thc graduation on thc micromcter 
hcad will, in this cnsc, bc accorcling to the ordcr of the figuring; conse- 
quently, the systcrn of rcaciing nltitudcs on one face, and zenith 
distnrlccs on tllc othcr, is, pcrhnps, the snfcst course to pursue. Occa- 
sionally, howcver, altitudes arc rcnc'i on both faccs, by taking the seconds 
from thc micromctcr hcnd in an invcrsc ordcr, thus 50" is read IO", 
40" is rcad 20") and so on, which givcs altitudc instead of zenith 
distances. This was the method followed on the Grcat Arc, and several 
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other Series, and with care and experience it may be practised with 
facility, and without liability to mistakes. With regard to depressions 
i t  may also be remarked that the face of the instrument which gives 
altitudes according to the direct order of graduation, will give nadir 
distances in the same direct order for all objects below the horizon; and 
on the opposite face which gives zenith distances according to direct 
order of graduation, depressions may be read off in direct order. In- 
stead of nadir distances, however, depressions may be read off at once 
by supposing the divisions on the micrometer head reversed, viz., 50" = 
IO", 40" = 20", &c., as in the case of altitudes. 

9.5. Those instruments which give altitudes and nadir distances in - - 

Continued. 
direct order on one face, and zenith distances 
and depressions on the other, are numbered in 

four quadrants from o0 to go0, following each other round the circle; 
that is to say, oO, 1o0, 20°, &c., to go0, 1o0, 20°, &c., to go0, IOO, 20°, &c., 
to go0, 10') 20°, &c., to go0; the last go being the zero of the first 
quadrant. Other instruments however are divided from o0 at the eye 
and object end to 90' both ways. These figures, as far as the circle is 
concerned, give altitudes and depressions on both faces; but if the 

- 

ordering of the graduation on the micrometers on one face is direct for - 

elevations it will be reverse for depressions, and vice versa on the 
opposite face. 

96. On account of the variety of graduation which obtains in dif- 

Varieties of graduation. 
ferent instruments, no fixed rule can be laid 
down, and the peculiarities of each must there- - 

fore be studied carefully by the observer. 

97. The following rules obtain in all instruments :-For altitndes 

Rnlee for recording e,evatione and the micrometer should be moved to the division 
depressions. apparently above the zero of the micrometer at  

the eye end, and to the division below zero of the microscope at the 
object end. I t  is, of course, exactly vice versd with respect to dcprcs- 
sions ; that is to say, the divisions which appear hclow zero at the eye 
end, and above zero at the object end, should be chosen. Now, if on 
revolving the micrometer head, so that the wires shall proceed from zero 
in the microscope to the divisions above indicated, if it be rcmarked 
that the graduation on the micrometer head follows in the natural order 
of numbering, then the reading must bc talien direct, otherwise it must 



TRIANGULATION, PRINCIPAL AND BECONDARY. 47 

CHAP. I.] PRINCIPAL TRIANGULATION. 

be made reverse. After studying each instrument a rule can generally 
be framed like the following which applies to Troughton and Simms' 
36-inch theodolite, and probably to others by the same makers, viz. :- 

F. L. { Elevations read direct. 
Depressions read reverse. 

F. R. { Elevations read reverse. 
Depressions read direct. 

A rule such as this, having once been carefully deduced for the particular 
instrument in use, will prevent subsequent mistakes. 

98. The same precautions which are necessary in adjusting and read- 
PrecRntions in Rdjusting vertical ing the azimuthal microscopes are also indis- 

microscopes. pensable in using vertical microscopes. They 
should be freed from parallax, and adjusted for runs ; they should also 
act in the direction of a tangent to a circle, and all measurements 
should be made witli that motion of the screw which draws against the 
spring; moreover, they ought to be set truly horizontal, witli respect to 
the axis of azimuth motion and the division of the vertical circle, as 
they will then be free from index error, or nearly so. 

99. Although the mean of two observations with the face each 
Elimination collimRtion inver- way givcs a result independent of collimation 

tical iillcroscopcs. and level error, still, when the former is large 
much inconvenience is felt. All that is necessary to free the instrument 
from this error, or rather to render that error very small, is to take the 
altitude or depression of any fixed terrestrial object on both faces, and 
deduce the mcan, which will be the true vertical angle. Then, while 
tllc tclcscope remains firmly clampcd, with the object truly bisectcd on 
its horizontal wirc, move the microscopes by their appropriate screws, 
till thcy give thc true reading of the vertical angle, as deduced from 
both faccs. In  all instrumcnts somc mctliod of moving the microscopes 
tllrough a small space laterally is providcd, varying according to the ideas 
of different makers ; by mcans of this adjustment the whole microscope 
must be moved, until the cross a-ires coincide with the proper division on 
the limb. This atljustment, howevcr, will not generally allow of the 
microscope being set much neascr than a minute, and the remaining part 
must 1)c cffectecl by altering thc graduatcd head of the micrometer, and 
then setting t l ~ c  comb to corrcs1)ond thcrewith, as described in para. 70, 
w hcri tlcscribil~g tlic adjustments of the azimuthal microscopes. 



48 HANDBOOK OF THE TRIGONOMETRICAL BRANCH. 

loo. I n  para. 89 i t  has been remarked that the height of the in- 

H&hts of eye and object. 
strument, and of the signal above their respec- 
tive platforms must be recorded. The former 

should be carefully measured by the observer, and the latter by the 
men in charge of the heliotropes and lamps, so that on arrival at each 
station, the heights of the signals observed may be duly verified, and 
noted in the form subjoined. 

I Height of Ii 
Instruments. I N A M E .  

N A M E .  

Feet. 
0'0 

Mnrlts nbove 
Ground. 

Height of 

Inches. 
69'7 J Asrofpur . . . 

Thane ... 
Rs.qaopur ... 
Semnedeo ... 

Heliotrope. 

By whom 
Mensured. 

Lomp. 

Inches. 
26' 

30' 

82 

30 

Rsmdeen. 

Jerl. 

Bikori. 

Mnnbod. 

Inches. 
... 
. . . 
... 
... 

1 0 1 .  I-Iithcrto we have only considered the case of stations at 

Computation of rcfraction. 
which the back, or reciprocal, vertical angle 
can readily be observed ; but it is clear that if 

the amount of refraction mere known, the relative heights could be 
deduced from verticals talien at onc extremity of a ray : this method is 
however not consiclcrecl sufficiently rigorous for determining thc heights 
of principal stations, though it is largely used in secondary work and 
will be more fully explained in the next Chapter which describes that 
class of operations. 

102. I t  has been mentioned in para. 56, that lliminous signals are 

Description 01 algnnls. 
always employed in principal triangulation. 
These are of two kincls, D ~ z . ,  heliotropes used 

for reflecting the sun's rays by day, and lamps with argand burners, to 
consume either oil or kerosene, for night use. A heliotrope (callccl also 
heliostat and heliograph) consists of a plane circular mirror, so moi~ntcd 
on a small tripod as to be movable on two axes, one vcrtical ant1 the 
other horizontal, whose directions pass accl~ratcly throng11 the ccntre of 
the mirror, at which point a small holc about +q of an inch diameter, 
is drilled through the glass. Each heliotrope is accompanied by rt small 
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sight-vane, consisting either of an aperture in a board with two cross wires 
spanning it ; or of a leaden weight (or even a lump of clay) of 2 or 3 tbs., 
into whicEi is inserted vertically a straw or very thin slip of wood, on 
which a piece of thread is tied loosely, so as to be movable up and down 
at pleasure. The latter very simple contrivance has been used for many 
years in the Topographical Branch, a i d  found to be perfectly serviceable, 
and of a construction so simple and easily improvised anywhere, as to  
leave nothing to be desired on that score. I n  principal triangulation 
the sight-vane for the hcliotrope is attached to thc top of the lamp box 
as shonrn at A in Plate 111. ' Heliotropes are made of various sizes,--8 
inches diameter will perhaps bc found the most convenient, being very 
portable, and yct quite capable of being used as a signal at 60 or 7 0  
miles. For distances less than 2 0  miles it mill be found advisable to  
reduce the light by mcans of clial~hragms. A two-inch or three-inch 
aperture suffices for 15 miles, if the lieliotrope be carefully aligned. 
I t  is convenient for tlie observer to carry with him a licliotrope of larger 
size, say I 2 inches diameter, for the purpose of flasliing to tlle signallers, 
when lie wishes them to show their onrn heliotropes. 

103. The process of aligning a heliotrope, or so placing it that the 
sun's rays are reflected in any clcsired dircction, 

Method of nligning heliotropee. 
is very siml~lc, and sooil learrleci by orclinary 

khnltisis. I t  is carried out as follonrs :-The sight-vanc is carefully 
ccntcrccl over the station mark, and the hcliotropc then placccl at a 
corlvcnient distance from it, (about two fcet is snitablc) and facing the 
point on mrllicli it  is to be aligned, in such a n~aniicr bliat tlie klrultisi can 
sec both the sight-vane and the distant mark, tlirough the liolc at the 
centre of tlie hcliotropc. 13y moviiig the hcliotrope sliglitly, tlic distant 
marlr, the cross wircs of tlie sight-vane, and tlie l~ole, arc thcn placccl iiz 
thc samc straight linc. Thc mirror should now he turiled to\\ wds thc 
sl111 113' nlcans of its motion on tlic two ascs, (thc tril~ocl rcmaiiiii~g fixed) 
in such a direction tliat tlic imngc of tlic hole, nliicli is a small black 
spcclc in tlie mitldlc of tlic bright rcflcction of tlie mirror, falls on tlie 
cross I\ ires of thc sight-vane. A11 obscr~cr at tlie dista~it n1al.k ~vill tlien 
see t l ~ c  siin rcflccted in the mirror. 

104. I f  tlic hcliotrope is situated ilcarly in a linc I~ctnrccn thc 

Coj~t i~l~i t - (1 .  
ol~serrer and a low ~1111, it  is foun(1 ra t l i~r  dilficult 
to ncljnst it nccurntclp ; in such cnscs the rliffi- 

culty may bc got ovcr by thc usc of a sccolltl llcliotrol)~, ~vliicll is so 



placed as almost to face the sun, and reflect its rays on the first one, 
~vliicli can under tllcsc circumstallces be macle nearly to face the observer. 
A little ingciiuity will enable the observer to arrange a code of signals 
for conveying a few simple orclers to the heliotropers ; it is unnecessary 
to specify such in detail, as each triangulator will probably prefer his 
own ; but there is one that is allnost llniversally usecl in the Department 
for calling in a heliotroper mlleil no lorlgcr required, and that is, the 
display of two heliotropes simultaneously about 50 yards apart. 

105. In Plate I11 are given drawings of a lamp as now used for 

Adjustment of lamp. 
a night signal. Formerly country oil used to 
be bnrncd, but in  tlie present day kerosene is 

found morc convenient. The part of tlie lamp that lias t o  be centered 
over the mark-stonc is the middle of tlie glass disc in the front of the 
lamp box. Two niclts (J C;, one at the top and one at the bottom of 
the box, are so madc tliat the line joining tllcm bisects this glass clisc. 
When properly adjnstcd the flame of the lamp slioultl be vcry nearly 
centrical with rcgarcl to t l~ is  glass, ancl the reflector so placed that its axis 
may coinciclc mitli the ray to the ol~scrver's station. This acljustmcnt can 
only be clone by estimation, but tlic constructiorl of the lamp is such tliat, 
mlien the box itself is properly aligned by means of tlie sights on its upper 
surface, the positions of thc flame and reflector are very closely correct. 

106. The approximate adjnstment of the alignment of the lamp is per- 

Continued. 
formcd 1)y means of tllc eye-hole H and a pin C. 
'l'llc ap1)aratus stands on thrcc legs T, two orlly 

of which are scen in tlie rlran ilig. Tlic plilmmet P hangs from thc top 
of the licliotrope siglit-vailc, a ~ l d  whcn correctly placcd its linc shoiilcl 
pass acclurntcly throligl~ tlic cross wil-es of t l ~ c  sight-vane of tllc heliotrope, 
through tlie two nicks on tlic lamp l~os ,  and tl~rough tlie station mark. 
Thc Ileliotrope H staucls oil a hoarcl 1) which slidcs in a groovc, and is 
removable for co~ivenicncc of paclting. 'l'llc boartls E E, whicl~ are 
scrc~ecl on to tlie top of tllc box, arc intcndcd to rcccive n sccond 
heliotrope for donhle rrflcction as dcscril~ctl in para. 104. Thc foiir 
small battens F F F F arc, groovctl to reccive a slicli~ig pancl to protcct 
the glass, when the lamp is riot in use. 

1 0 7 .  The last poilit upon which i t  is necessary to clwcll in the 

Description of stations 
inntruct,ions for priilcipal triangnlation, is t l ~ e  
111.gc1it necessity for a lull, clear, and ilitelli- 
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gible description of each of the principal stations of observation. 
There is no reason why the trigonomctrical and astronomical st a t '  ions 
of the Survey of India sllould not, \\-it11 ordinary care, last for ccnturies ; 
but, in orcler to be of real service at any future time, the sites should be 
named and described in such a manner, that they can be readily identified 
by any reasonably intelligent person. I t  is not pretended that this can 
alu-ays easily be done, especially in the tliinly-ilihabited, forest-clad 
districts met with in many parts of Inclia and Burina, but tlie 01)server 
must ever bear in mind tliat it  is a point of the Iiighest importance, 
and strenuous endeavours must be made to secure it. 

108. Firstly as to the name. When the station is situated on a hill 
n i th  a well-lrnown locd name, it will be best to 

Conti?i i ied.  
retain that namc. I11 othcr cascs the ilamc of the 

nearcst village, or of tlie village on IT-liosc lands it is situatcd, must be 
givcn to it.  Secolzdly as to tllc description. Tliis must em1)race an account 
of the clctails of its construction, thc hcigllt and size of the platform and 
pillar, tlie nlunll~cr ancl positions of the mark-stones embedded in thcm, 
also the materials of wliich they are buUilt, and ~vliencc tlicy were brought. 
If on a hill, the bcst nlcans of asccncling it should be sl~ecified; and the 
village, if any, fronz 11-llicli thc ascent shon!d be nlade, or supplies obtained, 
should also bc cntcrecl i11 the clescription. The approxiinate distances 
and bcnriiigs of scvcral nciglibouring villages, tcmplcs, hills, rivers or 
otlicr pcrmnncnt 01)jccts slionld be statccl, anrl any other information 
givcn nliicli ~vould simplily thc idclltification of tlie site subsequently, 
not omitting tlie ilamcs of the pro~ince, district, thAnn, tahsil, pargana 
or otlier local sub-division in mliich tlic station is sitnatcd. The de- 
scril~tion, which sliould be written at thc tinlc of visiting the station, 
must be in a clcar anel lcgil~lc hand in both tlic original and duplicate 
angle hoolis ; nalnes must 1)c linnd-printcd, or at tllc least written in a 
largc round hallel, tlue carc bcing talien to ensnrc orthogral~l~y in the 
transliteration of ilntivc I\ o~.ds. An antliorixccl list of the corrcct 
spelling oE 1nwl)c.r 11;trrics call bc obtaiuctl for most districts, and should 
bc in the possession of tlic party for rcady rcfcrcncc. 

109. When ally statiolls of previous triangnlation, wl~icli have bcen 

Stntions revisited. 
already dcscri1)cd and closed accorcling to the 
directions givcn in llaras. I 8 and 19, are visitcd, 

thc condition in wliich tlicy arc found must be statcd, in orcler to obviate 
any li~icertainty wl~ctlicr the original site has bcen recoverecl or not ; tlie 
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measures taken for subsequent protection sl~onld also be described, or any 
altcratioris that may have been made in the construction of the station. 
Occasiolis have arisen in mliicli some doubt has been experienced as 
to  which of two closcly contiguous stations has bcen occupied. The 
observer should be alive to such contingencies and invariably notice in 
his description of stations any such possible cause of confubion. 

I. The object of secondary triangulation is purely topographical. 

Intersected points. 
The principal series provides too few points for 
the detail surveyors, and the secondary work sup- 

plements the principal by breaking down its large triangles into smaller 
oncs, and fixing in addition a great number of minor points by rays taken 
to them from two or more stations. These minor points are generally 
known in the Department as intersected points, and are not as a rule 
visited by the triangulator, who coritents himsclf with fixing them by the 
intersection of two or more rays, whence the name of intersected points. 

2. The secondary triangulation may be laid out either in chains or 
a network, or a combination of the two, as may 

Chalns or networks. 
seem most suitable for the particular piece of 

country uncler survey. Where any large river with a broad valley 
intersects the district, a series may with advantage be carried along it, 
with stations on eithcr bank, the only disadvantage being the necessity 
for frequent crossing and recrossing. Tliis can, however, be partly 
obvintcrl by tlic judicious co-operation of two observers, oric on eithcr 
side of the river. Most commomly, however, a network is tlic more 
convenient plan of proceccling. 

3. The rigorous principles laid down in Chapter I may he consider- 
ably relascd in thc case of secondary work. 

Vernier theodolites. 
I n  the first placc vernicr theoclolitcs of tlie 

better class have been generally considered sufficiel~tly goocl for tlie 
measurement of the angles. They are consiclerably liglitcr than tlie 
microscope tlieodolites, atid sinlplcr in constrnctian and hctter ndnl)tccI 
for the use of Assistant Surveyors, to whom the sccondary triangulation 
is generally cntrustcd. 
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4. The acljustments of vernier theodolites are, for the most part, 
the same as those of microscope instruments, 

General adjustments. 
differing only in the case of the vernicrs them- 

selves : these require no adjustment, being immovably fixed at the 
proper distances apart by the maker. 'l'he descriptions given in  
paras. 27-56 of the previous Chapter apply to both classes of instru- 
ments ; and any observer, who llas mastered them will have no difficulty 
in applying his knowledge to the simpler form of theodolite. 

5. The adjustment of the vertical verniers needs a few remarks. 

Adjustment of vertical verniers. 
The true vertical angle to any distant well- 
defined point must be determined by ohserva- 

tions on both faces, corrected fbr level error, as described in para. 99, 
(the correction for lcvel may be avoided by bringing the bubble to the 
middle of its run for both observations by means of tlie clips, before 
reading tlie verniers). 'l1l1e verniers nlllst now be set to read as - 
nearly as possible the value of this vertical angle, and the telescope 
made to intersect the distant object By the clips only. I t  will now be 
found, probably, that thc bubble of tlie level attaclled to the verniers 
is displaced from the centre of its run ; i t  has only to be brought back 

- 

by its own adjusting screnrs, when tlle proccss will be con~ljlete. It 
will never, except by pure chance, ha2pen that both vernicrs can bc made 
to read the true vertical angle ; in practice thcre is  always some discre- 
pancy between them. The best plan is to makc the incan of thcir 
rcadings equal to the true vertical angle, by ~\'llich their combined 
index error will be reduced to the lo~vest quantity possible; but it will 
be always safcr to observe vertical angles on botli faccs, nrhen great 
accuracy is aimed at. 

6. I t  is vcry desirable, though not iilclispensable, that all tlie three 
anglcs of evcry triangle sllould be observcd. 

Angles to bo observcd. 
One of thc nlost irr~portant rcasons for observing 

all the angles, cspecially in secondary work, is to avoid gross errors, 
such as 1o0, rcslilting from an crroncous rcading of the figures on the 
lirnb : in thc casc of a siinplc cliniil suc11 an crror might cscape detec- 
tion, and lead to cncllcss troublc ant1 uiiccrtainty if it  occurred in a 
triangle of wl~icll two anglcs only wcrc mcasnred. I n  the case of a 
nctworlc such a fault conl(i be locnlizcd almost wit11 ccrtainty, and 
thcrcfore tllc mcasurcmc~it of the thrcc: angles is not of such vital 
iinportancc ; still, howevcr, it  rcnders the worlc inorc conlpletc and 
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satisfactory, and should not be neglected except on good grounds. I n  
fisirlg intersected points i t  is advantageous, when practicable, to observe 
thcm from more than two stations. I f  observed from one only, it is 
obvious tliat they cannot be localized at all; if from two, tliey are 
fixcd by one triangle only, and there is no certainty that the same point 
has been intersected from both stations; whereas if observed from 
three or more stations, the data are sufficient to give two or more values 
of one of the rays, and therefore to furnish a test of the correctness of 
the identification, by the agreement or otherwise of tlie several values. 

7. The number of zeros may be considerably reduced on comparison 

Nurnbcr of zcros. 
with those required for principal work. Two 
zeros and two changes of face should suffice 

evcu for fairly large triangles: a twelve-inch or fourteen-inch tlieoclo- 
litc is generally prefcrred for this class of work. Luminous signals 
sl~ould be enlployed for any rays exceecling 7 or 8 miles in length ; for 
sliorter ones the pole ancl brush, such as is shown in tlie moocl-cut in 
para. 19, Chapter I, is suitable in hilly country, if it stands up against 
tlie sky-line. I n  flat country, or where the back-grouncl, against which 
tlie signal is likely to be projected, is nearly the same colour as itsclf, a 
wliite-waslied yharrn may be placecl on the top of the pole, or the pole 
aud brush may be altogether superseded by a small bell tent. 

8. The care in centering the theodolite and the heliotropes should 

Centerin= the theodolite and not be rclaxed, as the menials employed will in 
s l y  nnlu. all probability become carcless about this pro- 

cess, if they observe that the officer in charge is not always cqually 
scrupulous about its accuracy ; and i t  should be remembered that, as 
the signallers are undcr no sort of supervision when on dctachcd duty, 
i t  is doubly necessary that they should acquire a fixed Imbit of always 
centering with the greatest attainable nicety, whether really requisite 
or not for the particular operation in hand. Heliotropcs mhcn usccl for 
distances of 4 or 5 miles should be reduccrl hy stops to about 2 inchcs 
diameter; if the light thus diminished is still too dazzling, an effectual 
way of snbdning i t  is by holding a single fold of linen or cambric a 
few inches in front of the object-glass of the telescopc. 

9. Stations for secondary triangulation should hc so selcctcrl as to 

Selcction of statious. 
obtain as far as possiblc an uninterrupted view 
on all sides. If the station is situated on a 
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forest-clad hill top, it will be found a very convenient plan to leave one 
large tree standing as close as possible to it, after clearing the jungle 
away; such a mark is frequently found of great use to plane-table 
surveyors. The same remark applies to hill tops used for intersected 
points. The platforms for the more important stations must be built i11 
much the same fashion as the principal stations, with an isolated central 
pillar and a marlr-stone, ullless the mark can be cut on the rock in situ". 
Masonry tower stations are never likely to be required, and should not 
be built without special sanction. 

10. I n  the column of remarks in the angle boolc a brief description 
of each intersected point, when necessary for 

Descr ip t ion  o f  intersected points. 
identification, should be given; such as the parti- 

cular corner or minaret of a building observed, a single tree, or pile of 
stones on a hill top &c., &c., and if such points are lettered or number- 
ed, great care must be talren that each point is always distinguished by 
the same number, when observed from two or more stations. The 
horizontal angles between the stations ancl intersected points nlay citller 
be taken on one zero without change of face, in whicll case the rcadings 
should bc chccltcd by the recordcr calling out tllc setting of tlie limb, 
and the observer noting, after the limb has been put to that setting, 
v~llethcr the point is duly intcrsectcd : or thcy may bc talten on one zcro 
with one clinllge of frtcc, in wllicl~ case tlie above chccli is unncccssnry, 
as the recorder can sec at a glance ~vlicthcr the two readings differ by 
r 80' as tlicy ought. Thc latter mcthod is ccrtainly thc bctter, the only 
objcction being that it talrcs up slightly nlorc room in thc angle book, 
ancl adds a fcw more figurcs to the computations. The means of hori- 
zontal anglcs betwcen secondary stations sliould bc retained to one place 
of clccinlals of scconds, and bctwcen stations and intersected points to 
the ncnrcst sccond only. I n  observing objccts such as large trccs, 
ronndcd liill tops kc., M-liich arc not cal)all,lc of accurate intersection, 
i t  is nnncccssary to rccord the reading of more than one vernier on 
each facc. 

I I .  Vcrtical anglcs slio~~l(l  in all cascs be talrcn on both faces, other- 
wisc tlic crror of collimntion, wl~i(-li nlay be 
considcrablc, comcs in purely as crror in tlie 

rcrtical anglc ohscrrcd. Vcrtical ai~glcs to s ta t io~ ,~ ,  as distingnislicd from 
i n f c ~ , . ~ ~ ~ - f e d  ),oiui,v, sliollld bc talicn tn-icc on cncll facc, viz., oncc \\it11 
a motioli of the tclcscope from below upwards, and once with rc\.crscd 
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motion, i .e. ,  from above downwards. The observation of vertical angles 
should be limited to about one hour on either side of minimum refrac- 
tion, at least where any accurate cletermination of height differences is 
aimed at. I n  observing heights of buildings or trees or hill tops &c., 
i t  is a matter of considerable importance to specify clearly in the angle 
book the point selected, and also to give the height of the instrument 
and signal above the station platform. 

12. I n  secondary triangulation, as in principal, i t  is desirable to 
observe reciprocal vertical angles, at very nearly 

The reciprocal vertical angles. 
the same hour of the day at both stations; but 

in the former class of worlc the rule must necessarily be relaxed in 
many cases, notably in that of intersected points. It aras stated in 
para. 101, Chapter I, that if the amount of refraction were lrnown the 
relative heights could 1)e cleduced from verticals taken at one extremity 
of a ray. I t  is usual to express the lcngth of the ray in seconds of 
arc, anci the constant of tcrrestrial refraction as a fraction of it, so 
that if r be the total amount of refraction, k the constant, and C the 

T 
contained arc, r = k C, whence k = -- . and, if we assume an equality 

C '  
between thc refractions at  the cxtrcmity of a ray, we can obtain the 
value of k from cvery pair of reciprocal ohscrvations at every station. 
'l'he mean of all the values of k at any one station may, therefore be 
adoptccl as the constal~t of refraction at that point, and may, without 
risk, bc appliccl to correct a siligle vertical angle to a seconclary point, 
whcu its reciprocal observation is wanting. Let D be the obscrved 
depression of tliat sccondary or intersected point, and C the contained 
arc clue to its distance, t l~cn  D + k C = A will he the true dcpression 
clearecl of refraction. Let the unobscrvecl reciprocal vertical be DL 
or - El, its corresponding valne in cacao 1)cing A', then as C = A + A' 
thercfore A' = C - A, and thc subtended angle S = 4 (D - Dl) = A 
- 4 C = D + k C - 4 C or for an elevation S = E - k C + 4 C. The 
use of 'l'al~le XIV, 3rd Edition, Ailsiliary Tablcs, enahlcs thc computer 
to obtain the snhtended angle, witliout the iutcrmcdiate stcp of com- 
puting the unobscrved vertical angle. 

13. The relative heights of intcrwcte~l points tll~is obtnilicd are 
qnitc good cnol~gll lor the plrrposc rccjnil.ct1, if 

Co-efficient of r+fmction. 
the precaution is taken of m s l t i ~ ~ g  the observa- 
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tions of the vertical angles at  about the same interval from noon, as the 
principal verticals from which the value of k is derived. The value 
of k averages about -066 in hilly country where the rays are quite free 
from all obstructions, and pass near no intervening objects: in flat 
sandy countries like Rajputana and parts of the Punjab it is very 
irregular, even being occasionally negative. For an interesting dis- 
cussion of this question the reader is referred to Appendix No. 3, 
Volume 11, and to the Preface to Synoptical Volume VII, where a table 
of the values of the co-efficient, found in  actual practice, is given. 

14. It is seldom necessary to employ any very elaborate precautions 
for the  protection of secondary stations. A 

Protection of secondary stations. rough pile of earth or stones is generally suffi- 
cient to protect them from all but wilful injury. This cannot easily 
be guarded against, except by placing them under the care of an official 
in the same way as principal stations, a course which the comparatively 
small importance of secondary work rarely warrants ; all stations should, 
however, be carcfully described in the angle book, and the direction 
and distance of neighbouring villages or other permanent marks noted 
for subsequent identification. 

15. Somewhat akin to the secondary triangulation, as defined in 
paras. I and 2 of this Chapter, is the system 

Ray trrclng. 
known in the Trigonometrical Branch as Ray 

tracing. I t  was first instituted as a means of ascertaining the exact 
direction of a distant station, which l~appened to be concealed by inter- 
vening jungle, in order to regulate the clearing of the line. The 
method is thoronghly explained in Chapters I1 and VII, Part I V  of 
Tliuillicr and Smytll's Manual of Surveying, a work which is assumed 

. - 

to be as n matter of course in the possession of every field  part^; and 
need uot tl~erefore be givcn in detail here. 

I 6. The readcr should conslilt the " Handbook of the Topographical 
Brancli" for furtlicr liints on the management 

BTan~~grrnent. 
of seconclary triangnlation, as this class of work 

is morc i~ltimatcly conncctcd nit11 that Rrancli tl~nli with the Trigolio- 
metrical, wliicll concerns itsclf chicfly with the more rigorous methods 
of l~rincipal triaiigulatiou for gcodctic purposes. 
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COMPUTAT~ON OF PRINCIPAL TRIANGULATION. [PART II. 

I .  The usual abstracts of angles having been made in the angle book, 
the primary vahle of each angle resulting there- 

Weight. 
from, is the arithmetical mean of the zero means, 

and is generally symbolized by M. IVllen the number of measures on each 
zero is not the same, a small correction has to be calculated to apply to 
M to obtain what is called the corrected or concluded angle C .  If the 
number of measures on each zero are equal M and Care the same. Now no 
measured quantities are ever absolutely correct, though some may possess 
greater reliability, or, as we may say, greater weight than others; and it is 
usual in refincd observations, when a result has been derived from several 
independent measures, to calculate its weight relatively to other results 
similarly obtained, by means of the accordance of the several measures.* 
I n  triangulation the weights thus obtained are made use of in the 
subsequent calculations, as will be explained hereafter. The weights 
of angles are calculated in a form designed for the purpose, Y. 8, 
C'o7npulation of JIIPights of Obserred Angles. (See the example at the 
end of this chapter). To employ this form enter in the first column 
thc nunll~er of observatiolis on the first zero, and in the second 
column the seconds of observation successively ; then do the same for 
the secorlcl zero, and so on. I n  the third column enter the zero means, 
arltl in tlie fourth the differcnces of the several observations from the 
zero mcans to which they appertain, regardless of sign ; each of thcse 
quantities is symbolized by ( e . 0 . ) .  I n  the fifth column enter the squares 
of tlie cll~antities (e .0 . )  I n  the sixth column enter the differcnces between 
tlie zero mcaris ancl thcir general mean M, with thc sigris + or - as 
the case map 1)e ; thcse quantities are symbolized by (e.g.) Square these 
quailtitics ancl eritcr them in the next column. 

Now put 
Sum of (e.0.)" e" = - - . - . - 

Numhcr of measures - I ' 
Silm of ( C J . ~ . ) ~  c= = - . - 

~urnbcr-of  zeros - I '  

nesidcs  thc term weight for tlenntinp t l ~ c  rc.li~il,ility of arly rrrrr~lt tlctl~~rcrl from ol~aervations tllcre 
nre otllcr tcnns, oir . .  rrror of rnrnn rgttcrre or t~ricfly c.tn.,., ~ n d  prohahle error 0rp.r. T l~c  rclntion between 
these Is denoted na follows :- 

- J G K t  = ---I- - __I_.- 
r.m.8. '674s x p.r. 

Tlle rrrm of menn rqrnrr  mny br 11(,flnrll 11s the sqilnrr t.not. of tlic mrnn of the gqtlnrc-3 of tlie apparent 
errors or ohservt~tion. By Sir Ci. Airy, C h ~ ~ u \ . c ~ ~ c t  und C;r.rruri rvritcrs t l ~ i s  is cullcd the I I I P U I I  rrror. 
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Next divide e2 successively by the number of observations on each zero 
and adding c2 to each quotient take their reciprocals : these added together 

I 
give the weight w, and hence the weight reciprocal - or u.* Only 

W 

two places of decimals are retained throughout tlie calculation. 

2. The correction to the arithmetical mean M, to produce the con- 
cluded angle C, is next obtained as follows :- 

Corrected or concluded angle. 
Look out the smallest of the reciprocals from 

which 2 0  is derivcd, and subtract it from each of the others, entering the 
differences in the column proviclcd, and in the next column enter the 
corresponding valucs of (e .g . )  with their proper signs. Sum the several 
products and divide by w ; the result is the correction required. 

3. The next step in the calculation of principal triangulation is 

Spherical excess. 
that of the splicrical excess of each triangle. 
Tllis does not require that the angles and sides 

sllould be employed to any degree of nicety. A preliminary ca!culation 
of the sidcs of the triangles is made in form Y. 14, Con~putation 
of Secondary Triangles. Thc anglcs are entered to the nearest second, 
and the amount by which their sum differs from 180" is divided 
equally among them, thus giving angles for computation. In  filling 
in P. 14, the ilamcs in each triangle should be so arranged that the first 
two stations inclzcde the known sidc, and the third is opposite to it. 
I n  the column for log sines i t  is convcnient to enter the cosecant 
of the third anglc instead of the log sine. Vertically over the log 
si~zes,  figure for figure, is entcred the log of the known side. Now 
by adding togetlicr t l ~ c  log side, thc first 10,g sine and the log cosecant 
we obtain the log value of tlie sidc opposite the first station, and in  
liltc manncr we find the other side. Proceeding in this manner preli- 
minary values of all thc sidcs may bc obtaincd ; now enter Form P. 9, 
O'ont~~i~tntion q f  Sphtrical Excc~ss, and cinploying thc mean latitude 
for tllc triangulation for cntcring Tablc I11 of the Auxiliary Tables, 
perform tlie calculation as inclicated in the form; the result is the 
spherical excess. Five place logs are sufficient in Form P. 9, and 
the spherical cxccss is taken out to three places. For any further 
information and an example, see page 12 of the Auxiliary Tables, Third 
Edition. 

This is tho (e.m.r.)r 
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COMPUTATION OP PBINCIPAL TRIANGULATION. [PART If. 

4. The triangulation of India consists of chains formed of single 

to the triangles, and groups of triangles constituting 
angles. quadrilaterals, polygons and compound figures ; 

(vide Part 11, Chapter I). Now if the angular measurements were 
absolutely correct it would follow that ( I )  every triangle would have 
the sum of its angles exactly equal to  I 80' + the spherical excess ; 
(2) at every point where angles have been measured completely round 
the horizon, the sum would equal exactly 360'; and (3) the ratio of 
any two sidcs of the triangulation would be constant, whatever succes- 
sion of triangles is employed to arrive at it. But the observed angles 
fulfil none of these conditions, except by mere chance, and the next stage 
in the calculations is to  find the necessary corrections to the angles to 
satisfy them while maintaining another condition, viz., that the& correc- 
tions shall be mathematically the most probable. This is done by what 
is called the " Method of Least Squares." I t  will not be necessary here 
to  enter into any explanation of the theory of the process, but only to 
explain the working of i t  which is departmentally known as "grinding 
the figure." 

Firstly. As regards single triangles; it is obvious that they can 
only fulfil the first condition. Add the three angles together and sub- 
tract I 80' + the spherical excess ; the remainder, which will be either 
plus or minus, will be the triangular error or e. Now if we call the 
errors of the three angles respectively xlJ x2 and x,, and thc correspond- 
ing reciprocal weights ul, u,, and u, 

Thesc are the most probable errors of the angles, and to employ them 
their signs must be changed and the quantities applied to the respective 
angles. 

Secondly. Quadrilaterals :-A quadrilateral consists of three tri- 
angles* connecting four points (vide page 4) and has eight observed angles, 
two at each point. For obtaining the errors of the angles a form is 
provided numbered P. 10. The conditions to be fulfilled are the first and 
third. For an example see the end of this chapter. 

There are apparently four triangles, but only three are independent. 
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At the top of the form is a typical figure for general use, wit11 the 
angles numbered, and it is intended that the names of the stations of 
any figure under reduction should be written in against the station 
numbers, I, 11, &c.; while in the right-hand upper corner are to be 
entered the observed angles and their reciprocal weights. Now carrying 
the eye to the left, provision will be found for calculating the three 
triangular errors e,, e, and e,, and in the same line the error e, or the 
error of the side ratio 

I - I V  1-11 1-111 

sin (X, + X,) sin X, sin X, 
or J - 

sin X,  sin Xi' sin (X, + x,)' 
This ratio, if the angles were errorless, should obviously equal unity, 
i.e. its logarithm should equal o. I n  filling in this part of the form, 
one-third of the spherical excess of the triangle must be deducted 
from each angle, and at the time of taking out the log sines, the 
changes for I"  of arc should be entered in the columns headed s. 
7-place Log Tables are used in the calculation, but an 8th place is 
found by interpolation and employed. The resulting error will be in the 
8th place of decimals, and for convenience is multiplied by I o,ooo,ooo, 
the quantities r bcing treated in the same way. Next enter Table I 
and fill in the reciprocal weights u,, u,, &c., at the head of each column ; 
also in the line D fill in, above the s's, their values as given in the calcu- 
lation of side error; the proper signs will be given by means of the 
signs in front of the symbols below. 

5. The filling in of Tables I1 and I11 requires no explanation ; i t  is 
only necessary to remark that where + signs are printed in the 
form, the quantities are positive, but where - signs 
occur, the computer must judge for himself whether they 
should be turned into + or not. This rule holds good for all the 
forms used in the Calculating Section of the Trigonometrical Branch 
Office. The quantities in Table 111, when summed horizontally, form the 
co-cfficicnts of f,, f, &c., in Table IV. I n  this table the e's are now for 
the first time bronght into use and the sign = is to be understood as pre- 
ceding each. Having filled in the first four lines of Table IV  we have four 
equations which have to be solved by rule as below, the rule having been 
dcviscd to save labour :-Multiply the first cquation through by the 
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co-efficient of f, and divide by the co-efficient of f, and record it in the 
first line below, omitting the resulting co-efficient of f,. The next line 
will be obtained by multiplying the first equation through by the co-effi- 
cicnt of f, and dividing by the co-efficient of f, ; but as the co-efficient 
of f3 is o, the resulting quantities will be o, and they have been printed 
so in the form. The third line is obtained by multiplying the first 
equation through by the co-efficient of f, and dividing by that of f,. 
The co-efficients need not be entered where no provision is made for 
them. Now add the co-cfficients in the first line of the new group 
to  those of equation 2 and record below; then add the co-efficients 
in the second line of the new group to those of equation 3 and record 
next and treat the fourth equation similarly. We have now three equa- 
tions involving three unknown quantities, f,, f3 and f,. Going through 
a similar process to that already described, we come to two equations 
involving two unknown quantities, f, and f,, and lastly we reduce the 
equations to one involving one unknown quantity, f,, and dividing out 
by its co-efficient we have the value off,. This brings us to the bottom 
of the form. Carrying the eye up to the right the remainder of Table 
I V  is found. Taking the last line but one, fill i t  up from the first 
equation in the group involving two unknown quantities, f3 and f,, 
transferring the term involving f, over to the other side. Then substi- 
tute for f,, add the two terms and divide by thc co-efficient of f,, and 
this gives f3. To find f,, employ the first of the group of equations 
involving the three unknown quantities f,, f, and f, and enter the third 
line of the last portion of Table IV, and similarly for f,. Now enter 
Table V and multiply the quantities in Table I by the values of fl, 
f,, kc., as indicated. The resulting values obtained from this table are 
the most probable errors of the angles. These are usually com~utcd to 
four places of decimals of seconds and retained to three places in sub- 
sequent calculations. To ascertain that no mistakes have been made 
the errors are first entercd in the test columns of the triangular and side 
error calculations. I n  the first case the sums should equal e,, e, and 
e, respectively, and in the last putting 

and 

S', - Sf, = e,. 
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If these tests are not satisfied some mistake in the calculations has been 
made. 

Thirdly. Polygons.-Polygons are formed by a number of triangles 
with their apexes all meeting at a point, which the triangles completely 
surround (vide page 4). The angles are subject to all three conditions 
specified in  para. 4, page 60. Theerrors are computed in the form 
Y. 11. which has been constructed for a polygon of six sides, but may be 
employed for figures of a greater or less number of sides with a little 
adaptation. The principle is the same as for tlie quadrilateral, and the 
form needs no explanation beyond what has been given for the quadri- 
lateral. 

Fourthly. Complex Figures.-If more complex figures have to  be 
treated than quadrilaterals or polygons, reference to Chapter XVI of 
Volume I1 of the Account of the Operations of the Great Frigonome- 
trical Survey of India, is recommended. In such cases special care must 
be talcen to obtain all the equations and to avoid any redundant ones. 
This may always be done by building up the figure and forming the 
equations at the same time. The employment of the minimum numbcr 
of rays required to fix all thc points will, if the angles are all observecl, 
give as many triangular equations as there are points less two. Every 
ray afterwards introduced gives an equation for each angle observed in 
fixing it, either triangular, side or central, and these should be settled 
on before introducing another ray. 

6. After tlie angular errors have all been found, the form for the 

Triangles. 
calculation of Principal Triangles, P. 12, is 
entered. The order in which the stations are 

rccordcd is the same as described under " Spherical Excess," para. 3, 
page 59. The obscrved angles are next entered to two places of decimals. 
'l'hc spherical exccss of each triangle is divided equally among the three 
angles and entercd with ,z - sign to three places of decimals. The angu- 
lar errors with tllcir signs changcd are entered in the column for ' Cor- 
rcction' to tlircc l)laccs, ant1 the scconds of the angles for computation 
(wl~icli arc planc nnglcs) arc the algcbraical sum of tlie three columns. 
Tllc slim of tllc thrcc plnuc anglcs slloulcl exactly = J 80". The rest of 
tllc calcnlatio~l is lnlicll the sarnc as already described, except that 
althoilgl~ 7-place logs arc uscd, an eighth place is always derived by inter- 
polation and employed. 
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7.  'I'he calculation of latitude, longitude and azimuth is fully 
explained in the Auxiliary Tables, in the ex- 

Latitude, longitude and salmuth. 
planation of Table V. The form employed is 

numbered P. 16. 

8. The form for computing heights is P. 19. I n  it are first recorded 
the astronomical date and mean time of obser- 

Helgl~ts. 
vation, then the name of the stations, next the 

number of observations from which the vertical angle is derived and then 
the vertical angles at each station; the letter I in this column being 
intended to be changed into an E or D according as the angle is an 
elevation or depression. The filling up of the columns numbered 
4,  5, 6 and 7 is clearly explained in the form itself. The calcula- 
tion next proceeds in the lower part of the form, and is first carried 
as far as height of B - A, and the result is entered above in column 
8 : then by the addition of the known height of A, the height of B in 
column 9 is obtained. The mean value of B in column lo  is from two, 
three or more determinations from surrounding stations. 

9. The remainder of the calculation deals with refraction. I t  is com- 
puted in the last four lines at  the bottom of the 
form, and is equal to +, C - R + P. The factor 

r 
of refraction or - is obtained from columns I I and I 2, and a mean value 

C 
sl~ould be used for the determination of the heights of any intersected 
points which have been observed from the principal station to which the 
value appertains. I n  secondary calculation refraction is less needed, and 
the calculation is sometimes omitted, the co-efficient of refraction being 
assr~med to be 0.07. For further particulars see the Auxiliary Tables 
and the explanations of Tables I X  to XV, especialljr of Table XIII. 

I o. Secondary triangles are of different characters and are treated - 

accordingly. Some are excciltcd in chairls to 
supply the place of principal trinrrglllntion, the 

instruments used being the largest class of vcrnicr thcodolitcs, viz., lo-, 
I 2-  and 14-inch. These triangles may be callcd 1st class. I t  is not 
cilatomary to grind the figures fornlcd by them; but in compllting 
them spherical excess must first be founcl and divided equally among 
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the angles which are kept to  one place of decimals of seconds, and then 
any triangular error that remains must be also equally distributed; 
after this the sides may be calculated in Form P. 13. It may be noted 
that the same angle for computation is obtained whether the spherical 
excess be computed or not ; but the spherical angle, in contradistinction 
to the plane angle, is subsequently required in calculating latitude, 
longitude and azimuth. 

I r . Secondary triangles obtained with smaller instruments do not 

Continued. 
have their spherical excess worked out ; but any 
discrepancy between the sum of their angles 

and I 80" is equally divided between the angles, which are retained to  
the nearest second only. Form P. 14. Such triangles are employed 
to form small net-works based on ~vell established points, and the 
omission of spherical excess in the subsequent calculations of latitude, 
longitude and azimuth is of no practical importance. 

i 2. There is a third class of tria~lgles fixing intersected points, that - 

Trianglesfixing intersected points. 
is, points wh$h are not visited, butare  observ- 
ed from the extremities of a known base. I n  

these triangles only two angles are measured, and the third angle is 
found by taking the difference of the sum of the two observed angles 
from 180°. Form Y. 15. 

13. If the triangles are large and of such a character that the spheri- 

Latitude, longltudo and azimuth. 
cal excess has had to be computed, the form 
for principal latitudes and longitudes should be 

used, vir., P. 16. For smaller triangles and for intersected points at  
a greater distance than 8 miles, P. 17 may be employed, in which the 
third and fourth terms of the expressions for latitude, longitude and 
azimuth are omitted. For irltcrsected points at distances not exceeding 
8 milcs, P. 18 shoulcl be used, in which only the first terms of latitude, 
longitude and azimuth are computed. 

14. The calculation of heights for secondary work is in the same 

Helgl~ ts. 
form as for principal heights, viz., P. 19 ; but it 
is not lislial to determine the value of refraction, 

a factor, 0.07, as mentioned on the preceding page, being generally 
adoptcd for heights where only one vertical has been observed, In the 
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calcnlation of height under these circumstances, sufficient instruction 
will be found in the Auxiliary Tables. 

I 2. IYlien all the calculations have been effected which have been 
previously described, an abstract of all the data 

Abstract. 
obtained is made in Form P. 24. 

16. ncsides the calculations alrcacly clescribed there are one or two 

A triarl,nle two sides rind tllc which h a w  to he resorted to from time to time. 
inclatled I I I I Z I C .  These are :-Computation of a triangle by two 

sicles a id  tlie included angle, in cases where a side is required as a 
base for further calculation. Form P. 25 has been provided for the 
purpose. 

In this form a snbsidiary anglc x is first computecl by the formula 

log sin C + log CL .t colog b = log tan x, 

and thcn A is computcd from the formula 

log sill C + log sin x + log coscc (C - x) = log tau A;* 

then B =  180°- ( A  + C ) ;  

and the third side c is obtained from the formula 

log coscc A + log sin C + log a = log c. 

T l ~ c  f u r ~ ~ ~ u l n  is tlcrivcd ns follows :-a, i nnd C nrc given. 

~ ; I I I  d = tnn (--1 

..I 4- B A - n c A - R  - cot ; + tnn - C a - b  C 
tqn - - + tan cot - + 

a n + h  
cot ,- 

- - - = - - -- - - - - -- - - - - 
A +- 11 -;I - IF c I - u  c n - h  CI 

I - ~ I I I I  tan -- I - cot - tn11 -- I - c o t -  .-- 
a a cr + I 1 

- - - - -- a R - -- 
2 fl - - n sin (? 

I - __.__. 
-- (' " u ( t n n ; - - c o t c )  + b ( t n n :  + c o t  y )  b - u c u ' C  u + I tnn -I: - ~1 b cot - 

tnn r $in I aln (? - -------- * sin C = tnn .r ; then tnn A = -- --- - 
I - tnrl x cot C yin (C'-  r) 
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1 7 .  Another useful calculation is the interpolation of a positioii 
- 

A from observetioos to from which three known points have becn 
three known points. observed. Form P. 26 is provided for this. 

If A, B and C  are the tllree known points (see diagrams at  bottom 
of form), and S the station to be interpolated, three cases occur, ( I )  

when S is outside the triangle A B C and C  is beyond the line A B ; 
(2) when S is within the triangle A B C ;  ( 3 )  when S is without the 
trianglc A B C and C  is witliin tlie side A B. I n  t l ~ e  first case S may 
fall on, or vcry nearly on, the arc of the circle circumscribing the 
triangle A B C, which happens nrlren the anglcs A S S and A C  H are 
equal, or nearly equal, to 180': in this casc the l~roblem is impossible. 

Let tlie angles A S C = a, and U S C = P, 

and Ict t l ~ e  angles C  A S = x, and C U S = y ; 

tlicn 

,T + y = 360'- (a + P + C). 

Now computc an angle + frotn the formula 

log sill a + log cosec 6 + log a + c010g b = tan +, 
2 - Y  and compute - from t l ~ c  formnla 

2 

" 2 . ' - Y .  + = log tan --- , log tan (+ - 45') log tan 
2 2 

+ Y "-9. t l~cn  x and y arc the sum and difference of --- 
2 2 

Nest compute the anplcs A C S  and R C S, the angle A C S being 
= 180" - x - a, ancl thc ailglc B C S = 1 80° - ?/ - P. 

18. Tl1e next calcnlntions-tllosc of azimnth and distance betwcen 
~ ig tanreq  ~ n d  ~zinl l l t l l s  of points points of wllich tlrc latitudes nnd longitrldes 
of w l ~ i c l ~  the Intltudca end longi- 
tndrq NC known. arc known-are fully cxp~nincd in the Anxiliary 

Tables, pagcs 22, 23 and 71, 72. 
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C ~ A P .  I.] CIRCUMPOLAR-STAB OBBERVATION~ FOR AZIMUTH. 

PART Ill. 

Azimuths. 

CHAPTER I. CIRCUMPOLAR-STAR OBSEBVATIONB FOR AZIMUTH. 

1. I n  order that any network of triangulation may be correctly 
orientated, it is necessary that at least one side 

Object of measuring azimuths. of one of the triangles should have its azimuth 
rigorously determined by astronomical observations. Theoretically, if 
the azimuth of one side is known, all the others follow from it, by a 
simple computation based on assumed elements of the earth's figure in 
combination with the measured angles of the triangles. Practically, 
however, the difficulty comes in that the elements of the earth's figure are 
not yet known with absolute certainty, and also that the unavoidable 
errors in the measurement of the angles become involved in the computed 
azimuths. To meet this, i t  was originally intended that the computed 
azimuths should at certain stated distances be corrected by means of 
celestial observations, and the accumulation of error thus kept within 
narrow bounds. The modern view is, however, opposed to this, and 
the practice now obtaining is to observe astronomical azimuths a t  
convenient intervals of about z0 apart, and, by comparing these 
with the azimuths brought up by computation from the origin a t  
Kalihnpur*, to form equations whose solution will, when the whole 
scheme is complete, afford corrections to the adopted elements, and 
aid in pointing out the existence of local attractions or other ano- 
malies. 

2. In  ihe Third Edition of the Auxiliary Tables, pages 78 to 81, six 

aeneral principles. 
methods of measuring an azimuth are given : of 
these, however, only one-the second somewhat 

modified-is ever used in the Great Trigonometrical Survey where a 
rigorous dctcrmination is required. Circumpolar stars, i.e., those stars 
whosc N.P.D. is less than the latitude of the station of observation, are, in 
their ciinrnal course, twice stationary in azimuth, once on the eastern, 
and once on the western side of the pole; at which times they are said 

Thc adopted Initial azimlrtli i s  that of SilrentLl at KaliBnpur taken at 190' a 'lo, vide page 141 of volume Il of the Accomt qf the Operationr fl the *ear Trigonometricol S v v q  3 k ; d i o .  
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to be at elongation. At these instants their true azimuths are easily com- 
yutcd, and they afford excellent objects for observation, being almost 
stationary in  the same direction for a considerable time. The principle of 
the observation consists merely in measuring the angle in the horizontal 
plane between the star a t  elongation and a referring mark, whence the 
azimuth of the latter, and through it the azimuth of any side of the 
triangulation at  that station, becomes known. The method of observa- 
tion, the management of the levels, which is especially important, and 
othcr valuable details will be found at pages 38 et seq. of the Buxiliary 
Tablcs, to which the reader is referred. Further information on this 
subject will also be found in Chapter XII, Volume I1 of the Account of 
the Operations of the Great Trigonometrical Survey of India. Practically 
the tiine during which the observations may be macle, is not lirnitecl to 
the exact moment of elongation ; the limit of safety depending partly on 
the latit~~cle, and partly on the star's polar distance. The rneasurcments 
macle before and after the clongation are corrected for the interval by 
a proccss explained in the next chaptcr, ant1 thus become of equal value 
with tl~osc made at the moment of elongation in  determining tlie final 
azimuth. 'l'lie zeros and changes of face should be the same as those laid 
down for horizontal angles, vide Part 11, Chapter I, para. 24 of this hand- 
book, with tliis exception only, that four rounds instead of three should be 
taken on each face, divided up as exemplified on page 42 of the Auxiliary 
Tables. 

3. The referring mark should be at a distance of about 2 miles, so 
as to be well defined in the telescope with solar 

Referring mark. 
focus, and yet sufficiently close to ensure easy 

visil~ility. I t  is convenient also, though not indispensable, that it slloulcl 
11c al~out on the same level as the station from which the observations 
arc made, in order to avoid corrections for collimation ancl level, 1vllic11 
woulcl otherwise be necessary. The aperture of the lamp should be 
reduced to one inch or thereabouts. 

4. Some criterion of this limit of safety is clcsirable in order that 
the observer may lay out his time to the best 

Tlme-limltd of observetiona. 
advantage. I n  imposing sllcli a limit it  may be 

as wcll to state that the forlnal; now emiloyetl in the computation of 
aziuluths are sufficiently rigorons to justify an ol~server in selecting a 
circumpolar star at almost any point of its diurnal course for determilla- 
ti011 of azimuth. I t  must be remembered on thc othcr hand that n star 
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is only stationary in azimuth at elongation, and the farther it is from that 
point the quicker it moves (in azimuth), and the more difficult of accurate 
intersection i t  becomes in consequence. '1'11e following limitation may be 
accepted, viz., that a circumpolar star should not be used for observations 
of azimuth when its change of azimuth exceeds I " in 1 o seconds of time. 
The following table, which is founded on this limitation, gives the approxi- 
mate value of the hour angle reckoned from time of elongation (either 
before or after), mliich should not be exceeded in observations of this kind. 

6A The table is hased on the following approximate formula, sin P = 
61'' 

I 
N.P.1). 

lo o1 

I 15 

I 30 

1 45 

a o 

a 30 

3 0 

4 0 

5 0 

6 o 

col at -- ~- ~~ -- 

N.P.D.' 
nrhere P is thc hour angle from culmination, ancl 6A is the 

cliange of azimuth corresyoi~clii~g to a cliange 6P in the hour angle. 

- - 
Latitude. 

6A 
Tlic d u e  of thc fraction is takcn at -007, correspondii~g to the 

6P 
cl~nngc of it' of azinll~tll in I o seconds of time, as explained nl~ove. 
I t  is 1,y no mealis ii~tc~ritlccl that the observer sliould use this tal~lc to 
cxtcrid 11is \vorli to an iintll~c amount on ally oric nigllt v it11 a vicn- of 
tlic~.c.l)y tlccrcasiilg t l ~ c  nuinher of niglits' \.\ol'li rcqllirctl. I t  is a well 
l<r~o~vtl fact, tllo~lgll as yct qnitc lunenplaincd, that even tlic best instru- 
rnc.11 ts will give tliffcrcnt rcs~llts at diffcrciit times, or even on consecutire 
nigllts, wli~i1 all the circumstauces arc apparently the same; and it is 
thcrcforc al~vays bcttcr, whcn n ccrtniu quantity of measures of one 

I 6' 

h m 

a 5 

1 38 

I a1 

1 9  

1 0  

0 48 

0 40 

0 30 

0 24 

o 10 

zoo 
-- 

,n h 

1 57 

1 31 

I 16 

1 5  

0 57 

0 45 

0 38 

0 as 

0 13 

0 19 

8 O  

h m 

a zo 

I 49 

1 30 

1 1 1  

1 7  
I 

0 53 

0 44 

0 33 

o a6 

I a0 

h m 

a la 

I 43 

1 35 

I 13 

1 3  

o 50 

0 41 

0 31 

0 25 

l a  1 
o 11 

- 

3 no 

h m 

1 36 

I 16 

1 3  

0 54 

0 47 

0 37 

0 31 

0 23 

0 '9 

o 16 

a4O 1 as0 

h 9, 

1 50 

1 27 

I ~a 

I I 

0 53 

0 43 

0 35 

0 27 

o 21 

o 18 

h tn 

I 43 

I 21 

1 7  

0 51 

o 50 

0 40 

0 33 

0 25 

o a 0  

0 17 
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thing have to be accumulated, to spread them over several days, rather 
than to  take them all in one. The chief use of the table is to enable 
the observer to see how long before or after elongation, it will be safe 
for him to work, supposing that some accidental cause, such as clouds, 
prevents him observing at or very near the most favourable position. 

I .  The form provided for these calculations is P. 32. Specimens of 
the calculation are given at  the end of this chapter. 

2. Page 1 commences with a statement of data. First are entered 

Statement of Data. 
the circumpolar stars, the one observed at East- 
ern Elongation after 13. and that at Western 

Elongation after W. Below are entered the stars employed for find- 
ing time, together with their approximate declinations and zenith dis- 
tances, provision being made for the case when the stars employed 
for time of western elongation are not the same as those for eastern 
elongation. On the right-hand side of the same statement are given 
the Azimuth of the Referring Mark as obtained through the triangula- 
tion, the Latitude and Longitucle of the observing station obtainecl in 
the same way-the longitude being reduced to time and then to deci- 
mals of a day-the names and numbers of the Theodolite and Chrono- 
meter employed, the values of the level scales of the theodolite, and 
lastly the name of the observer. The rest of page 1 is talten up with the 
determination of correction and rate of the chronometer from the time- 
star observations. The correction is founcl for each night by ascertaining 
the chronometer times at which certain selected stars pass the meridian 
and comparing them wit11 the Stars' Right Ascensions, and the rate is 
given by the successive differences of these comparisons from night to 
night. 

3. The first thing to be done in reducing the time-star observa- 

for Instrument.l tions, is to compute the corrections ncccsaary 
Errors. for error of Collimation, error of Level or 

Inclination in the transit axis, and error of setting of thc instrument 
in the meridian, otherwise called Deviation. The niethod of ohtaining 
these corrections is already fully explained in the Auxiliary Tablee, 
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Third Edition, pages 42 and 43. Provision is made in the form for the 
necessary calculations under the heading of "Transit Corrections for 
Instrumental Errors.'' The portion of the form at the bottom of page 1, 
hcaded " Deduced Chronometer Corrections and Rates," does not need 
explanation as the headings of the several columns are sufficiently 
explicit. 

4. The next step is to find the apparent places of the circumpolar 
The Apparent PIRces of the Cir- stars at elongation. I f  they are Nautical Al- 

cumpolar Stars. manac stars, page 2 of the form is not required, 
as the apparent places are given for Upper Transit at Greenwich, and 
the R.A. and N.P.D. can be entered at once on page 3 for each day of 
observatioll in the columns set apart for the purpose. The corrections 
to these values for difference of longitude and for time of elongation must 
next be computed and entered in the two follomring columns. Taking 
the change for one day and multiplying this by the longitude reduced 
to the decimal of a day (see page 1) gives the first correction. As 
stars transit in India before they transit at  Greenwich, the correction 
is always a backward one. For the second correction i t  is first neces- 
sary to know the horary angle at elongation: this is computed on the 
lower portion of page 3 for the first date of observation, and for the 
present purpose will be sufficient. The angle which is obtained in arc 
must be rcduced to time and to the decimal of a day and then rnultiplicd 
by the daily changes in R.A. and N.P.D. to give the correction to elonga- 
tion. If the elongation is eastern the correction will be a backward one, if 
western, a forward one. Columns 2,3 and 4 of each compartment added 
together algebraically, give the star's apparent place at elongation. 

5.  I f  now the circumpolar stars are not Nautical Almanac stars, 

S t ~ r s  taken from Star Catalogues. 
b i t  taken from a Star Catalogue, page 2 of the 
form must be employed for calculating their - 

npparent places on the first and last days o f  obervation. The catalogue 
gives the mean places of stars on tlie 1st January of its epoch. The 
corrections required to reduce to mean places on the 1st January of the 
year of observation are similar for R.A. and N.P.D., and are of the 
following form. 

in which p is tllc Annual Prcccssion, p the Annual Proper Motion, 8 the 
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Secular Variation, in R.A. and N.P.D. respectively, and y the number of 
years from the epoch of the catalogue to the 1st January of year of 
observation. If the star is near the pole, and the period elapsed from 
the epoch of the catalogue be considerable, a further correction is 
necessary, as statecl in  the foot-note to page 2 of the form (see page 62 
of the Auxiliary Tables). The apparent places at  Greenwich mean 
midnight are then obtained by applying the corrections 

Ee  + Ff + Gg + Hh + 1 + L - 300 to the R.A., 

and Ee' + Ff' + Gg' + Hh' + 1' + L - 300 to the N.P.D; 

e, f, kc., and e', f', &c., being furnished by the catalogue and E,F, &c., 
called Airy's Day Numbers, being taken from the Nautical Almanac for 
the first and last days of observation. Provision for these calculations 
is made on page 2 of the form. Having obtained the apparent places 
of the circumpolar stars for Greenwich mean midnight (Gr. M. M.) on 
the first ancl last days of observation, the next stepk is to reduce these 
to  the times of Upper Transit at Greenwich. This calculation is macle 
independently of the form. From page I1 of the Nautical Almanac 
for the required month take out the sidereal time of Greenwich mean 
midnight for the astronomical date of observation, i.e., take the mean 
of the successive sidereal times of mean noon and subtract 12 hours, 
ancl compare i t  with the R.A. of the star.* Four cases will present 
themselves, via., 

( I )  R.A. of star greater than Sid. T .  at Gr. M. M. by less than I 2 hours. 

(2) 1 J , J 
more )) 

(3) J) less J, 
less 9 , 

(4) 1, )) )) 
more 9 )  

I n  case ( I )  the star transits at Greenwich on the date of observation 
after Gr. 31. &I. by a period of time represented by 

R.A. of star - Sid. Time at Gr. M. M. 

This recluced to the fraction of a day and multiplied by thc daily change 

If t l ~ r  R.A. o f  the stnr is prenter thnn thc R.A. of thr S n r ~  at Gr, nienn noon I>y less thnn 3m ~ 6 " s  the 
stnr will tranvit t w i c v ~ d ~ ~ l . i ~ ~ p  the di~te  n f o b ~ c ~ y n t i ~ ~ n ,  and carc Inuut bc taken to coirlpnla with thut transit nlllch 
occurs nesrcat thc clongatio~i observed. 
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in R.A. or N.P.D. gives the correction to the time of transit at Green- 
wich and this correction is a forward one. 

(2) The star has transited between Gr. M. N. and Gr. M. 11. on the 
date of observation, but lias not passed its loner culmination.' The 
period from transit is represented by 

Sid. Time at Gr. M. M. + 24 hours - R.A. of star, 

and the correction is a backward one. 

(3) The star has transited on the date of observation before Gr. hl. M. 
by a period of time represented by 

Sid. Time at Gr. M. M. - R.A. of star, 

and the correction is a backward one. 

(4) The star will transit after a period represented by 

R.A. of star + 24 hours - Sid. Time at Gr. M. M., 

and the correction is a forward one. The difference in R.A. or N.P.D. 
bctwecn the first day and last day, divided by the number of days 
gives the daily cllailgc in each for entry in the lieading of the columns 
on page 3, "R.A.  at Upper Transit Greenwich," and "N.P.D. a t  
Upper Transit Greenn-ich." Page 3 may now be entered and employed 
as clescribed for Nautical Almanac stars. 

6.  Aftcr the apparent places of the circumpolar stars have been 
nornry found at times of elongation, the remainder of 

them Fnctors. the computation at the bottom of page 3 may 
be proccccled with. The horary angles and azimuths at elongation on 
the first days of observation may bc coml~utccl, and then what are called 
the (' Fnctors" for horary angle and azimuth. These factors are ob- 
taillcd to save the Ial~our of computing the horary angle and azimuth 
indcpcndcntly cach day with the correspollding N.P.D. 

7. Having obtained thc horary and azimuth angles for the first 

Detlr~ctlan of Stnr's Azimutl~ kc. 
day, it is only necessary to correct them for 
subsequent days by multiplying the changes in 

N.P.D. by the ' factors '. For this calculation employ the upper part of 
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page 4 of the form. Enter the table on page 4 headed " Deduction of 
Star's Azimuth &c.," and fill in the first three columns according to 
the dates of observation, and in the fourth column, omitting the first 
line corresponding to the date on which the N.P.D. has been actually 
calculated, fill in successively the accumulated change in  N.P.D. from 
that date from page 3. 

8. Now multiply each of these by the factor for the horary angle and 

Bldereal Tlmea of Elongation. enter in the-fifth column. I n  the sixth column 
enter the horary angle for the first date-as 

computecl on page 3-in degrees, minutes and seconds to one place of 
decimals, and by applying the corrections from the fifth column obtain 
the horary angles for the subsequent dates. I n  the seventh column 
change these angles into time. I n  the eighth column enter the star's 
R.A. at  eloilgation from page 3 for the several dates. If the elongation 
is eastern subtract the horary angle from the 3 . A .  at elongation adding 
24 hours to the R.A. if necessarv and if western add. The results 
are the sidereal times of elongation, and are to  be entered in the ninth 
column to one place of decimals. 

9. I n  the tenth column, omitticg the first line, are entered the correc- 

Azlmntha at Elongation. ticjns to the  azimuth of the first date obtained 
by multiplying the quantities in the fourth 

column by the factor for azimuth from page 3. I n  the last column is 
first entered the Azimuth at Elongation as computed for the first date 
and below the successive azimuths obtained by applying the corrections 
in the preceding column, keeping two places of decimals. 

10. Up to  this point the calculations have only been concerned with 

Formula for ad. 
the star or stars at  elongation. But they are 
observed many timcs both before and after elon- 

gation ; and it is necessary to calculate, for each observation, a quantity 
6A, by which the azimuth of the star at the moment of observation, 
differs from its azimuth at elongation. The formula employed is 

8A = 2 sina 48P cosec I" tan A cosS N.P.D. 
I - 2 s i n 2 N . p . ~ .  - + cot P sin 6P' 

in which A is the azimuth of the circumpolar star at elongation, P 
the corresponding hour angle and 6P the interval from elongation 
of the star for which 6A is required in seconds of arc. The last 
term of the denominator i s  + or -- according as the star is betow or 
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above the position of elongation. Of the above formula the factor 
tan A. cos2 N.P.D. may be considered as constant for each night, and 
the successive values are computed in the table in the centre of page 4 
of the form. The headings of the several columns of this table suffi- 
ciently explain themselves. 

I I. After this table follow a series of compartments for computing - - 

Calculation of 6P. 
6 P for each observation on each night for a pair 
of zeros, Face Right and Face Left. The chief 

part of the calculation is necessitated by the Chronometer times of 
observation needing correction for error and rate of the chronometer. 

I 2. The first four columns need no remark except that the name of 
the star is to be entered in  the first. I n  the 

Contilrued. 
heading of the fifth insert the 'Chronometer 

Time of Corrected Transit' of the time-star from page 1, or if more 
than one star has been observed for time, the mean time of transit of 
all the stars may be employed ; but this should only be done when all 
the stars have bczn regularly observcd. Below enter the individual 
clironometer times of the observations of the circumpolar star. The 
diffcrence between these and the time ir, the heading of the column are 
the chronometer intervals from transit of the time-star, at which mo- 
ment the chronometer correction is linown. These are given in the form 
in seconds, and when multiplied by t l ~ e  rate per second, taken from 
page 1 and entered in the heading of the seventh column, give the 
corrections to be recorded in the seventh column for tho rate of the 
chronoineter during the intervals. I n  the heading of the next, or eighth 
column entcr the correction to the chronometer at time of transit of the 
time-star from page 1, and below it the algebraical sum of this quantity 
and thosc in the preceding column. I n  thc heading of the ninth column 
enter the sidereal time of elongation of the circumpolar star from page 4, 
for the particular dnte and below it the algcbraical sum of the fifth and 
eighth columns. The diffcrence of the quantity in  the hcading of the 
column, ancl cnch of tllosc below is the interval from elongation, or 6P, 
and is to be given in the form in minutes and seconds 2nd also in minutes 
and decimals of a m;nute to two places. 

I 3. When tlrc c53ve process has been gone through for each pair 

Calculation of 6 8 .  
of zcros in turn, tllc next part of the calcula- 
tion ia the finding 01 the corresponding values 
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of 6A .  This is commenced on page 7 under the heading " Computation 
of 6 A  and Corrected Angle between Referring Marlr and Star." First 
enter 6 P  in minutes and decimals of a minute as previously computed on 
page 4, and mith this as one argument and the N.P.D. of the circum- 
polar star as the other, enter Table XXV of the Auxiliary Tables, Part I, 
and take out the value of ( 2  sin2 N.P.D. sin2 4 6P), subtract it from 
unity and enter the result in the form. Next with 6 P  and the Hour 
Angle, P, as arguments, enter Yart I1 of Table XXV, and talte out (cot P. 
sin 6 P )  : this quantity will be + when the altitude of the star is less than 
at elongation and - when greater. Take the algebraical sum of the two 
quantities and then the log and the co-log. Again refer to Table XXV 
and to Part 111, and mith 6 P  as argument in minutes and seconds, from 
page 4, take out the quantity (log z sin2 h 6P  cosec I "). Insert (log tan A 
cos2 N.P.D.) from page 4 and add. The sum is equal to log 6A.  Talting 
out the natural number, which is in seconds of arc, and adding to or 
subtracting from the observed angle, Referring Mark a~lcl Star, according 
to the position of the Referring Mark relatively to the star, gives the 
angle Referring Mark and Star at elongation, or as it is called in the 
form " Corrected Angle, Referring Mark and Star." 

14. When this has been clone for all the observations, the next step 

Inetrumental Correction. 
is to calculate any correction which may be 
dne to the body of the instrument employed 

for the observations not being perfectly level as shewn by the level 
readings talcen for the purpose. 

15. For the calculation of this correction the tangent of the cir- 
climpolar star's altitude at elongation is required. 

Continued. 
This is computed at tlie bottom of page 11 of 

the form, from the formula 

sin Alt. = sec N.P.D. sin Lat. 

This gives the correct altitucle, which has to he converted to apparent 
altitude by the addition of refraction. Taliing the tangent of this 
angle and multiplying it hy tlie valrle of r division of the scale of the 
Level on the bocly of the instrument, or adding their logs, as in the 
form, gives n factor for the level error to be employed on page 12. 
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16. Now enter page 12 and to tlie mean of all the east readings of 
the level on Pace Riglit add the mean of all the 

Instrumental Correction. 
east readings on Face Left, for each pair of zeros 

independently: do the same for the west readings, then t t h  of the 
difference of the two resulting quantities is the level correction, denoted 
in the form by N in divisions of tlie level. Multiplying by the factor 
on the preceding page gives the correction in seconds of arc to be applied 
to the Angles Referring Mark and Star a t  elongation. The sign of 
the correction is found by the rule at  the bottom of the page in the 
form.* The rule given on page 44 of the Auxiliary Tables applies to  
the angle Referring Marlc and North Point. The correction will have 
the same sign for the observations on the same pairs of zeros, Face Rigllt 
and Face Left. - 

1 7 .  The lower half of page 12 may now be filled lip. First abstract 
all the results "Corrected Angle Referring Mark 

Cont i~zued.  
and Star" from pages 7 to 11. Take out the 

means of the results on each face of each pair of zeros separately and 
then tlie mcan of Face Right and Face Left. The sign of this quantity 
will be + if the R.M. is east of tlie star and - if west. Apply the level 
corrections from the upper half of the page and there result as many 
values of thc angle Referring Mark and Star at Elongation as there are 
pairs of zeros. Now apply tlie Corrected Angle to tlic Star's Azimuth 
at ISlongation from the south, nrhich is obtained thus :-if the elongation 
is cast adcl 180' to the azimuths computed on page 4 for the respective 
dates, but if west subtract the azimuths from 180' and there result as 
many valucs of the Azimuth of the Rcfcrring Mark. Take the mean of 
tlic values of Azimuth by Wcstern Elongation alid also that by Eastern 
ISlongation and then the mean of both. This angle is then applicd to  
thcangle between one of the surrounding stations and the Referring 
hlarli for comparison wit11 tlie value brought up by triangulation. 

* T l ~ c  follnlvinp rnnsi~lrrntion mny l ~ r l p  in t l ~ c  ni~l>licntion nf t l ~ c  sign :-If thc  E. cnd rcndinga nre t h e  
grrntrl' tllc nl~pnrrnt,  or instr~umrntnl, z s n i t l ~  is wrst of Lhr ~ I . I I ( ,  z c n i t l ~ ,  : I I I ~  n p111ne tl1r011g11 the instrulnel~tnl 
senitl l ,  tllc i ~ l s t r n ~ n c n t  : ~ n ( l  stnr will C I I ~  lllr hnl.izon t,o thr c~tst, or IIlr point tn ~ v l ~ i r l ~  t l ~ c  stnr wonI(1 ~ J P  rrferred 
from t l ~ r  Il'llr z ( - l ~ i t l ~ .  1 C  t l ~ c  Ilefsrring IIInrk is t r ~  t h e  rmt, of tllc R ~ I I ~  the nnple R c f c r r i ~ ~ g  Mnrk nnd Stnr i s  
rclllnrqnc~nlly l o o  sln:~ll nncl t . 1 1 ~  r o r r r c t i o ~ ~  is tllerefore ndditivc. Si~ii i lnr renvoniilg nplllies to other positions 
OC t h e  l t c f e r r i ~ ~ g  N a r k  and the  upparent zenith. 
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ELECTRO-TELEGRAPHIC LONGITUDES. 8 I 

CHAP. I.] OBSEILVATIONS FOR DIFBE~ENCE OF LONGITUDE. 

PART IV. 

Electro-Telegraphic Longitudes. 

I .  All the known methods of determining absolute longitude by 

Introductory. 
direct observation of celestial bodics arc dcfi- 
cient in the accuracy that is indispensable 

for the requirements of Geodesy, and are therefore never resorted to in 
the Trigonometrical Branch for such a purpose. By tlie term " detcr- 
mining absolute longitude') is here meant the ascertaining of both 
local and Greenwich time by direct celestial observations at any one 
station. A knowledge of the diference of longitude of two selected 
stations within reasonable distance of each other is however far easier 
of attainment, and supplies equally well the data required for geodetical 
purposes. 

2. Even this process was troublesome prior to the invention of 
the Electric Telegraph; but in the present day by its aid results are 
obtained of an order of accuracy far beyond what had been previously 
thought possible. I t  must be borne in mind that difference of longi- 
tude is merely the difference of local times (cither solar or sidereal) 
at any given instant ; if therefore an obscrver a t  one station can by 
any mcans ascertain the time at another place, which corrcspoiids to a 
given time at his own station, he is at once in possession of the differ- 
ence of longitude. 

3. Before the invcntion of tlie Electric Telegrapli it  was customary 
Early methods determining to makc instailtancons signals by the explosion 

ditFcrmcm of longitude. of rockets, or of small quantities of gunpowder 
or by otllcr similar dcvices, so arranged that they could be seen from both 
tlic stations T V ~ O S C  difference of longituclc was to be dctermined. The - 
ol~servcrs at both statioils notcd their owl1 local times of tlle occurrence 
of tllc signal, nnd hence a compnrison of the local times, and conse- 
qucntly a valuc of tlic diffcrcnce of longituclc was obtained. I t  was - 
assumed that thc transmission of light was instantaneous, and that the 
eignal was seen prcciscly at tlic same moment at both stations, a 
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OB~ERVATION~ FOR DIFFERENCE OF LONGITUDE. [PART IV. 

perfectly legitimate assumption when the enormous velocity of light 
is considered. 

4. This method and that of transporting chronometers were for a 

Intrcrduction of the Electric long time the most reliable ; but they have been 
Telegraph. entirely superseded by the telegraphic method, 

wherever a telegraph mire is available for the purpose, as the latter 
furuishes a far more accurate and convenient mode of comparing the 
time at distant stations : suppose, for the sake of example, an observer 
at  the eastern station, when his local time is exactly noon, sends an 
arbitrary signal through the wire to an observer at the western station, 
who, on receiving the signal, notes his local time to be I 45"' : it is 
obvious that, neglecting the time of transmission of the signal along 
the wire, the clifference of longitude is I 5 minutes. This is the prin- 
ciple that llnclerlies the various methods of finding differences of longi- 
tude by the Electric Telegraph, but in practice consi(1erable modifications 
of such a simple and obvious plan as this are necessary : the rationale 
however of all is the same, viz., the power of communicating (almost) 
instantaneously with a distant station. 

5.  I n  the first place each ohserver must be provided with n transit in- - - - 

strument and an astronomical cloclc for finding and 
Instn~nients rerloired. 

kceping his local time with all possible accuracy. 
These, including the chronographs on which the transits are recorclerl by 
electricity, and the collimators, are described in great detail in the Intro- 
ductory Clinpters to Volumcs IX  and X of the " Accolxnt of the Opera- 
tions of the Grcat Trigonomctrical Survey of India" which should be in 
the possession of every one intentling to take part in these oper a t '  ~ons.  

6. The mounting ant1 atljnstn~ent of the transit instruments will - 
Mnaonw pi!ler$ for tho vnrions he first described. Sufficient stability for these 

instruincn ts. instninlcnts can only hc sccurcd by mourlting 
them on carefully isolatetl ?,rick pillars. A bricf tlcscription of these, 
as wcll as of thc l)illnrs rcquirctl for the clock and tlie collin~ators, and 
of tlie portable ohscrvatorics ill n llich the ohservatious arc mntle, will 
be Eound in Sections 1 to 5 of Cl~nptcr I1 of Volurnc X. Thc plan and 
scctions oE the pillars wit11 full clctails and climcnsiolis arc given in a 
plate facing this page for convenience of refcrcncc. Thc pillars mnst 
hc carefiilly built accorrling to tlic dimensions in the clrnwings, and 
attention must he given to the bond and quality of thc mortar. 
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CHAP. I.] OB~ERVATIONS FOR DIFFERENCE OF LONGITUDE. 

7 .  The depth of foundations shown in the drawings will generally 
be sufficient, but more should be given if neces- 

Cor~tilaued. sary. Great care should be taken that the inner 
faces of the transit piers are exactly parallel to the meridian line, laid 
down vide para. I o, and equidistant from it. The central lines of the 
collimator pillars should be 3 inches to the east side of the meridian 
line, for the better accommodation of the tripod stands on which the 
collimators are mounted. 

8. The insulating space round the piers should be about 2 inches in 

C o ~ t i n a e d .  
breadth ; and in excavating for the foundation, 
the greater space required for tlie lowest courses 

may be obtained by undermining, if tlie soil will admit of it, care being 
talien to preserve the edgcs as sharp as possible. The iron clamps for the 
lamp stand are formecl of flat iron about 1 4 "  broad and if' thick, built 
firmly into the transit piers. Each pair is meant to support an upright 
iron bar ~".og broad, and o"'4 thick by allowing it to pass tl~rough holes 
of about that size cut in each clamp 4" clear of tlie bricltwork. There 
are six pairs in all, viz., one pair on the northern and one on the soutl~eril 
face of each picr, one on the eastern side of tlie east pier and one on 
the western side of the wcst pier. T l ~ e  holes in each pair must be 
carcfully plumbed to ensure tlie iron bar for the lamp stand being 
supportccl in a vcrtical position. The two northern as well as the two 
southcrn pairs should be 3' 3" apart from centre to centre. During 
the building the rough lcvel must bc occasionally applied, and the piers 
brouglit up evenly, so that when finished tlie stone caps may be level. 

9. When the piers are finishcd the ground between them may be 
excavated, and thcn the whole filled up with 
pcrfcctly clry sand. Tlie excavation is finally 

covercd orcr with a board made to fit it, a round hole the sizc of the 
mercury trollgli l~cing cnt thcrcin and closcd with a moveable cap. The 
constructio~l of tllcsc pillars is gencrally entrusted to a sub-surveyor 
who prcccdcs the obscrvcrs by a week or two, so that the pillars may 
havc timc to scttle and liarclcn before bcing brought into use. 

I o. Before conlmcncing their construction the sub-surveyor will have 

Deterininetlon of mcrldien Hnc. 
to lay out n meridian line which must be true 
mithin a few minutes of arc. As the pillars - 

are almost always built in thc vicinity of a 'l'elegraph Office, this process 
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is very simply performed, since nearly all the Telegraphic Offices of 
India are now supplied every day at  4 P.M. with the exact Madras time 
by electric signal. About the time the daily signal is expected from 
JbIadras, the observer must repair to  the office and note the exact time by 
his chronometer when the signal is received. Hence he knows the error 
on Madras time, and consequently (as his longitude is very approximately 
known) the error on local time. Now by a well ltnown computation 
he can ascertain the mean local time of the transit of Polaris (which is 
the best star to employ for the purpose), and hence, by applying his 
chronometer error, the chronometer time of its transit. Armed with 
tliis knowledge the observer is in a position, with the help of a theodo- 
lite, to ascertain the direction of the meridian very closely. Take the 
following esample. 

I I .  An observer in longitude .511 13" 46s east of Greenwich and 

Gxnm1)le of method of flndlng op- 
7n1 lV33 w e s t  of ~ a d r a s  notes that on Novern- 

proximnre meridian. ber 1, 1889, his chronometer, when the Madras 
signal is received, stands at 3h 2 8 m  43 : find the chronometer time when 
Polaris is on the observer's meridian. 

At qh Madras time the observer's true time in 'W. 1, 

Longitude 7"' 13"s . . . . . . 3 5 2 4 7  
Chronometer time . . . . . .  . . .  ... 3 28 4 

Therefore his chronometer is slow . ,  , , . . 24 43 

Siclerea: time Gr. Mean noon Nov. 1, 1889 - . *  14 43 51 

Correction for longitude of observer .,. ... - 52 
Siderenl time at local mean noon . . .  J 4  42 59 
Right ascension of Polaris , , .  . .. . . . 2.5 J 9  13 

At Culmination, sid. interval nftcr mean noon ... 10 36 14 

DO. do. recluce(1 to mean interval lo  34 30 
Chronometer slow . . .  . . . . . .  . . . 24 43 

Chronometer time of upper culmination , , , . .. 10 9 47 P.M. 

If thcn the observer, at chronometer timc I 0'' gm 47@ (having prcvionsly 
levellcrl ant1 adjusted his tl~eotlolite), scta thc mirldle wire 011 Polaris 
he will have obtained the dircction of the mcridian with sufficient 
accuracy. The chronometer rate is hcre neglcctcd, it is gcncrally in 
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practice sufficiently well known to allow of its application in determining 
the time of transit; the above example assumes that the ohserver is 
using a mean time chronometer. Suppose a sidereal chronometer to be 
employed, and the time shown by it on receiving the 4 o'cloclr signal 
from Madras to be 18" srn 8s then, the other data remaining the same, 
the computation of chronometer time would be as follows :- 

Sidereal time local mean noon (as above) 
,, equivalent of 311 52" 47s mean time . . . 3 53 25 

Sidereal time of receiving signal ... ... 1 8  36 24 
Chronometer time ,, )) . . . ... 18 3 8 

Chronometer slow , . .  . . .  . . .  33 16 
Right ascension of Polaris . . . . . .  . . . I '9 '3 

Chronometer time of upper culmination . . . O 45 57 

12. A still more accurate result could be obtained by observing 
Polaris or some other circumpolar star at elon- 

Comparison witli other methods. 
gation; but in most cases a sub-surveyor's 

knomrlectge of Astronomy would not be sufficient to enable him to  
make the neccssary computations. I f  a sidercal chronometer be at  
hand and the sub-surveyor is able to obtain and regulate his time, 
Table L I I I  of tlie Alixiliary Tablcs might prove serviceable. But a t  
all cvents the method described above has the advantage of extreme 
simplicity and is quite precise enough, as men at culmination the 
azimutll of Polaris alters only about I minute of arc in 3 minutes of time 
in Indian latitudes. The meridian line being once obtained, it should be 
marlicd by pcgs at some distance nortli and south to enable thc builders 
to refer to it nrlicn neccssary during the construction of thc pillars. 

1 3 .  Tllc building of tllc pillars should bc talccn up in the following 
Details of pillars kc. 0rdcr :- 

I. Clock Pillar. 

2. Transit Pillars. 

3. Collimator ,, 

Thc clock-room milst not bc lcss than 10 fcct square, and conveni- 
cntly closc to thc Tclegrapl~ Officc if not in the building itself. The 
dctails of the clock pillar arc given in Figures 1, 2 and 3. 
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Within 50 feet of the clock-room the station site should be selected, 
with an open view on the meridian, clear of buildings and trees to within 
an elevation of 8" to the north and I 5' to the south.* The details of the 
transit and collimator pillars are given in Figures 4, j, 6, 7 and 8. 

No part of the pillars should be plastered except the upper surfaces 
of the collimator pillars : when they are completed the insulating 
spaces should be filled with dry sand. A straight line touching the 
upper surfaces of the two collimator pillars should be horizontal, and 
pass 2; inches above the level of the upper surface of the stone caps on 
the transit piers. This is important to ensure the mutual visibility of the 
two collimators through the hole in the cube of the transit telescope. 

14. It hardly ever happens that the transit pillars occupy the exact 

Connexion with Triangulation. 
site of a Trigonometrical Station, thcrefore it 
will be necessary to determine their geodetic 

position by executing a traverse or series of triangles to connect them 
with one or more of the Principal Stations of the Triangulation. This 
part of the work also generally falls to the share of an assistant or sub- 
surveyor. The point midway between the two pillars is taken as the 
exact site of the longitude station. 

15. I t  is advisable on arriving at a longitude station to set up and 

Setting up the clock. 
adjust the clock first, and to obtain an approxi- 
mate rate by means of a chronometer of known 

rate which shoulcl be always carried by a longitude party. The error of 
the clock can be obtained very approximately from the Telegraph Office 
by the 4 o'clock signal from Madras. The chief precaution to be taken 
in fixing the clock is the insuring its verticality. This may be done 
eithcr by a rough spirit-levcl on thc frame, or preferably by a plumb-line 
applicd to one of the vertical edges of the cloclc case. Evenness of beat, 
which is jndgcd by the car only, is obtained by a regulating screw on the 
arm which couvcys the motion of the pendulum to the clock train. 

16. The clock is so contrived that, by attaching to the two binding 
screws on the case, wires f ro~n  the two poles of 

Electrical connexion of clock. 
a galvanic battery, a continuous currcnt passcs - 

through, broken at the commencement of each sccond by mcans of n 
small tilt hammer raised by one of tllc clock whecls. I t  is vcry neccssary 

' Tllrsc! flgnres allply to the greater part. of Indin. A goor1 rnle for t,he pnrpose I s  tlint the merldlan on 
the north aide ehould be unobstrucled to o zenith dietauce of 4 O  more thou the co-latitude. 
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to see that the contacts of this hammer are perfectly clean, and that 
it is sufficiently raised at each second to brealr the current. 

For raising or lowering the pendulum bob and thus increasing or 
decreasing the cloclc rate, a screw at the bottom is provided with a 
graduated head, each division corresponding to a change of rate of one 
second y er dienz. 

I 7 .  The collimators and transit instrument may now be mounted and 
adjusted, and in doing this the small transit 

Monnting and adjusting of the 
collimntors aud transit ln- (alluded to in Volume X, Chapter I, at the 
stiument. 

beginning of Section 3) which is made to fit 
the same Ys as the large one will be found of great service in adjusting 
the Ys by hand, both in level and azimuth, suEciently near to be within 
the rangc of the adjusting screws of the large telescope. A description 
of these instruments is given in such detail in the Introductory Chapters 
of Volume X that it is needless to repeat it here, and i t  will be only 
necessary to describf: briefly the adjustments that must be herformed on 
the transit telescope, before an exact determination of the local time 
can be obtained by its means. These are six in number :- 

18 .  1st-Adjustment of the eye-piece to obtain a clear view of 
the wires :- 

This is effected by merely pushing in or drawing out the eye-glass in 
Adj!lstment for clenr vision of its socket till the eye is satisfied. This adjust- 

wlres. ment varies for different eyes. 

19.  2nd-Adjustment oE the wires to tlle solar focus of the object 
glass :- 

Tliis is effected both in the collimators and in the transit telescope, 
by two aut,ngonizing screws which move thc eye 

Adjnst,ment to solar focus. 
tube in and out. When a star or any vcry 

distant o1)jcct is well and clcnrlg clcfincd, the screws must be clamped 
oiicc for a11 mld not mcddlccl ~ ~ i t l i  subscqnently, as any change in this 
atljustmcnt altcrs slightly tlic raluc of the wirc intervals. 

20. 3rd-Adj11stmcnt of tlic line of collim a t '  ion :- 

Tllc linc of collinlntion mag be defined to be the line joining the 

Collimat.ion arlj~lstmcnt. 
centre of tlle wires, and the centre of tlle 
object-glass, and unless this line is placed so as 

to cut tlic transit axis at right angles, a correction for collinzation to the 
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rccordcd time of transit becomes necessary. The movement of the line of 
collimation is effected by turning the micrometer head which urges a 
slicle carrying the wires to the right or left, and its position with regard to 
the transit axis is ascertained by reference to  the collimators. The sim- 
plest way of realizing the principle of a collimator is to consider the cross 
in  its focus to  be an illfinitcly distaut object. Now, if we look through 
the south collimator at  the north one, and by means of tlie proper adjust- 
ing screw superpose the imagcs of the tmro crosses, those two images are 
to  all intents and purposes two infinitely distant signals at  the extremities 
of s diameter of the celestial sphere. Let the centre wire of the large 
transit bc now placed on the cross of the north collimator and then 
sllpposc thc telescope to be revolrecl on the transit axis through I 80°, i t  is 
obviolls that if the sight line is perpendicular to the axis i t  will now ac- 
curatcly intersect thc south cross ; if not, half the difference is the error 
of collinlation which may be correctecl by the proper screws, or preferably 
may be computccl from the micrometer readings of the collimators. 

21. This is the principle, but in practice the crosses of the north 
ancl south collimator are not exactly superim- 
posed, but are separated by a small angular 

interval which is meastircd by the micrometer attached to the south colli- 
mator, anrl allowed for in the computation ; thc necessary intersections 
of the north ancl soutll crosses in the transit telescope are macle by the 
niicron~ctcr, ancl the micrometer reacling of the true line of collimation, 
whcn perpendicular to tlic transit axis, is rlccluced. The methocl of cicter- 
mining tlic actllal vali~c of thc collimation constant c* will bc explained in 
thc ncnt chapter. l'lic rcadcr may also consult with advantage Scction 2 
of Chapter V of T'olunlc X. Notc, that in fitting on tllc cap protecting 
t l ~ e  micrometer head, care shonltl hc taken not to disturb tlic rcncli~lg to 
wl~icli tlic ~nicronlctcr is set, usnally callctl C,, and that when rc.tnoving 
the cap, this rcacling slio~ll(l 11c cl~cclrccl beforc moving thc hcncl. 

ZZ. 4th,-~Iclj11stmcrit of the Ilorizontality of tllc transit axis :- 

I n  small instruments t.l~is is gcncrnlly l)crformecl by a stritliilg lcvel - - 

Adj~lstrneut  of level. 
t l ~ c  fcct of which s tn i i t lo~~ tlle pivots of the axis ; 
1 ~ 1 t  iu t rnllsit i rlstrlllncllts of the size emplopctl 

on the lo~rgitncle work a morc clelicatc mcthod i~ resortccl to, mhichdepcnds 

c i s  the 11iff1-rrnrr I~ct\r.ven tllc nngle that tllr linc J f ~ i l ~ i n r  t l ~ r  c3rlltrr of l l ~ c  wires n.itl~ thc  centre o f  
the object-rln- ~ l l a k c ~  \ t i t 1 1  tllc r o t ~ ~ l i ~ l ~ ~  H X ~ P ,  B I I ~  903, U I I ~  i s  I L I V U S ~ I ~ C ~  ill di~isionu of thc transil telcscope 
mlcromcler, onc rlivisiun = o'.oaq or of"3j6. 
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for its accuracy on the horizontality of the surface assumed by mcrcury 
when at rest : a particular eye-piece called after its inventor " Bohnen- 
berger" is required which enables light to be thrown down the telescope 
tube from the wires towards the object-glass, while the observer's eye is 
at the instrument; by this device it is possible to see at  the same time 
the wires themselves and their image reflected from a trough of mer- 
cury to which the telescope is directed. Now suppose the central wire 
to be truly collimated, and then, by means of the levelling screws the 
axis to be so adjusted that the central wire coincides with its own 
rcJEection, it is evident that the line of collimation is vertical, and being 
also perpendicular to the transit axis by the previous adjustment in 
collimation, the latter must be horizontal. The actual method in use, 
which-consists, not in truly levelling the axis, but in measuring by the 
micrometer its inclination, is described in Section 4 of Chapter V of 
Volume X. 

23. 5th-Adjustment of the setting circles :- 

Thcsc circles can be used to read either declinations or zenith dis- 

of the setting cir- tances ; the latter are much the more convenient 
cles. for a portable instrument, for if the former are 

aclopted a new adjustment is necessary at every station, whereas in the 
latter case onc adjustment once for all suffices. The best means of 
securing this is to sct the circles to read o0 when the horizontal wires 
and thcir image in mercury coincicle, and firmly clamp them in that 
position, making the final fine adjustment of the pointcrs by the small 
levels attaclicd to them. 

24. Glh-Approximate adjustment of the transit instrument to the 
meridian :- 

Tllerc are scvcral wcll knorrn metllods of performing this adjustment, 

Adjustment i l l  tlic nirritlinn. 
n-liich are treated of in all text books of Astro- 
nomy. The most con~enient procednre, and 

t l ~ c  one alnlost always adoptcd in tlie longitude parties, is by the transit 
of Polaris. Siclcrcal timc having becn obtaincd accurately, either by 
computation from tlic mean time supplied to the Telegraph Office, as 
cuplaiucd in para. I I of this Chapter, or by transit of a zenith star, it  is 
only ncccssarp to shift thc whole transit telescope and axis, by means of 
tlrc azimuthal scrcm provided for this pnrpose, so that when the sidereal 
timc is cqual to tlic right ascellsion of l'olaris, tllat star may be seen on 
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the central wire (collimated). It is immaterial whether the tribrach fitted 
with the azimuthal screw is placed on the east or west pillar, but it 
should be noted in the observatory memo. book which pillar is used. A 
rough adjustment by means of the small transit is supposed to have been 
first made, otherwise the run of the azimuthal screw may not be suffi- 
ciently long to admit of the adjustment being completed. The line'of 
collimation will then describe approximately the meridian of the place. 
The transit instrument should have been previously levelled; but if it 
requires to be moved much in azimuth, or if the upper surfaces of the piers 
are not fairly level, it may be found necessary to repeat the operation. 

". I n  all the three adjustments for collimation, level and azimuthal 
deviation, no attempt is made in practice to 

Farther remarks on adjustments. rencler them quite exact; it is far more conve- - 
nient, and accorclant with almost universal usage, to reduce the errors to 
minute quantities, and to apply corrections for them, vide Sections 1 
to 5 05 Chaptcr V of Volume X. 

26. The Chronographs and their adjustments are fully described in 

~djIlstment of the ,-hrono- Sections 4 and 5 of Chapter I of Volume X, and 
graphs. generally speaking, if all the teeth of the wheels 

are kept clean by occasional brushing with a stiff brush, and the adjust- 
ment of the fan is carefully rn<a.de, these machines work satisfactorily. 
This latter arljllstment is, however, a very delicate one, and in order to 
nnclerstand thorouglily how to make it, a knowledge of the mechanism 
of the bearing is necessary ; thc following - 
diagram (uot drawn to scalej sufficiently 
illustrates it. 

2 7 .  The cup c in which the spindle s 
works is to be screwcd up by the screws 

Continued. 
A and until 
only the slightest 

possible play of the spindlc is lcft, and 
then the lightest touch on the central 
steel screw D completes tlie adjustment. 
Tlie screw E serves to clamp the screw D. 

111 nine cases out of ten if the chrono- 
graph is giving trouble the fault lies at 
this point, 
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28. I t  has been found by experience that the most advantageous way 
of utilizing the telegraph is by sending through 

Employment of the Telegraph. 
it the clock beats at  either station, the same 

beats being thus recorded on the chronographs at both stations. Sup- 
pose the eastern clock is first made to record its beats on both chro- 
nographs, then a certain selected list of stars is observed and recorded 
at  the east station by the east clock; and after an interval of time equal 
to the difference of longitude of the two stations, the same stars culmi- 
nate and are recorded at the western station, still by the east clock. 
The length of time occupied by the stars in passing from the meridian 
of the east station to that of the west is thus known, subject only to 
errors in the clock rate (not in the clock correction) and to the error 
caused by neglecting the time occupied by the signals in passing be- 
tween the two stations. 

29. The errors and irregularities in the clock rate are necessarily 

Alternate employment of east very small, as the difference of longitude rarely 
and west clocks. exceeds 15 or 20 minutes of time, and a long 

programme of stars is selected, thus minimizing the error due to this 
cause: the length of time occupied by the signals between the two 
stations is cancelled very approximately by employing altcrnately the 
east clock, and west clock to transmit the beats ; for it is obvious that 
as the current passes in opposite directions in the two cases, the result- 
ing longitude is as much too great when the latter clock is used, as i t  
is too small when the former one is employed. Thus, if A LE represent 
the difference of longitude by thc east clock and A LW by the west 
clock, 4 (ALE + ALW) will be tlie true difference of longitude, and 
4 (A LW - ALE ) the retardation of the electric current in passing 
along the line and through tlie instruments. 

30. The following programme (in skcleton) has been found the 
most convenicnt after many trials, and should 

Specimen of skeleton Programme. 
not be clcyarted from without sanction :- 

I. Both observers adjust their telescopes in collimation and levcl ; . 
it is snpposed that the azimuthal deviation has been previ- 
ously rcduccc2 to a very small quantity. 

11. Tllc clock at  the castern station is made to graduate both 
chronographs, and thc transits of eight stars (the same at 
both stations,) four to the north of t l ~ c  zenith and four to 
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the south, are recorded by each observer on his own chrono- 
graph ; the leading pen marking the clock seconds and the 
following pen the transits over the several wires, this 
arrangement of the pens being usually called Q +. Vide 
Section 5, Chapter 111, Volume X. 

111. When these eight stars have passed both stations, after an 
interval of about four minutes, another similar group of 
eight stars is recorded on both chronographs as before, the 
only differeuce being that the leading pen now records the 
transits over the wires and the following pen the clock 
beats, this arrangement being usually called Q -. There 
must now follom an interval somewhat greater than the 
difference of the longitudes of the two stations, at the end 
of which 

IV. The west clock being made to graduate both chronographs, the 
transits of eight stars at the two stations are recorded Q + . 

V. Another group of eight stars is observed Q -. 
VI. Both observers remeasure their collimation and level correc- 

tions. This process may also be performed with advantage 
between I11 and IV if the adjustments seem at all unsteady, 
the interval being made a little longer for this purpose if 
necessary. The zenith distance of these stars should not ex- 
ceed 25O except under urgent necessity. It will be found con- 
venicnt if one, at least, out of the sixteen stars obscrved with 
each clock, be a Nautical Almanac star, as a very approximate 
clock correction can be found at once by means of it. 

31. Before commencing the observations of transits and again after 

Pen equation. 
completing them, the valuc of the pen cqllation 
shoulcl he recorded for at least two minutes on 

the chronograph drum. This is effccted hy the employment of certain 
pegs in cotmexion with the commutator hoard by which the tlircction of 
the electric current is regulated and which causc the observcr's clock - 
to actnate both pens; and thus thc distance between tlicm may bc 
measured with thc scale usccl in rcacling off the transits, which is de- 
scribed in thc next chapter. For a clcscription of the commutator board 
and the pcgs appertaining to it, vide Section 6, Chapter 111, Volumc X. 
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32. At some time during this programme, data for computing accu- 
Transits of circumpolar stars rately the azimuthal deviation of the transit 

for deviation. instrument should be secured, either by observ- 
ing the transits of two circumpolar stars (the nearer to the pole the 
better) at opposite culminations, or by transits of a high and low star: 
the former method being considered preferable. It is usual also for 
each observer to compare the two clocks at some time during the night's 
work. This may be done by putting in pegs 4, 6 ,  8, 10, rg, 22, 23, 
and subsequently 2, 10, 8, 18, 22, 23. I n  the first case the observer's 
clock will mark seconds with A pen, and the distant clock wlth B pen, 
and in the second the duties of the pens will be reversed. 

33. During the first night's work it is convenient to  ascertain the 
Means of nscel.tsining the mi- minute of the distant clock corresponding to 

nute of the distant clock. the minutes of the observer's clock; this is 
done ss follows :-The observer calls his colleague and telegraphs the 
word "minute". The latter then sends his clock signals through at  
least one minute break, and cuts it off a few seconds after the break, 
and immediately telegraphs the number of that minute. The observer 
by noting his own clock time when the break of the distant clock 
occurs secures the corresponding minutes of the two clocks. Thus 
suppose an observer when receiving his colleague's clock, notes the 
minute break at qh I gm 27' by his own clock ; and then is told by his 
colleague that the minute is 28, he will be in a position to fill up the 
minutes in the chronograph sheet by the simplest possible little com- 
putation. It is necessary for both observers to do this. 

34. It has been found that practised observers have no difficulty in 

1,cngtll of Programme. 
securing transits of stars at intervals of I or r 9 
minutes, and in making the necessary adjust- 

ments between groups I and I1 and between I V  and V in about 3 or 33 
minutes. Calculated on this supposition it will be seen that the duration - - 
of the programme will ordinarily not exceed 24 hours, including the 

- 

collimation and level adjnstmcnts ; but inexperienced observers should 
ccrtainly allow sorncwhat morc time. 

35. The mircs in t l ~ c  transit telescopes are 25 in number (occasionally 
Cancen,inE tile ,,.iresof tbc tmn- 35, 1)nt thc outside groups are in this case ncvcr 

111 tclrscopcs. uscd) divided into 5 groups of 5 cach, the equa- 
torial intervals bctwccn the wires and bctwcen the groups being about 
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2; and 44 seconds of time respectively for an equatorial star. It has 
been found by experience that very little advantage is gained by noting 
transits over more than I I wires. The central I I are generally used, 
viz., from H to R (or R to H according to the position of the illuminated 
pivot), the wires being called by the letters of the alphabet from A to Y. 
I t  is advantageous to use the same wires in both positions of the telescope, 
as any errors caused by incorrect wire intervals are thereby cancelled. 

36. A well trained observatory recorder should always be attached 

of Observntory nssistnnt or to a longitude party. He is generally made 
recorder. responsible, in cor~junction with the tindal of 

the party, for the proper packing and loading of the iristruments when 
travelling. He should know sufficient about the setting them up to 
save the executive officer a considerable amount of trouble. He must 
be able to bring up stars' places from the catalogues approximately 
to date of observing, and sufficiently well trained in computations to 
carry on the reductions of the transits under supervision. His duties 
i n  the observatory are chiefly confined to calling out the zenith distances 
of the stars (north or south as the case may be) to the observer and 
giving him warning as the star enters the field of the telescope. He 
has a chronometer before him set to sidereal time, to cnable him to do 
this ; it is found that r minute's warning is sufficient, as the star should 
be then well within the field and about 40 seconds from the first wire to 
be observed. He  also records in a book kept for the purpose, the 
names of the wires observed, and any other details that the observer 
thinks worth entering for future guidance. I t  has been found quite 
practicable for a sub-surveyor to do the recording work, as well as the 
accounts and correspondence of the party without being overworked. 

37. Before attempting the measurement of an arc of longitude the 
Thorough knowlPAge cammu- observers must be thoroughly acquainted with 

tator board essential. the details of their commutator board, and know 
almost instinctively, or at all events quite by rote, the pegs to put in to 
produce certain effects, vide Sectiorl 6, Chapter 111, Vohime X. To 
have to think out the proper situation of thc pegs during a programme, 
or even to have to refer to written rules, is objectionable, and may pos- 
eibly lead to stars being missed, or at all evcnts to hurry and nervousness 
which are fatal to good observing. The adjustment of tlie pens and rclnys 
must be thoroughly mastered, for if anything goes wrong with tlie 
chronographs during the passage of a group of stars, thc time for 
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remedying it is embraced within a few seconds, otherwise stars are missed 
and the record rendered incomplete. The feeling that this is the case, 
and that the other observer is noting the transits of stars which will all 
have to be rejected for want of the corresponding observations at his own 
station, is most embarrassing to a young observer, and frequently leads 
him to make a casual turn of any screw that happens to be nearest to him 
in the hope that the fault may be thus remedied ; finding this ineffective 
he becomes bewildered and nervous, and probably loses the whole group. 

38. A few of the most usual sources of failure are here 
Gencral causes of failure. given. 

( a )  Clock pen ceases to record seconds :- 
If the observer's own clock is in use, the pen may cease recording 

either owing to its clinging to the armature, or to its failure 
to be attracted by it. I n  the first case, the spring is not 
strong enough to push the armature away from the electro- 
magnet when the current ceases, or else the clock mechanism 
fails to break the circuit. I11 the second, either the spring is 
too strong and the attraction of the electro-magnet to the 
armature is not sufficient to overcome its tension, or else the 
clock circuit is broken. Failures of this kind are almost 
always clue to a derangement of the armatures and springs 
and not to the clock circuit; the former should therefore be 
first examined. If the other station clock is in use, failures 
of seconds may be cansccl in the same way, but it is in this case 
more often thc receiving relay F (vide Plate 111, Volume X) 
which is in fault. The adjustment of this relay, when the 
current from the distant station is very weak, becomes a some- 
what delicate matter, and as the current constantly varies in 
strcngth the adjustment necds altering from time to time; it 
should he set so as to movc vith a very weak current, but if 
sct too finely it is apt not to fly back at each beat: the 
corrcct setting can only be gained by espericnce. This relay 
acts directly upon tlie pen batteries, and thc length of the 
signals clcpcncls upon the lcngth of time during which the 
tongue of the rclay F is jammed up against its stops. 

( h )  Observer's pen ccases to act :- 
This is probably due to dcrangcments of the armature and 

springs as above, but it may also be caused either by the 
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tappet failing to break the circuit, or by the circuit being 
permanently interrupted owing to a broken or defective wire 
or dirty connection somewhere : contact with other wires is a 
fruitful source of mishaps in this case. 

(c) Distant signals cease altogether :- 

This is generally irremediable and may be caused either by the 
distant observer having omitted to pull out peg 23, or by a 
break in the line, or some other station having cut in. There 
is no remedy but to  wait till the signals recommence. 

39. Always be careful when sending clock signals to withdraw 

Cautione. peg 23. I t  is obvious that as long as it re- 
mains in, the cloclr signals, instead of passing 

out to the line wire, will find their way to the nearest earth through the 
receiving relay I;: the observer meanwhile being quite unaware that his 
colleague is receiving no signals at  all. Note that the tongues of relays 
when no current is passing should be jammed against the dummy stop. 
All connections must be kept very clean, and accidental contacts carefully 
avoided. After the night's work is over the line wire should be detached 
froiu the signalling key, and secured from contact with any part of 
the apparatus, otherwise there may be a hindrance to the ordinary 
telegraphic communication the next day. The line battery, and also 
the pcn and sounder batteries should be " short circuited," by putting 
the zinc ancl copper polcs in metallic communication with each other, 
if they are working feebly, otherwise there is no necessity for this 
precaution. 

40. It will be found most clesirablc that observers should have a fair 
Knowledge signalling necee. acquaintance with the Morse Alphabet, (a copy 
nary. of which will he found at pagc 85 of the Ap- 

pendix to Auxiliary Tables) and he able to send messages at the ratc of 
6 or 7 words per minute. I t  has hccn usual to obtain the services of a 
Telegraphic signaller to make the necessary arrangements for joining 
up the wire at the beginning of a night's work, so as to he colitiiluous 
between the two longitude stations, i .e .  without the intervention of 
any relay, and this plan will be fou~id the most convenient, as it is hard- 
ly likcly that a Survey Officer will he sufficiently sliilfnl at  signalling 
or well enough up in the routine of the Telegraph Department to 
accompliul~ this for himself. But it is at  the close of a night's \vork 
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that a certain amount of skill in sending and receiving messages be- 
comes importailt, as it enables the two officers concerned to communi- 
cate the results of the night's work, and to make any arrangements for 
the next evening without having recourse to ((urgent" messages the 
next day, which have to be paid for and are somewhat costly. Tlie 
following simple code has been found useful for communicating the 
results of the work and is recommended for adoption. The observer 
at the eastern station, having called the attention of the western ob- 
server, sends the following signal - - - - to signify that 
he has observed all the clock stars on the Programme, nncl having 
received the signal - - ' understood,' sends - - to signify that the 
azimuth stars have also been observed, at least to such an extent that 
the azimuthal deviation for that particular night can be obtained. 
If a group is incomplcte he sends a - for every unobserved star and 
a- for each one observed. Thus - - - - - - - - signi- 
fies that the 1st) 4th) 5th and 6th in that group have been observed 
and the others missed. If the azimuth stars are lost it is signalled 
thus- - - - - -, 

It should be remembered that stars observed at one station only 
are absolutely useless, and therefore if one observer knows that the 
othcr for some reason is unable to observe a certain group it is quite 
useless for him to do so. 

41. With such a programme as that sketched out in para. 30, six 
Number of nights, observations. nights' observations, if about two-thirds of the 

nlld pivot challgev necessary. stars are secured on an average each night, are 
sufficicnt at one station, providcd therc is no great disparity between tlle 
numbers of stars N and S, or between the numbers of observations 
with E or W clock rcspcctivcly. Thc routine for pivot changes is 
gencrally as follows :- 

Enstern Observer. . Western Observer. 

1st night I. P. E .  I. P. E. 
2nd ), I. P. W. I. P. E. 
3rcI ,, I. P. W. I. P .  W. 
4th ,, I. P. E.  I .  P .  ?v. 
5th ,, repeat one of the above combiiiations. 
6th ,, ,, anotller ,, J ,  

aclccting for repctition on tllc last two nights thosc combinations which 
for any reasoil appear to have been least satisfactory. 
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This succession of pivots has been arrived at  as tlie most suitable, after 
many csperiments. The transit instruments have given rise to much 
discussioil on this subject, as i t  has been found that change of pivots 
gives rise to greater discrepancies in arcs of longitude than was thought 
probable, or can at preseiit be accounted for. This niatter 'is treated of in 
considerable detail in the Appendix to Volume X, to which the readcr is 
referred, with a recommendation that the outlines of the subject should be 
mastered 1)y any officer undertaking Electro-Telegraphic longitude work. 

42 .  I t  is aclvisable that the relative personal equation of the obser- 

Personnl cqnation. 
vers should be determinecl at least three times 
during the season, viz., once before the measure- 

merit of the first arc, again in tlie middle of the season, and lastly after 
thc completion of the last arc. Ii is not iritendecl that these times 
shoul(1 be in all cases rigidly adhered to if found inconvenient, but they 
are so obviously the best that an effort should be made towards this 
end. The method of measuring the cquation is fully detailed in 
Chapter V, Volume I X  and in Chapter IV, Volume X. I t  is best to dis- 
tribute thc measures over two nights rather than do the whole together, 
as the comparison of the two will furnish some sort of test of trustwor- 
thiness. The transits of 40 stars, i.e., 2 0  N ancl 20 S of the zenith can 
bc c.onvcl~icntly obscrved each night. The Idiometcr, clcscri1)ctl at l)nge 
35 of Volitn~c I X ,  dcsignetl by Lieut-Coloncl (now Major-(fc~icrnl) 
Afi~swell Campbell, R.E. ,  for the purpose of measuririg the absolutepcrsonal 
equation of each observer, though an exceedingly ingcnious instrilmcnt, 
was fo1111cl froin some ~ml<nown causes not to agree very satisfactorily in 
the results it gavc with those derived from dividetl transits, and its use 
has tliercforc been abancloncd for somc years past. 

4.3. A few words are ncccssnry as to the Star Catalog~xes to be em- .- 

ployccl on this work. Bcaring in nlilid the 
fact that tlle determinntion of the diffcrc~lce 

of timc at thc two stations rcduccs itself in p~*acticc to thc lengtli of 
timc occnpic~d 1)y a l~cavcnly bocly in passing from t l ~ c  mcritlian of the 
eastcrrl statio~l to that of the wcstern, it is ol~vions that grcat accllrncy 
in tlie knomlcclgc of star places is quite unnecessary ; it snfficcs if tlicir 
right nscc~tisions arc k~~on-11 within ZC) or 30 sccont1s of time slid tllcir 
derli~iationa nitllirl 3 or 4 rninntcs of arc. IIcnce t l ~ c  use of tlic 1l. i l .C. 
Catnloguc, olic of t l ~ c  most extcnded in existcxice thongh sornc>Mllat 
inaccl~ratc, is lcgiti~rlate, and it may he employed with grcat advanta~;c- 
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Besides the Nautical Almanac and the Connaissance des Temps, tlic 
Greenwich Catalogues of 1864, 1868 and 1872, and the Washington 
Catalogue should also be at  hand, as they may occasionally be required 
when more correct places are necessary. Table LIV of the 3rd Edition 
of the Auxiliary Tables of the Survey of India contains a very useful list 
of circumpolar stars for determining azimuthal deviation mhicli may be 
used with safety, so long as both observers employ the same stars : tlie 
quantities e, f, g, h, I will however have to be computed as they arc riot 
given in tllc table. Their places sllould always be brought up to the (lay 
of observation rigorously. For stars within 3" of the pole, observations of 
transits on three or five wires are sufficient. I t  will be found convenient 
if both stars of a pair are observed with same clock, and one pair with 
the eastern and one witli the western clock. 

44. If by any mischance the azimuth stars are missed, the azin~nthal 

N. Collimstor lnay serve for deviation can generally he deduced for oiic or 
meridiau mark 011 emergency. even two nights with sufficieiit accuracy from the 

rcading of the north collimator, its position with regard to the meridian 
bcing determined from the previous night's observations ; as esplnincd 
in para. I 2 of t11c next chapter. Tliis collimntor is by its constructiorl 
exceedingly stable, and its cross rarely moves more than 4 or 5 divisions 
of the transit micronletcr from night to night and frequently much less : 
this moveme~it corresponds to about 1 . 7  seconds of arc which is iln- 
material as the cloclr stars are always selected within a few degrecs of 
the zenith, where the correction due t,o such a small error in the deviation 
correction is practically rejectaneous. 

45. It is not always necessary that a pair of circumpolar stars n t  
Otllrr of dcducillg devia- opposite cl~ltniiiations should be observed. I11 

tion. low lat,itudcs this method may be found imprac- 
ticable, as lower culminntioiis would then occur at inconvenicntly low 
altitndes. I t  is thcn hcttcr to employ a north circumpolar star a t  
uppcr c~ilmination and a star as far south as possible. Azimuthal devia- 
tion in tliis casc, as in tlic former one, has the effect of accelernting the 
transit of onc star alicl retartling that of the other, thercby giving a 
largc divisor in tlic formula for dctcl~minillg it, which is the object aimed 
at for sccnring a t,~*r~strvort,l~y value. In  this system also it is most 
dcsira1)lc tllnt 1)otli ol)sci.i-c~,.; sl~onltl 11sc thc same stars, unless tliey are 
so wcll ltno~vn that uo lulccrtainty attacl~cs to their catalogued places. 
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I. It will be convenient to divide the various operations, by which 

~ c n e r n ~  arrangement of computa- the final arc of longitude is obtained from the 
tions. ram material furnished by the chronographic 

records, into the following thirteen heads, viz. :- 

(1) Writing up the henclings of the sheets, and marking them off. 

(2) Reading off the star-signals, and entering the times in the 
transit sheets. 

(3) Reduction to centre wire, and constants for collimation, &c. 

(4) Abstract of level, and collimation corrections. 

(5) Determination of the value of pen equation. 

(6) Reduction of circumpolar star-places to date of observation. 

(7) Computation of star-constants, A.B.C. for circumpolar stars. 

(8) )) of correction for azimuthal deviation. 

(9)  ,) of corrected times of transit of longitude stars, 
and clock-rates. 

(10) Deduction of clock-rate corrections. 

(11) Abstract of personal equation, and deduction of its final value. 

(12) ,, of transits with each clock, and deduction of AL + p. 

(13) Final deduction of AL and p. 

Each of these will now be explained in detail. It is not indispensable 
to ohserve this order of succession in the computations, but it will be 
found in the main convenient to conform to it as far as possible. 

2. The first process-writing up the headings of the sheets, and mark- 

Writing 119 headings, LC. 
ing them off-is usually nndertalten on the day 
following the night of observation, whilc all thc 

details are still fresh in the obscrver's mind. On each sllect should be 
noted in large clcnr round hand the following particulars :- 

(a) The name of the arc, i.e., of the two stations at its extremities, 
the eastern one heing always put first. 

( b )  The station of observation. 
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( c )  The name of the observer. 

(d) The telescope used. 

(e) I ts  position as regards the illuminated pivot. 

(f) The clock used. 

(y) The chronograph used. 

(h)  The date. 

(i) The number of the sheet: each arc ehould commence with 
new numbering. 

To " mark off" the sheet, the name of each star should be written on 
the record, near the place where the warning signal is found. The 
characteristic letters of the first and last wires observed are then inserted, 
and again the name of the star after the last wirc. The clock minutes, 
and here and there the clock hour, must also be entered, as they will be 
found indispensable when the sheet has to be read off. The hour and 
minute of the other observer's clock must be obtained on the first night 
by the process explained in the preceding chapter: an approximate 
Icnowlcdge of the rate will cnable the observer to fill in these dctails for 
subsequent nights. At the foot of the sheet is given an extract from the 
collimation and level form for the night, showing the values of b and c to 
be used in the computation. The sheet bcing then signed by the observer, 
is complete as a record. The reacler should however be here cautionccl 
that a sornewllat different procedure with rcgard to the collirnation and 
lcvel corrections has been recently approved nrhich is explained in para. 
8 of tliis chapter; and it will be unnecessary in future to entcr more 
than thc values of C,, C, and h!t at the foot of the chronograph sheets. 

3. I t  should be rcmembcred that thcsc sheets arc in effcct the field 

Prcsc,.vntion of cllronoRraph booI<s of the party, and must bc preserved with 
al~ccts. tlic grcatcst carc. After they liavc bcen sub- 

jcctcd to tlic ncxt process-reading off-tlicy sl1011ld be pasted illto a file 
1)ook similar to thosc used for filing lcttcrs, 1)ut of sufficicnt size to 
rcwdcr tllc Eoltling of thc slicct ninicccssary. At thc end of tliis chaptcr 
will  hc foluld a spccimci~ of a clironograph shcct from actual practice 
on tllc arc Ma~ignlorc-13oml)ay in 1888. I t  has bcen sclcctccl casually 
from tlic recortls of tlic astronomical partics, and contains a few omis- 
sions ant1 impc~rfcctious such as are almost illvariably met with in an 
ortliuary night's work. 
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4. Thc next step is the reading off the sheets, and entering the clock 

Rc~din:: olT the sheets. 
times of star-transits over the wires in tllc form 
provided. The reading off is performed by 

means of a scale of peculiar construction. It is engraved on some 
tr:~ilsparent material, talc or glass, its length being equal to the distance 
bc t wcen two consecutive marks representing seconds, made automati- 
cally 011 the chronographic sheet by the clock. As the lengths of 
the seconds are liable to small irregularities, the division lines of the 
scale are made closer at  one end than at the other, so that by sliding the 
scale up and down a position may be gained, in which its length accu- 
rately coincides with that of a second on the sheet. The scale is divided 
into tenths, and half tenths are read by estimation. At the encl of this 
chapter will be found a set of forms adapted to the whole system of 
longitude computation. That in  which the times of transits read off, as 
described above, are entered, is distinguished as No. 1. To give the 
complcte computation of one whole arc would have unduly extended 
thcse forms : they are merely intended to furnish the reader with 
specimens, such as have been found in practice to be convenient 
for the purpose. They illustrate, with the exception of the last, 
( 3 0 .  10)) tlle arc Mangalore-Bombay. I n  Form No. 10 the arc Nagar- 
lioil-Mangalore has been selected for illustration in consequence of its 
being a more completc measurement than Mangalorc-Bombay, and con- 
sequently affording a better type of the method employed in deducing the 
film1 value. I t  is quite unnecessary (except in the case of circumpolar 
stars obscrved for azimuth, whose treatment is somewhat clifferent 
throughout) to record the minutes ancl seconds of every wire observed ; 
i t  suffices if this is done for the first and last wires only ; for the inter- 
metliate ones only the decimals of the second to the nearest half tenth 
should be entered in the form. The hour and minute of transit over the 
first and centre wircs are enterecl at the top of the form, the latter being re- 
peated below when the mean of all the wires is deduced. I t  is very desir- 
able that all the sheets appertaining to one arc at  both stations shoul(1 be 
read off by one and the same computer, otherwise a personality may be in- 
trocluced, which would have to be determiner1 cxperimentally, and applied 
as a correction. When two cornpi~ters are employed on reading off the 
sheets, it mill he found more expeclitious that one should rcad and the other 
record the rcadings, than that each sllolild work illtlcpcndently. I t  will be 
observed that two vertical columos arc appropriated to thc reduction of 
each star ; the first Laving been filled up a3 described above, thc llse of 
the second has now to be explained. 
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5. The time of transit over each wire must be reduced to the centre 
one by means of a correction (additive for wires 

Reduction to centre wire. 
before the middle one and s~tbtractive for those 

after it) which, for any particular star and wire, is the wire interval from 
the centre in equatorial seconds rnultiplicd by the secant of the 
star's declination. 'I'his computation, like many others in longitude 
work, involves a vast quantity of arithmetic, but can be considerably 
abridged by the use of a judiciously constructed table. Several methods 
have been tried at different times, but the one now in use, has, with the 
help of a table given after Form 1 at the end of this chapter, proved to 
be the most expeditious, and is easily understood by native computers. 
For its employment Crelle's Tables of multiplication and division are 
necessary ; and here it may be as well to state once for all, that these 
Tables are now used t l~rougl~out the longitude calculations, to the almost 
entire exclusion of logaritlrms. Except in the case of close circumpolar 
stars for wllich special methocls are required, the declination secants, 
which are taken out to four decimal places, lie between tlic limits of 
1.0 and r .4. Tllc table is thcrcfore prepared with six vcrtical columns, 
the first contains the distinguishing lcttcr appropriated to each wire, 
the scconcl is licaded 1.0, and contains the value of the wirc intervals 
multipliccl by I .o, the third is hcacled I . I  and contains the same inter- 
vals multipliccl by that quantity, and so on up to 1.4. Tllc last horizon- 
tal linc in tlle table containing thc valncs of m is explained below. 
Crcllc's Tables arc subsequently emldoycd in multiplying the last three 
figrlrcs of thc secant by tlic first tllrce of the wire interval, the product 
being adtlcd to tlie proper rluinber in the reduction table. l'llus suppose 
tlic cquntorii~l interval of wirc B to bc 29.07 and tlie nat. secant of the 
star obscrvcd to bc 1-241 7, the computation wonld stand thus 

By the rcduction table 29-07 x 1.2 = 34'88 

By Crelle's Tables *29-I x '041 7 = 1.21 

Total reduction for mire B = 36-09 

T l ~ c  wirc intervals sllown ill the tal~lc were those appertaining to 
Tclcscol~c No. 2 (luring t l ~ c  scason I 887-88 : a 1 1 ~ 1 ~  tal~lc wonltl of course 
1)c iicc-cssa~.y, if tlicsc iiltcrvals arc found to vary from time to time, as 

ill all prol)al)ilit,y thcy will, or if anotlicr tclcscol>c l)c cinployccl. Any 

'Thin omissinn of t l ~ r  srcond tlr(~imnl plncc in t l ~ r  vnluc of tllr wirr i11t.cl.v:tl w l~cn  ~n~l l t iplying hy thn Inst 
Il11.c.c f1::llrt-s of tlle acrnnt, call in I I O  c:~sc  alfcct t . 1 ~  sccolld place of dccin~nls In tllc total retlnctiol~ to centre 
lor I l l l Y  wire. 



I04 HANDBOOK OF THE TRIBONOMETRICAL BRANCH. 

COMPUTATI~N OF DIFFERENCE OF LONGITUDE. [PAILT IV. 

moderately good computer soon learns to perform this calculation men- 
- 

tally without writing down a single figure, and it is thus very quicltly 
got through. The reduction to the centre for all the wires is shown in the 
spccimen form, but in practice only those should be computed which are 
required : these are generally the middle eleven wires. From Form 2, in 
which the results are entered, the figures in the second of the two columns 
appropriated to each star in Form 1 are now obtained by the addition 
or subtraction of the reduction corrections, and their mean taken out 
at the bottom. The last three horizontal lines of Form 2 are filled in 
with the constants for collimation, level, and deviation respectively for 
each star. It mill be noticed that the collimation constant C = m sec 6, 
and it is in order to facilitate the computation of this quantity that m 
has bcen inserted in the last line of the Reduction Table, as it can be 
multiplied by sec 6 in an exactly similar manner to that employed in 
the case of the wire intervals. 

6 .  Discrepancies from the mean exceeding -3 of a second are not 

Diarrepant observations, and theit frequent; when they occur the cllronograph sheet 
treatment. shoulcl be examined to find out if any misreading 

has passed unnoticed. A doubt may arise as to whether a discrepancy 
is sufficiently large to render the observation worthless, and to justify its 
rejection in toto. A criterion has been worked out and incorporated in 
the f olloaing little table as a guide to the observer. I t  is founded on the 
same pri~iciples as the well ltnown criterion by Professor Peirce, and its 
constrnction is explained in tlie General Report of the Operations of the 
Snrvey of India Department for the year I 885-86. Appendix, page lxvi- 
I t  has no pretensions to theoretical accuracy but snffices for the object in 
vicw. Tllus if eleven mircs have been observecl and the star's cleclination 
is 2$, an observation differing 0'. 24 from the rncan should be rejected. 

Criterioa for rqjecting dortbtfrtl Observations. 

Decllnntion 
- 

No. of  \r ires 
Observed 

5 
6 
7 
R 
9 

~n 
11 

- - - -- - - 

lo' to 13' 
- -- 

'16 

'19 

'21 

'31 

. 24  

. 2 s  

'27  
- 

- - - -- - - 

oq to  lo* 1 I @  tn 20" ( 20' to 30° 1 id. to 40' 

.II 

13 

'14 

' I S  

' 1 3  

'1 S 
' 1 7  

' 1 9  

'10 

::: 1 ::: '19 
- - - 

p- 

'15 I '16 

.I 7 
" 9  

' 2 0  

' 2 2  

.z.l 

.18 

a 0  

' a 2  

.l-$ 

-2.5 
I 

2 4  I 'ah 
-- 
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7. It not unfrequently happens that the chronograph becomes 

Procedllrr ,vhen the chronogmph irregular in its rate, and, owing to incrcased 
rate is irregular. friction or other causes, goes so slowly that tlie 

ordinary scale cannot be applied to the chronographic record. I n  this 
case tlie true distance between the recording pens must be talcen off 
with a pair of compasses, and applied (either backwards or forwards 
according to which pen is leading) to the star-signals on the record, 
and the pricks read off by actual measurement from the preceding 
and succeeding second-signals ; in which case the space left in Form 1, 
for "Correction for Q" mill be left vacant, or filled in with o. The 
true distance between the recording pens can always be obtained 
from the run of pen equation at  the begi~iriing and end of each 
night's work, when both pens are actuated by the observer's clocl~. 
Form 1 cannot at this stage be further proceeded with, but will be 
referred to again. 

8. The improved method of deducing the collimation and level 
Determination of collimation and corrections alluded to in para. 2, requires some 

level constants. little explanation. The previous practice llad 

been that the value of c, as determined by observations to the collima- 
tors each night, should be used for the correction of the transits 
of that night, separate values being employed I.P.E. and I.P.W. 
Occasionally, however, considerable discrepancies occurrcd between thcse 
values, and an exanlination into the matter showed that i t  would be far 
more satisfactory theoretically to take a mcnn C, for a nlholc arc, 
rather than attcmyt to get liiglitly values : i t  certainly has proved more 
satisfactory practically also, as tlie test by circuits, mrhcn thc arcs are 
computctl wit11 a mcali C,, unrnistalical~ly shon-s. The proced~zrc now 
adol)tc(I will be understood from tlic Abstract of Colliinatioli and 
Level, Form 3. C, is to be detcrmincd twice (or more) each night, 
prcfcrably once : ~ t  the beginning of the work, and again towards its 
closc, and cntc~ctl in tlie proper collim~l of tlic form. C, the microme- 
ter licnd rcacli~~g (luring tlic obscrration of transits, is also inscrtcd for 
cach niglit, mltl also hT whicli is tlic reading of the nlicrornetcr head, 
w11~1i t l ~ c  rca1 \ \ i i ~ s  ali(I tlieir imagc rcflccted froin mercury coincide. 
1Jp  to tlris point no clinuge has 1)ccn nlade ill the process which is 
drscri1)t~d ill Sct:tioils 2, 3 and 6, Cha1)tcr V, Vohlluc X. Thc nest stcp 
is to takc ont tlic mcan of all the ~.alucs of C, in 1)osition I .P .E.  aiid also 
of iliosc in position I.P. W. ; thc mean of thcsc. two qnantitics gives 
thc final vnluc of C,, tlie differcncc betwceii \vliich and C, gives the 
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values of c, for each night; and so long as C, remains the same, so 
long will c, and c (which is equal to c, less the diurnal aberration) 
remain constant. Note that when the telescope is I.P.E. c, = C, - C, 
and for I.P. W. c, = C, - C,. By a similar process the values of b are 
found : each determination being kept separate, and used for the groups 
to  which it appertains : it is usual to determine b twice in the night's 
work, at the same time as C,. 

g. The next stage of computation is the determination of the 
value of the Pen Equation. This is measured 

Measurement of Pen equation. 
directly from the chronograph sheets by the 

reading scale, and if the pens have remained unaltered during the 
night's work, a mean is taken for the whole. It is usual to make 
20 measurements on the run of pen equation at the beginning, and 20 
at the end, distributing them as evenly as possible along the whole 
length. There is no special form used for this process. 

10. We now come to the three forms 4,5 and 6 employecl in comput- 
Compotntion of azimuthnl devis- ing the azimuthal deviation of the sight line of 

tion. the telescope by means of the circumpolar star 
observations. Form 4 is used for bringing up to date the places of the 
circumpolar stars observed for deviation. I t  is desirable that in com- 
puting these only trustworthy catalogues should be employed. For 
remarks on the catalogues to be employed the reader is referred to 
para. 43 of the preceding chapter. When the star whose place is 
required is fou~ld in two or three of these catalogues, it is customary 
to decluce its place on the first of January of the ycar of observation 
from each of them, and take the mean as the adopted value. Its place 
on the day of ol~servation is brought up from the 1st of Janilary by 
means oE Airy's Day Numbers or by the Independent ~uantities." 
The places at Greenwich mean midnight are considered good enough, 
as any error incurred hy neglecting a few hours one way or the 
other, is probably smaller than the inaccuracy of their obscrved placeg, 
especially as small errors in the computed places can have no apprcaiable 
effect on the final results, so long as the same stars are used by both 
observers. 

The Forlll in nrlapted to Airy's Dnp Numbern, but r e  lit,tle change will be r e r l l l i r ~ ~  lor 
the I n d r ~ e n n m t ,  q:,autities. There l ~ t t c r  are called in the ~ a , , , l c l  i\]mal,ac Quantities for rorrccling 
the Plecea of Ptarr. 
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I I. I t  will generally suffice if the place is computcd for the first and 
last night's observation on each arc, the inter- 

Corrtinurd. 
mediate ones being determined by interpolation : 

occasionally, however, if the measurement of the arc is much protractcd 
by bad weather, or other causes, additional intermediate values should be 
computed as a guide to the interpolation; but this must be left to the 
computer's discretion, as no general rule can be given. I n  Form 5 are 
computed (for circumpolar stars) the star constants, C = m sec 6 for 
collimation, B = m sec 6 cos for level, and A = m sec 6 sin r d o r  
azimuth. These are the same constants as are computed at the bottom 
of Form 2 for clock stars; but as circumpolar stars require more 
accuracy in their treatment, Form 5 must be used for them. For 
computing thcse the latitude of the station, and the declination of the 
stars observed, should be knon-n to the nearest second. The form, with 
the help of the precepts regarding signs, &c., at the foot of it, is suficieiitly 
simple to render any further explanation unnecessary : the number of 
decimals retained should be regulated according to the specimen given. 

12. We must now return to Form 1, and taking up first the circum- 
polar stars only, the col.rections Cc, Bb, and Q,  

Corrtinwd. 
must be filled in wit11 their proper signs, and 

added algebraically to the mean of the wires. The times thus obtaiiicd 
are copicd into Form 6, and the deviation constant a is deduced according 
to the rules given in detail at pages 21,25,26 of Volume X. I t  is usual 
to observe two pairs of circumpolar stars each night, the first of wliich 
appcrtains to the first two groups, and the second to the last two groups. 
Unlcss there has bcen some disturbance of the telescope during the 
progrcss of the work, these two values of a should not differ by more 
than 10 tlivisions. If a high and low star are used for determining the 
deviation instead of a pair of circampol.zrs the method of computation is 
identically the same. I t  has been mentioned in para. 44 of the preceding 
cllaptrr that in the event of the aziniuth stars being lost on any night, the 
position of the telescope with rcgard to the meridian can be deduced from 
that of the North Collimator, by assuming its stability for the time 
elapscd. The principle of thus obtaining the deviation is as f o l l o ~ s  :- 

Let C, be the micrometer rcading when the sight-line is perpendi- 
cular to the rotation axis. 

Lct D I)c tllc micronieter reading when the sight-line intersects 
the North Collimator. 
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Also let a and k represent respectively the deviations of the telescope and 
north collimator from truc north, measured in divisions of the micrometer 
(positive to the west of north). These quantities are connected by the 
following formula :- 

k = a + C , T D  

the upper signs being for position I. P. W. and the lower for I.P.E. Hence 
i t  is obvious that k may be computed if a is ltnomn or a may be com- 
puted if k is known (C, and D are always obtainable from the collima- 
tion records). If therefore a cannot be obtaiued on any particular 
night owing to the azimuth stars bcing lost, it  is obvious that a 
.kno~vlcclge of k from the observations of a yl-cvious (or subsequent) 
night, will enable us to supply the omission by the solution of the 
equation 

On several arcs nightly values of k have been takcn out, and have 
rarely been found to differ 5 divisions on consecutive nights ; whereas 
a is subject to considerably larger fluctuations, especially after change 
of pivots. 

I 3. We can now again return to Form 1 ancl with the known values 

Completion of Form 1. 
c, b, and a, form the corrcctions Cc, Bb, Aa as 
well as Q, which must all be carefully entered 

with the proper signs.* 'l'he quantities C = n z  sec 6, B = C cos t and 
A = C sin 5. are obtained from the last three lines of the table for 
reduction to centre wire. These four corrections with their proper sign8 
bcing now adcled algebraically to the mean of thc wires, the sum is en- 
tered in tlie line " correctecl"; and tlle last two lines are also at the 
samc time (after the first day) complctcd. Having procecdcd thus far, 
the observer will have the satisfaction of noticing, from the agrcemcnt 
of his clock-rate correction as deduccd from different stars, what confi- 
dence can be placed in his work. 

14. The next step is to deduce the actual corrcctions for clock-rate 
~ e c l ~ ~ c t i o n  or noct-rato eorrec- for each night to be applied to thc transit 

t i ~ ~ n r .  ohnervations by rncans of lhrm 7. Thc fillillg 
U P  of this form seems to bc too obvious to nccd cx1,lanation ; its object 

Tile 3irns of c: n l l d  h nre dctcrmincd In Form 3 ~ n d  of n in Form 6. The slgnm of C, B rind A 
given in t l ~ e  foot-note to For111 5. 
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is merely to compute, by means of the ltnown clock-rate correction 
for 24 l ~ o u ~ s ,  (or multiples of 24 hours if any nights have been missed) 
the proportional correction for the time elapsed during the passage of a 
stall from the meridian of the eastern to that of the western obscrvcr : 
if the computer is in any doubt an explanation will be found on 
page 31 of Volume X. 

15. Personal equation next claims the attention of the computer. 

Computation of personal equation. 
The stars observed in divided transits for this 
purpose must be entered and computedin Form 

exactly like the longitude stars as far as the line " mean "; bcyond this it is 
unncccssary to carry the calculation. Each star n~ill of course require two 
pairs of columns, one for each observer. The results are then abstracted 
into For111 8. As the relative personal equation of the observers is 
generally measured tliree times during thc field season, thc selection 
of the exact value to be used for each arc must be partly left to their 
judgment. I n  the case of the arc Mangalore-Bombay, as tlle equation 
was measured within a few days of completion of the arc the value 
thcn obtained was used on that arc ; a mean of the two days, April 12 
and April 13, on which i t  was determined, being taken. Throughout 
the whole discussion of personal equation, stars of north and south 
aspcct must be kept distinct, and two equations recognized, applicable 
to stars of N. and S. aspect respectively. 

16.  We are now in a position to fill up Form 9 and deduce the 

Approxlmnte 

obtained 

valuc of AL. 
approsimstc values of tlie arc; tlicy are still 
necessarily only approximate, for those values 

by transits with the eastern clock are too small by the quantity p, - .  
(the anlount of rctarclation of the electric currcnt through thc linc wire 
and rclays) tllosc with tlic western cloclc bcing too grcat by the same 
amount. I n  filling up tliis form the most rccent practice, found by 
experience to be the most convenient, is to cntcr tlie stars in groups of 
north and south aspect. The aim in sclccting a programme, is to 
ol~tain four groups of longitude stars, in each of whicll are found 4 stars 
of north i~n(1 4 of sontli aspect; tllcsc bcing separated in Form 9 give 
risc to 8 gronps, altcrnatcly north and south. The nican of the results 
hy cacli group is first talren out in column 15, and tlicn the corrections 
Pol* clock-rate ~11d personal equation arc entered in colun~ns I 6 and r 7 ; 
thc a1gebraic:~l atltlition of thc thrce columns thcn afi'orcls the final value 
of A L  + p for that particular group. 
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17 .  With the means of these results we now enter Form 10, 

Final value of AL. 
and the question arises, how is the best final 
mean to be obtained from them. If no stars 

in the programme were missed, the number of north stars equal to 
the munber of south, the number of observations with the eastern 
clock cqual to the number with the western clock, and the pivot 
chailgcs quite symmetrical, it seems obvious that the proper course 
wol~ld be simply to take the arithmetical mean of the whole as the 
best rcsult; but when these conditions do not obtain, it becomes a 
matter of some difficulty to decide on the best method of proceeding. 
V a r i o ~ ~ s  systems have been tried at different times, but the latest and 
most approved is as follows. The upper part of Form 10 gives the 
valnes of A L + - p for each day, keeping separate the results by north 
an(\ south stars with each clock, the pivot position of each telescope 
bcing entered for each day in the first column of the form. I n  the next 
columns are shown the results by each clock, north and south stars 
being lumycd together; in the next are given the results by north and 
sollth stars separately, the mean of two clocks being taken. The next 
column shon-s the final result for each day, being the mean of columns 
7 and 8 or 9 and 10. The last column p is half the difference between 
colr~mns 7 and 8. I n  the latter part of the form these results are 
fut ther digested. I t  is obvious that only four combinations of pivot 
positions are possible, viz :- 

Telescope No. 1 Telescope No. 2 
I .P .  E .  I .  P .  E. 
I.  P .  m. I. P .  E. 
I. P .  W. I. P .  PV. 
I .P .E .  I. P .  W. 

Thesc four are entered in the first column. The next ten are similar 
to tllosc in the upper part of the form, differing only inasmuch a3 
they contain (or may contain) the means of the results of several days, 
on which the pivot positions have been the same. The mean of the 
figures in the last column is the finally accepted value of the arc. 

18. Wire intervals should always he determined at the beginning of 
Method of memuring Inter. the season ; as, in case of an accident occurril1g 

vals . to them, the intervals being unknown, all pre- 
vious work of that season would be more or less uncertain and 
unsatisfactory : it is as well that a second determination he rnitcle 
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towards the close, to ascertain whether any noticeable change has 
occurred. Experience shows that such changes are generally very minute; 
still it  is more satisfactory to re-determine the intervals, in case the 
sudden jars and shoclts, to which these instruments are constantly 
exposed in transit, should have altered them. They are most easily 
determined by noting the length of time occupied by a close polar-and 
therefore slow moving-star in passing over them ; the intervals being 
all reckoned from the central wire. The equatorial interval is obtained 
simply by multiplying the time occupied in the transit, by the cosine of 
the star's declination; except in the case of very close circumpolar 
stars, when a small correction is necessary owing to the. star not 
passing in a straight line from wire to wire, but in a slightly curved 
circular path. The interval obtained in the simple way must then be 
decreased, in the proportion that the sine of the angle described by the 
star in its diurnal course bears to the length of the corresponding arc. 
This correction is very small except in the case of stars within z0 of 
the pole, and even then it may be considered rejectaneolis for intervals 
of less than 10 seconds : if required, it may be easily computed with the 
aid of the following table which is taken with slight modifications 
from page 148, Volume I1 of Chauvenet's Practical and Spherical 
Astronomy, second edition :- 

Thc first column contains the logarithm of the number of seconds, t, 
occiil~icc\ 1)p a star in transiting the wire interval, and the second con- 

sin e 
tailis tlie value of log 6 being the diurnal arc described by the arc 0' 

log t -- I l o g  k 

2'981 9'99965 
3.008 9'99960 

3'033 9'99955 

3'056 9'99950 

3'079 9'99945 

3'100 9'99939 

3'1 ao  9'99933 

3'139 9'99927 

3.158 9'99920 

3'175 9'99914 
3'191 9'99907 

3'209 9'99899 

3'224 9'99R91 
3'239 9'99884 

3'2S4 9'99876 

log t 1 loa k 

1'778 

2'079 

1.255 
1'380 

2'477 

1.556 
1,623 

a-681 

2-73, 
1'778 
a-819  

1'857 
r 8 g a  

~ ' 9 1 4  

2'954 

10'00000 

9'99999 

9'99999 

9'99998 

9'99997 

9'99995 

9'99993 

9'99991 

9'99989 
9'99986 

9'99983 
9.99980 

9'99977 

9'99973 
9'99909 
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star during that time. The following example will sufficiently explain 
its use. Suppose a star whose declination is 88' 45' occupies 1623 
seconds in passing from any selected mire to the central one, required 
the true equatorial interval. 

Log 1623 = 3@21032 

Log cos 

Log k from the Table = 9.99899 

Log sum = 1.54806 . . . 358'32. 

At least eight or ten different stars not exceeding 6' N. P. Distance, 
should be observed for wire intervals ; the effect however of erroneous 
values, should such exist, may be completely cancelled in observing 
longitude stars, by the simple precaution of using the same wires in 
both positions of the telescope, v iz ,  I.P.E. and I. P. W. 

19. The number of decimal places to be retained in the various stages 

Number of decimals to be retained. 
of the computation merits careful attention. 
I n  reading off the chronograph sheets record to 

the nearest half tenth, the reduction to centre wire is to be recorded 
to  nearest hundredth. There is of course no object to be gained 
theoretically by computing the latter of these quantities more rigorously 
than the former, i t  is simply a matter of convenience as the method of 
calculating the reduction explained in para. 4 is certainly easier to work 
in its present form, than if it were imperative to enter the last figure as 0 
or 5. The mean of the wires is to bc cntered to the nearest hundredth, 
A, B, C are to he compntecl to four places of decimals, a, b, c to one place, 
and Q to two places. I n  the Abstract of Transits, Form 9, Stars' declina- 
tions are to be entered to the nearest minute. Times of transit and 
corrections thereto are to be entered to two places of decimals. 

20. In  taking the means of the groups in Form 9, and thenceforrrard 
to the final results, including clock-rate and 

Corrti~rlie~l.  
personal equation, thc third place of decimals 

is to he retained. Micrometer heads are always to be read by estimation 
to  tenths of the division cngraved on the hcacl, and it will sufficc if the 
means of two or morc readings are ~.ctaincd to thc snrnc ortlcr of 
accuracy, riz. ,  tcntlis of n division. I11 the cave of c.losc circllrnpolar 
stars, whose transits are used for determining Azimuthal deviation, it 
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is sufficient if the times of transit over each wire, and the reduction to  
centre wire are given to the nearest tent11 of a second. In taking the 
mean of the wires the llundredths sllould be retained. 

21. The following programmes are gircn as specimens. It will be 
found convenient to 1)aste the programme on 

Programmes. 
a sheet of millhoard about tlie size of foolscap 

paper, and hang i t  up where it call be conveniently referred to, in the 
clock-room. The first programme is for the castcrn and the second for 
the western station. 

A a 18' 54' 
A L  3 flm 7' 

Chronogrnpl~ peg# 
to be used 

Chronograph pegs 
t o  be  used 

4, 6, 8 ,  10, 151 25, 

231 24 

1, 8. 13, 10, I&', 25 

f ,  10, 12, 8, 17, 20, a5 

8 ,  18, 2% 13, 101 15, a5 

10, 19, az,aj ,  8 ,  17, ao, 25 

23, 04 
-- 

Locnl Sidereal Times 

11-25 

11-36 

11-38 t o  11-51 

12-4 to 12-17 

12-26 

12-36 t o  12-55 

13-1 to 13-17 

13-27 

ARC MANOALORE-DOIBAY, STATION BOSIBAP. 

22. For tlie al~ovc programme the stars were tliose given in the 

6tnr Hsts. 
su1)joincd list, which is made out in the form in 
~vliicli it lias bccil folll~cl convenient for the ob- 

scrvstory rccordcr to have belorc him. The llulllbers rcfcr to the British 

A Draconls and 1070 Qr. 72 for  Azlmntli 

Call Wcstern stat ion 

1st Qroup, Q +,with Eaet Clock 

2nd Group, Q -, ,, ,, 
Cut off Clock and receive West Clock 

3rd  Group, Q +,with West Clock 

4th Oronp, Q -, ,, ,, 
Call W e s t e ~ n  stat ion and mend results 

Local Gidercal Tilno 

11-25 

11-28 

11-38 t o  11-51 

12-4 to 12-17 

12-18 

12-36 t o  12-55 

13-1 t o  13-17 

13-19 

-- . 

A Draconis and 1070 Gr. 72 for  Azi~nttth 

Reccivc cnll from Enstern station 

1st Group, Q +, witli East Clock 

2nd Group, Q -, ,, 9 )  

East Clock stops scnd \ITcst Clock nt once 

3rd Group, Q +, n ith Wcst Clock 

4th Grollp, Q -, ,, 9 )  

Rcccivc rcsults fro111 Enstern stntion nnd scnd ditto. 

-- - -- 
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Association Catalogue unless followed by the abbreviation Gr. 72 which 
signifies the Greenwich Catalogue of 187%. 

Approximate 
R. A. 

Zenith 
I)istance.* 

North 
or 

South 
-- 

N 
s 
N 

N 
8 

S 

s 
N 
N 
s 

S 

N 
s 
N 
s 
N 
s 
s 

S 

s 
N 
8 

N 
N 
N 

s 
8 

N 
8 

8 

N 

s 
s 
8 

N 
N 

Thla form Wan made out for the obmencr at Bombay, the zenith di8bllce.q therefore rcfcr to tllnl station* 
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23. This programme has been selected at random from the records, and 

General remarks on programmes. 
is one that was carried out in the season 1887-88 
by Colonels Strahan and Heaviside. The inter- 

vals between the stars and between the groups will be found too small 
for inexperienced hands, but quite practicable for experienced  observe^.^. 
The facsimile of the Chronograph record given at the end of the chapter 
is that of one night's work on this particular programme, and will be 
found of great assistance to the novice as a standard of reference on the 
proper method of writing up the record, &c. 
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Form No. 1. 8th dprit 1888, Observw Colonel C7. Shahan, Transit Telescope No. 9, 
I.P.E. East Clock, Station Bombay, Arc Malagalore-Bombny. 

For csplaiiution of tho tcrm "nsl)ect" consult Volume X, Cl~aptcr IV, Section I. 

Transcribed by Coruputod aild Compared by 

Star . . . 
Declintltiot~ and 

Aspect* 

m w - 
a3 e . 3  

.3 
B B 

4 

+I 
d 

0 
b u 

m E 
i z "  -4 S 
7? 
L 

. r( 
4 

0, 2 
6 z I4 

Mean 

c c  v = -2 .9  

z 
.2 I3 b b = -0.6 
0 
0 
0) 5 A a  n = +€I-3  1 D 

Q Q = + 1 . 6 1  

Corrected Mean 

Do. of Day Prcccdi~jg 

Appnrrnt Clock Rate 
Correction 

-- . - ---- -- - 

4286 

+39"53' N 

4277 

- 0" 57' 8 

h nc 
12  39 

H 37-60 

'55 

'45 

'35 

' 25 

'10 

'15 

' I0  

'90 

'93 

lt 12-80 

h m 
1 2  39 

,.. 

I.. 

,,, 

.., 

h 918 

12 37 

H 52-90 

' 13 

'35 

'90 

'20  

'43 

'73 

'97 

'40 

'63 

R 19-90 

h m 
' 2  38 

.,, 

... 

... 

... 

h m 
12 39 

55-11 

' 14 

' 05 

"'9 

'13 

'10 

016 

' I ;  

'10 

' 2 6  

55.24 

8 

55'14 

- '08 

- - 0 2  

- '09 

+ 1.61 

4267 

+ I ,, 
h 111 

1 2  38 

6-34  

'32 

'25 

'3' 

'41 

'43 

'44 

'42 

'35 

'38 

6-42 

s 
6-37 

- '06 

- '01 

+ ,06 

+ 1-61 

12 39 56'56 

.., 52-03 

. . . - 4'53 

h m 
1 2  35 

H 55-50 

'83 

2 0  

' 7 0  

'00 

' 2 7  

'57 

'83 

'55 

'75 

R 23.07 

h m 
1 2  36 

,.. 

..I 

... 

... 

1 2  38 7'97 

,.. 3'44 

... - 4'53 
- 

h m 
1 2  36 

9-19 

' 23 

' 27  

' 19 

' 25 

'27  

'24 

' I9 

'33 

' 29 

9.33 

8 

9-25 

- -06 

- '01 

+ '0.3 

+ 1-61 

I 2 36 10*82 

,,, 6-20 
- 

. .  - 4.62 
- -- 



Table for Redtrction to Centre Wive, Telescope No.  2. 1887-88. 



Form No. 2. Reduelion to Cenfre TVit.e, and Constants f o r  Cotliwnt;on, Level ,  and 
Aziatuth, C.B.A., for Telescope A-o. 2, at  Bonrbay, La t .  = 1@ 64'. 

I(  dcclinntlon ( 6 )  Is Nortl~ nncl prcnkr than (A) tllc Let. 5 = 6  - A. 
P P 1ca.s B B  < = A - 6 .  ,, 90'1'1th < = A + &  

111 t l ~ c  first cnsc tllc etar I s  nortli of thc zcnitl~, rind sor~tli in thc lost tIV0. 

-- - 

. 

4255 

+ 39' 53' 

20 59 
1.3032 

'93.3 7 
'3581 

40'87 

37'88 

35'03 

31-93 
29-11 

2.zS.z2 

20'37 

17.51 

14-59 
11-60 

5'74 
2.88 

... 
2'99 

5'93 

11.80 

14.67 

17'56 
20'51 

23'47 

29'28 

32'16 

35'11 
,~R.oI 

40.96 

0'0292 

0-027.3 

0~0105 

-- 

4277 
- o0 57' 
19 j 1 
1.0001 

9406 

'3,396 

31'36 

29.07 
26.88 

24'50 

22.34 

17.89 

15-63 

13-44 
11-19 

8.90 

4'41 
2-21 

. . . 
2-29 

4.55 

9.05 
11-25 

13'48 

15.74 
18.01 

22'47 
24.68 

26'94 

29.17 

I 
-- 

0.0224 

0.021 I 

o.~o;6 

-- 

Star ... 
Declination = 8 ... 
Zenith Distance = SW.. ,  

Nat. sec6 ... 
Nnt. cos 5 ... 
Nat. sin 5 ... 

A ... 
B . . .  
c ... 
D... 
E ... 
F... 
(3 ... 
H ... 
1 ... 
J ... 
K . .  
L . . .  
nr ... 
N... 
0 ... 

P ... 
& ... 
R ... 
S ... 
T . 
u ... 
V ... 
TV ... 
X... 
Y ... 

m scc 6 = C ... 
C cos 5 = 13 ... 
C sin (=  A ... 

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

4267 
+ I LO 3' 

'1 5 I 
1.0189 

9906 
'1.366 

31'95 
29'62 

27-39 

24-96 
22.76 

18.2.3 

15-92 

13-69 
11.40 

9'07 

4'49 
2'25 

... 
2-33 

4-64 

9.22 

11-46 

13'74 
16.04 

18'35 

22.89 

25'15 

27-45 

29.72 
.z2'02 

o.ozz8 

oSo2z6 

0.0031 
-- - -- . 



I. P. E. = 2499.4 
I. P. W. = 2496'6 

General Mean = 2498 .o 

3 
t 
% 

R 
0. h 

3 c 
% 
b 
E 
3 

3. 
a 
a 
2 s 
< 
9 
C1 

g 
$' 

a 
3 

0 
R 

P 
ct 
% 

2 

g 
z 
J 

a 
% a 
% 
.g 

P - " - CQ r 
iL gj 

OD Q rC OD 
- 

MANGALOUE (Telescope No. 1 ) 

9 .h 3 
9 3 P 

3 3 @ 
I u ..I CI u 
.I 41 .I .I w 
t t e t e 
I p' I 01 

CI u " 
V V -J 
P P 

01 
e 

? Cn 

0 0 d R  
+ + + 
I C". 
OD N N 

C"i R 

+ + + 
? N N 

\O 'a 
R 

0, 
c. CI CI I - - 
.I 3 V 41 w -J 
0, f: t ?2 f; '9 '9 
N N ?O m d N 

R 

+ + I 
N. ? ? R 
m 9 N 

I.P. w. = 1 7 4 2 ' 2  
I. P. B. = 1741.~3 

General Mean = I 741 '8  

BOMBAY (Telescope No. 2 )  

3 tr 5 
P 3 9 

3 3 
L N N N U N 

P e 0 P P 
9 9 w \O 0 w 
'4 '9 CJI Ln 41 9' . 'a, 
0 OD ul 9 OD 00 

t.) N N 
u. P JA 
0 9 

V 
w 
00 ? Q. 

0 0 0 

I I 
N CI ? R 
0 0 0 

I 
N 

I 
CI 

I 

V) w 
? 
w R 

N N N N N 
a $ ut Ln e e 
V) \O 0 0 \O w 
'9 QJ ? ? C". (n 

N 0 Cn OD \O 
- Q. 
N 

I + I 
? N eu 

R 
OI .I P 

g t- gs.. 
" & ?  

Gtation and 
Telescope 

Instrumcntal 
Position 

a f3 

9 

0 - 
C)  

- 
u 

a 

c. 
0 

E g  
-4 
L 

Iz 
a 
E 
d 

Station and 
Telescope 

Position 
Instrumental 

- 
d 
0 

C) - 
C)  

u 

d E 2  c. s 
g. 
a 

s 

r 
a 

i i  



Form bCo. 4. Reductiom of Civct~mpotar Star-ptaces. 
-- 

... ... I Name of Star ... 1191, Gr. 72. -1 
I Date for which required ,., April 8, 1888. I ... Epoch of Catalogue ... Jan. 1, 1872. 

y = Number of years elapsed to Jan. 1 of year of observabion = 16. 

I R.A. I N.P.D. 
0 '1 

Gecular variation ... ... ... + 0 . 2 2 1  -- 0 ' 0 2  

... Do. X Y  ... + 3'5.36 1 - 0'.32 

... Do. x y + 2 0 0  

Annual precessiou ... ... ... 
P r o ~ e r  motion ... ... ... 

... Sum ... ... ... ... 
S u m x y  ... ... ... a , .  

Place at  epoch of Catalogue ... 
Reduced place January 1, 1888 ... 

f ... ..I I,. ..I ... 
F . a ,  I.. . a .  1.1 ,.a 

11 0 . .  ..I 1.1 1,. . a .  

H e . .  I.. I.* .I. ... 

... I 6um 
Constant ... 

Propor motion for fraction of year ... 
Rodrlction to day of ohscroation ... 
Reduccd plaoe ... ... ... 

+ 9,016 

l z h  4Sm 19'9.31 
- 3 ' 9  

5' 58' 19.8 
- --- - - - . - - - - - - -- 



Form No. 5. Conlputntion of Slav-Constants A. B. C. for reduction of trnnsits og 
Circumpotar Stars. 

Name of Star ... 

Date ... 

Lat = A ... 
Dcclin~rtion = Q or L1* 

Z = A - Q O ~ A - Q ' *  

Conatant log+ ... 
log sec B or a'* ... 

Sum = log C (1) ... 
l o g e i n 2  (2) ... 
log COB (3) ... 

log A = (1) + (2) ... 
log B - (1) + (3) ... 

A ... 
B ... 
C ... 

'6' = (180 - 6) is to be 
t T h i s  im t h e  loynritllm of ,n, t h e  vnlne of t h e  microlneter  ucrew of t h e  Telcucope tnken om'01'4* 
l'lle letter n ~ R r r  R Ingnritl~m nig~~ifles that  i t  i q  the l o g . ~ r i t l ~ ~ n  of II ncgntive r l ~ l n n t i t ~ .  
N.B.-A ttcntl to signs tl~rougllont, Sontll Declinatio~l 1s -. As n rlleck on the proper upplic~tion of ti'o 

nl13nsl note that fur stars between 
North I~nrizon :~nd pole, A iq + , R - , C  - . 
Pole nnrl zenith, A i s - , n  + , C + .  
Z c ~ ~ i t l ~  and soutl~ Iior~zon, A is + ,B + , C + I 

1191 or. 72 

April 8, 1888 

Polaris (sub-polo) 

April 8, 1888 

E. Mangnlore 

0 I I/ 

12 52 14 

84 I 40 

-71 9 26 

- 
2.35025 

0.98277 

- 
I '3.1302 - 
1 . g i 6 0 8 n  - 
I'jO917 

- 
1.30910 rt 
- 
2'84219 

- 0' 2038 

+oS0695 

+o 'z153 
-- 

used instead of 6 for 

E. Rlangalore 

0 I I t  

12 52 14 

91 17 22 

-78 25 8 

- 
2.35025 

1.64776 n 

- 
1.gg801fi 

; - 9 9 ~ 0 7  n 
- 
1 '30267 

- 
I -98908 
- 
1.,30068 fi 

* 

+0'9752 

- o m  1998 

-0'9954 

- 

W. Bombay 

0 I I/ 

18 53 49 

84 I 40 

-65 7 51 

- 
2 '35025 

0.9827 7 

- 
1 ' 33302 - 
1 '95774n  - 
I '62382 

- 
I 290 76 n 
- 
2.95684 

-0'  1953 

+ 0-0905 

+0.215.3 

stnrs below the Pole. 

W. Bombay 

0 I I t  

18 53 49 

91 17 2 2  

-72 23 33 

- 
2'35025 

1.64776 n 

1'99801fi 
- 
1.97916 n - 
I '48072 

- 
1'97717 - 
1.47873 n 

+ 0.9488 

-0'301 I 

-0.9954 
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Form No. 8. Absiract of Observed Values of Personal Equation between Colonela 
Strahan and R e a v c d e .  

cy 
0 
m 
h 
d s 
h 
PI 

FZ1 

8 
z 

8 
W 

2 
m 

- -- --- 

Observed with Telescope NO. 2 

A t  BOMBAY 

April 12, 1888 

Lat. = 18' 54' 

Alwil 13, 1888 

Equation 
8 - H  

S - 0.02 
- 0'01 
- 0.01 
- 0.08 
- 0.04 
- 0.05 
- 0.08 
- 0.0.3 
- 0.1.3 
- 0.08 
- o'o.? 
- 0.05 
- 0.01 
- 0.08 
- 0'02 

Star 

371 0 
3735 
3751 

3776 
3797 
3809 
3842 
3851 
3915 
3937 
3952 
3964 
3990 
3998 
4010 

Equation 
8-H 

S 

- 0.02 
- 0.05 
- 0'0s) 
- 0.06 
- 0'03 
- 0'02 
- 0'04 
- 0.08 
- 0.04 
+ 0'04 
- 0'05 

- 0.01 - 0'03 1 - 0'02 
+ 0.05 

Star 

3710 
3735 
3751 

3776 
3797 
3809 
3851 
3915 
3937 
3952 
3964 
3990 
3998 
4010 
4018 

Declination 

0 

28 34 
26 5 
26 6 

20 48 

26 9 
25 16 

23 42 
r;z 10 

I 9  2 

28 24 

44 '5 
21 59 
20 51 

35 33 
38 31 

4069 1 - : :l 40'77 - 
McanS,  - lX, = - o'ogq Mcan 9, - H, = - 0'015 

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

Declinatio~l 

0 / 

28 34 
26 5 
26 6 
20 59 
26 9 
25 16 
32 1 0  

19 2 

28 24 

44 15 

21 59 
20 51 

35 33 
38 31 
41 45 

MennS, - H, = - 0.048 

+ 0.0.3 
- 0'0.3 

- 0.01 
- 0.09 

M e ~ n  8, - H, = - 0'030 
3720 
3761 
3785 
3824 
3832 
3862 
3873 
388G 
3900 
3932 
3971 
3975 
4030 
4039 
4049 1 4039 

4049 
4 6 
4 '7 

- 0-0.3 
+ 0'02 
+ 0'02 
- 0'0.3 
- 0.07 
- o'og 

0'00 

+ 0.04 
- 0.11 
+ 0.04 
- 0.05 
+ 0'04 
- 0'02 
+ O'O,~ 
- 0.01 

3696 
3720 
3761 
3i85 
3824 
3832 
3862 

3873 
3856 
3900 
3932 
3971 
3975 
39'79 
4030 

4 1 1  

1 2 18 

4 14 

Ij o 
0 -32 

6 39 
0 45 

17 4 
3 28 

'7 25 

5 22 

- 6 -3 

- 4 31 
4 6 
4 '7 

7 8  
. 4 1 1  

1 2 18 

4 '4 
15 O 

0 .32 

6 39 
0 45 

1 7  4 
3 28 

17 25 

5 22 

- 6 3 
9 5 

- 4 31 

- 0.04 
- 0.04 
- 0.01 
- 0.08 
- 0.07 
- 0.07 

0.00 

- 0.13 
0.00 

- 0.05 
- 0'01 
- 0'04 
- 0.05 
+ 0'0.3 

- 0.01 



~p 

091.1 8 $81.4 8 d s Z . 4  8  482.l 8 
s ¶a S ZlL S UG S Ub 

C, * \ o h  O I O h  
Y . .  . . . . . . . . .  N N C 1  N e t 4  

d 
Q 3  h h h  h h h h  h h h  

h a  n w w w 



f
i

i
~

 
N

o.
 1

0.
 

A
R

C
 N

A
G

A
R

K
O

IL
-M

A
N

G
A

L
O

R
E

. 
D

ed
uc

ti
on

 of
 
A
L
 th

e 
dq

ye
re

nc
e 

of
 L

on
gi

tu
de

 a
nd

 p
 

th
e 

re
ta

rd
at

io
n

 o
f 

S
ig

~
a

ts
. 

(T
el

es
co

pe
 N

o.
 2

) 
at

 N
A

G
A

R
K

O
IL

. 
(T

el
es

co
pe

 N
o.

 1
) 

at
 M

A
N

G
A

L
O

B
E

. 

T
el

es
co

pe
 a

nd
 P

iv
ot

 
A

st
ro

- 
B

ot
h 

C
lo

ck
s 

C
lo

ck
s 

P a 

0
.
0
4
2
 

0
.
0
3
5
 

... ... 

0
'
0
4
8
 

0
.
0
4
1
 

A
ll

 S
la

rs
 

E
. 

C
lo

ck
 

W
. 

C
lo

ck
 

P
os

it
io

n 

T
el

. 
N

o.
 1
, 
I.
 P

. E
. 

,, 
z1

 I.
 P

. E
. 

T
el

. 
N

o.
 1

, 
I.
 P

. E
. 

2l
 L

P
. 

W
. 

11
 

T
el

. 
N

o.
 1

, 
I.

 P
. 

W
. 

2,
 I

. P
. W

. 
11

 

T
el

. 
N

o.
 I

, 
I.
 P

. S
P.
 

1, 
2,

 I
. P

. E
. 

T
el

. 
N

o.
 1
, 
I.
 P
. 

W
. 

,, 
z1

 I.
P

. 
E

. 

T
el

. 
N

o.
 1

, 
I.
 P

. W
. 

2
1
 

W
. 

11
 

I BO
l+

 

I
1

 
N

. S
ta

rs
 
S.
 S

ta
re

 
A

ll
 S

ta
rs

 
E

. 
C

lo
ck

 

10
 
2
1
.
1
0
7
 

10
 
2
1
.
0
2
7
 

... ... 

1
0
 2
1
.
1
6
1
 

ro
 
2
1
.
1
0
1
 

ro
 
2
1
.
1
5
8
 

I; 
2
1
.
0
6
0
 

... ... 

1
0
 2
1
.
1
9
6
 

1
0
 2
1
.
1
3
j
 

W
. 

C
lo

ck
 

r
n

s
m

s
 

lo
 
2
1
.
1
9
1
 

1
0
 2
1
.
0
9
;
 

1
0
 2
1
'
1
9
;
 

1
0
 2
1
'
2
j
2
 

ro
 
2
r
S
2
j
7
 

1
0
 
2
1
.
1
8
3
 

n
o

rn
a

l,
 

, 
N

. S
ta

rs
 

8.
 S

ta
rs

 

m
s

 

ro
 
2
1
.
1
4
0
 

10
 
2
1
'
0
6
j
 

... ... 

10
 
2
1
.
2
2
3
 

1
0
 2
1
.
1
4
9
 

N
. 

St
ar

s 

lo
 
2
1
-
r
g
g
 

ro
 
2
1
.
0
9
4
 

10
 
2
1
.
1
8
9
 

10
 
2
1
.
2
5
2
 

ro
 
2
1
.
2
j
6
 

ro
 
2
1
.
1
8
0
 

F
eb

. l
8 

F
eb

. 
19
 

F
eb

.2
0

 

F
eb

. 
21

 

F
eb

. 
22

 

F
eb

. 2
4 

m
s

 

ro
 
2
1
.
1
4
9
 

1
0
 2
1
.
0
6
2
 

1
0
 
2
1
.
1
9
7
 

ro
 
2
1
'
2
5
2
 

1
0
 2
1
~
2
0
9
 

1
0
 2
1
.
1
4
2
 

S.
 S

ta
rs

 

m
s

'
a

s
m

s
 

10
 
2
1
.
1
8
7
 

ro
 
2
1
.
1
0
1
 

10
 
2
1
.
2
0
j
 

10
 
2
1
'
2
5
2
 

10
 
2
1
.
2
5
9
 

lo
 
2
1
.
1
8
5
 

1
8

8
8

m
s

r
n

s
 

l
o
 
2
1
.
1
2
1
 

1
0
 2
1
.
0
2
6
 

... ... 

1
0
 2
1
.
1
3
6
 

10
 
2
1
.
0
9
0
 ro

 
2
1
.
0
9
3
 

1
0
 2
1
-
0
2
8
 

... ... 

1
0
 2
1
'
1
8
6
 

lo
 
z
I
.
I
r
z
 





A8TllONOMICAL LATITUDES. "7 

CIIAP. I.] GENERAL ODSERVATIONS. 

PART V. 

Astronomical Latitudes, 

I .  When surveying is carried on with great accuracy and over large 

Introductory remarks. 
areas, i t  becomes necessary to take into accoullt 
the deviation of the figure of the earth from 

the spherical form, and consequently one of the primary objects of a 
trigonornetrical snrvey-and one that sl~oulcl be never lost sight of-is 
the determination of the absolute lengths of the equatorial and polar 
axes of the globe. It has been proved that the earth is only approxi- 
mately spherical, but whctlier it is spheroidal or ellipsoidal or of some 
othcr form still has yet to be dccidecl. If i t  is found to be eithcr 
spheroidal or ellipsoidal tlic eccentricity of the meridian ellipse-and 
in  the latter case that of the equator also-mill have to be determincd 
with the greatest precision. Hitherto in the calculations of the Great 
Trigonometrical Survcy of Inclia the earth lias been assumed to bc a 
spheroicl, and the values of the axes that have been employed in  the 
formulx, by which the latitudes, longitudes and azimuths of the 
stations havc been computed from thc triangulation, are those deter- 
mined by Colonel Ererest in 1830 and known as " Everest's Constants, 
1st Set." These values were deduccd from a cornparativcly small 
amount of reliable data and are ilow believed to be sensibly erroneous. 

TVcrc tlic earth n pcrfcct sphcrc composecl of homogcneous matter, 
its size could bc easily found by incnsuring the distance between 
two points on the same meridian, and finding their difference of 
latitude : this gcodctic ol~crntion, whicli is usually callcd the "measure- 
ment of an arc of mcritlinn," givcs the number of feet on tho 
circ~~rnl'crcncc of a great cii*clc of tlic globc, that subtcnd a known 
nnglc at tlic centre. IYcrc tlic cart11 n l~crfcct liomogcncons spheroid, 
two '( arcs of mcricliai~" wotlld havc to bc incasurcd in different 
latitlltlcs to cstnblish its sizc and form, and vcrc it a pcrfcct homo- 
gcncoi~s ellipsoid thrcc, sltcli arcs woill(1 bc ncccssary, two at lcast of 
wl~icli must be sel>al.atccl by a known difference of loiigitucle. 

Sinil)lc, ho~~crc l* ,  as tllesc inctliotls appear in tllcorp, thc dctcrinination 
of t,lic\ fig111.c. ill ~)~-act,ice is grcatly complicatccl 1)y :I forcc known as local 
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attraction, which is due to irregularities on. the external surface and to 
variations of density of the material composing the crust, and which 
causes tlie direction of gravity to deviate from the normal to the 
mathematical form.* Owing to its presence very discordant values 
are obtained from different combinations of measured arcs for the 
ellipticity of the surface, and in order to eliminate error in the final 
result the stations of comparison have to be largely multiplied, arcs 
of parallel have to be measured in addition to arcs of meridian, and 
the astronomical azimuth determined at several of the latitude stations, 
The differences between the observed and geodetic latitudes, longitudes 
and azimuths can then be treated by the method of minimum squares, 
and the figure to which the mathematical surface of the earth most 
nearly conforms can be determined. 

The following distinctive definitions are now given to emphasize and 
explain the special effect that local attraction has on direct determinations 
of latitude, as it is with them alone that this part of the Handbook has 
to deal :- 

The true horizon is that great circle of the celestial sphere, whose 
plane touches the earth at the observer. 

The true zenith is the elevated pole of the true horizon. 

The true or geodetic latitude of a place is the angle that the normal 
to the mathematical surface makes with the plane of the 
equator; it cannot be determined by direct observation, it 
is dependent on the position of the true zenith, and no means 
exist of finding the latter. 

The observed or astronomical latitude is the angle made with the 
plane of the equator by the' direction of gravity, as indicated 
by the plumb-line. 

Were it not for local attraction+ the plumb-line would coincide with 
the normal, and the difference between the geodetic and observed 
latitude would be solely due to errors in the adopted value of the 
ellipticity. 

RY tile " mrthcmatlcal" form is meant tho gcomctricsl solid, whether epherold or clllp80ld, to which 
the finurc of the earth most nearly conforme. 

t Leal attractiou affect..evcry ohscrved lofitc~de directly and cvcry ~(eodetlc latltttde indirectly In hflving 
mused error i n  tile adopted va1ue.s of tile initial azimuth and latitude at KdiLnplir, on which all tile Great 
Trigonometrical Survey computationa are based. 
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CHAP. I.] GENEBAL OBSEBVATIONB. 

Throughout this part of the Handbook wherever the word (( latitude" 
occurs, the astronomical latitude is to be understood: similarly by the 
term " zenith" is meant that point in which the direction of the plumb- 
line infinitely produced above: the horizon meets the celestial sphere, and 
by the term "horizon" (or the plane from which altitudes are measured) is 
meant the great circle perpendicular to  the direction of the plumb-line. 

2. It follows directly from the definitions of the words employed 
that the latitude is equal both to the declination 

Method of determination. of the zenith and to the altitude of the elevated 
pole, and every known method of determination is based on one or 
the other of these equalities. 

I n  India the determination of latitudes for geodetic purposes is at 
present effected with Strange's Zenith Sectors by measuring the zenith 
distances of stars on the meridian,* and very excellent results have been 
obtained from this method. There are several instances where 30 stars 
have been observed successively in one night and the resulting values of 
latitude have all fallen within a range of 2". At many of Colonel 
Herschel's stations the probable error of a single determination was 
less than f o"s3, and at Kltpdaiyam where he observed 50 stars, the 
probable error of the final value of latitude was 5 o."o4z. No observer 
however runs the slightest chance of obtaining such results as these, 
unless in choosing his stars, in handling his instrument, in taking his 
observations and in computing out his results he pays the closest attention 
to every detail. 

3. When an officer is deputed to take latitude observations for 
geode& purposes the series of principal tri- 

Selcctlon of latitude statlons. 
angulation on which he is to operate is notified, 

and the first duty that devolves on him is the selection-of the 
stations of that series. The choice of the latitude stations should be 
governed by the following rulcs :- 

( a )  Every latitude station must be a principal station of the 
specified series of triangulation. 

( b )  Evcry principal station at which an astronomical azimuth has 
been observed for geodetic purposes must be a latitude station. 

The merldlonnl zenlth dist.ancc! of a ater is the :difference between its decllnatlon and that of the 
smith, and tlw.rcforo the latitr~de I3 equal to the declination of the star f Ib renlth dimtance, the upper sign 
being uscd for muth stars the lower for north. 
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(c) On mericlional series, latitucle stations should be Q0 in latitude 
apart, and on longitudinal series the same amount in longi- 
tude. 

( d )  Stations are to be avoided at  which a deflection of the plumb- 
line is to  be anticipated in the direction of the meridian, a 
deflection in  the prime vertical being of no consequence. 

4. Tlie strength of an Astronomical Party when employed on lati- 
Btrength ofrn Astronomical Party. tude operations is as f0110~s :- 

(1) The observer, who is generally a Deputy Superintendent. 

(2) An Assistant-Surveyor or Sub-surveyor whose duty is to build 
the pillars and who is always some ten days in  advance of the 
main-body of the party. 

(3) An observatory recorder, who also acts the part of writer, 

(4) Eight burkundazes, who act as sentries over the treasure, 
instruments, baggage, &c. 

(5) Twenty kahars or bearers, who have to  carry the zenith sector 
on the march. During one ficlcl scason the zenith sector 
was carried about in a hand-cart proviclecl with springs: 
this methocl is ineapcnsive and answercd admirably, but it is 
only feasible when tlie operations lie in n flat country, and 
xhcn  all the stations to be visited are plain stations. 

(6) Forty khalasies. Thirty of these rcmain with thc main-body : 
during a halt they are cmploycd as dnlr bearers and on 
ordinary ohscrvatory work, ~vllilst on tllc march they carry 
tlie barometers, cllronomcters, &c., in doolies and pitch the 
tents. Thc rcrnaining ten lrhalasics accompany the Assistant- 
Surveyor in cl~argc of the aclvanccd party and assist him in 
building the pillars and in laying out thc meridian lincs. 

(7) I t  is advisable in many districts to engagc a mason permaiiently 
for the season to accompany the advance(1 party. 

(8) Sirtcen country carts are reqairctl for the baggage of the 
main-body, ancl two for that of tllc aclvancccl party. 
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CHAP. 11.1 DUTIES IN THE FIELD. 

CHAPTER 11. DUTIES I N  THE FIELD. 

1. The advanced party should take the field ten days before the 

of in main body : the duties of the assistant in charge 
of the advanced party. are :-(I) To select a site for the latitude pillar 

in the vicinity of the trigonometrical station ; (2) To lay down the 
meridian by means of azimuth observations ; (3) To build the latitude 
and collimator pillars. 

The position for the latitude station should be chosen where a 
space 15 feet square can be levelled for the observatory tent, where 
the collimator pillar can be built without much expense, and where 
the pole star can be seen at any hour of the night clear above all 
trees and buildings : in selecting it the advantage of minimising the 
effect of local attraction should not be lost sight of. I n  order to avoid 
the necessity of having to connect the latitude and trigonometrical 
stations by triangulation, the latitude station should be built if not over 
the trigonometrical station itself at any rate in its prime vertical, the 
direction of which is determined and laid down by means of the 
azimuth observations. If the trigonometrical station itself is not in 
a suitable position, and some site has to be found on the prime vertical, 
the ?tearest favorable place should be chosen, as the greater the distance 
tlie more effcct will an error in the azimuth deterlnination have in 
placing the latitude station off the prime vertical. If tlle error in the 
azimutl~ is 1') the latitude of the trigonometrical station will differ from 
that of tlie latitude station, when loo yards distant, by o" 085, when 
500 yards distant by oN.43 : an error in the azimuth of 2' will double 
these differences. In  Inclian latitudes thc prime vertical of a station and 
its latituclc parallel are at the cnd of the first mile not one foot apart. 

2. The assistant, who is provided with a small tlieodolite, has to mark 

Azimuth observntion out on the ground the dircction of the mcridian 
aasistnnt. of thc latitude station : this is neccssary to 

enal~le him to fincl the correct position for tlic collimator pillar, or if 
collimators arc tlispcnscd with, to servc as a goidc to the obscrver in 
choosing a riatliral mcridian marlc : it is also of usc in laying down the 
dil.ection of tlic prilnc vertical, when this is required. I n  order to 
mnrlc out tllc dii-cction of the mericlian, the assistant must determine 
tlic azi~nut l~ of ;I rcFcrrilig uial*li from tllc trigonomctrical station : if 
olic of t l ~ c  nciglibourillg trigonomctrical statious can 1)c made easily 
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D U T I E ~  IN THE FIELD. [PART V. 

visible, i t  mill serve as the referring mark and its azimuth can be taken 
out from the G. T. S. Synoptical Volume of the Series. 

If no trigonometrical station can be seen without ray-cutting, the 
azimuth of a lamp set up a mile off in any direction must be deter- 
mined by astronomical observations. Tlie most convenient method of 
doing this, when the time is not known is, to observe the angle between 
the referring mark and a star and the star's altitude simultaneously : 
the star should be near the prime vertical and about 30' above the 
horizon. 'l'l~is process shoulcl be gone through with two different stars, 
one east the other west, and the results from the two sets of observa- 
tions shoulcl not differ by more than 1'. 

A simple method of checking the azimuth and one that should 
always be fol10~;-ecl is to find the correct time by observing the altitudes 
of three or four stars and to then measure the horizontal angle between 
thc rcfcrring mark and the pole star, a few minutes before and after the 
tinic that thc latter is cslculatecl to transit. The time may also bc found 
by ilotitlg thc time of transit oE any known star near the zenith over 
thc centre virc of the theodolite previously placed near the meridian. 

The tclescope of the theodolite should now, by means of the known 
azimuth of the referring mark, be pointed in the direction of the 
mcriclinn, and n peg driven into the ground in the exact alignment 
ahont half a mile to the north of the station : as a single pointing 
of a tclescol~c is affected hy numerous sources of error, the angle 
between tlrc pcg atid the rcfcrring mark should then he mcasurcd 
on one pair of zcros, and the position of the peg corrcctc~l in 
accordance a i th  the result. Tlie peg having eventually been placecl 
exactly due north of the station, three more shonld 1)e drivcn in to the 
cast, soutli, arlil west by moving the tclescope throogh arcs of go0, 180' 
and 270° res1)cctively : thc positions of thesc latter should thcn be 
carefully chccliecl by measuring a round of anglcs on both faces. 

I t  is of the utmost importance t l ~ a t  the latitude pillar be 
ercctcd at somc point on the line joining the cast and wcst pegs, 
its position ill the trnc alignment s l io~~ld  be carcfr~lly cliccltcd from 
110th entls. FVllen the actual sitc of tile latitude station has hccn 
decitlcd on, the clirection of its meridian should l>c nlnrlicd out 011 

grouncl wit11 pcgs nq 1)oforc : tlli; tlircction cnts thc Irliown 1)rinie vcr- 
tical liilc at riglit a~iglcs aild call bc at oi~cc o1)tnillccl \\.it11 a. tl~cotlulitc. 
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3. The latitude pillar should be built of burnt briclts in mortar, 
Construction of t,lc pil- attention being paid to the bond. The founda- 

lar. tion should be z feet square and from 18 inches 
to 2 feet below the ground level : it should stand in a pit 24 feet square 
faced mith briclc ; the sand for filling the intervening space of 3 inches 
all round should be collected and stored in sitd by the assistant, but not 
placed round the pillar until the observer has inspected the found a t' ion. 
Above the ground level the pillar should be made circular in horizontal 
section and 2 feet in diameter: its height ~vithout the stone cap should 
be from 2; fcet to 2% feet according to the height of the observer. As 
the stone cap is of special construction, one is carried about mith the 
main body-of the party and used successively, for every station. 

4. A collimator pillar should be built on the meridian line some 1.5 

Collimator pillar. 

- - 
or 2 0  feet north or south of the latitude pillar : 
its horizontal section should be rectangular in 

shape and 3 feet by 2f feet in size, the shorter sides being parallkl to the 
meridian line and equidistant from it, and its height should be greater 
than that of the briclrwork (not including the stone cap of the latitnde 
pillar) by z feet 7 inches. The foundatioils of the collimator pillar 
must depend on the nature of the soil and the weight of the pillar. A 
stone cap is unnecessary. A lncridian n~arlt consisting of a thin but 
wcll-dcfined line onc foot long, must be drawn vertically down the centre 
of the side that faccs the latitude station. 

The collimator pillar is intcndcd to carry two collimators, by 
means of which the deviation of the instrument from the meridian can 
be secn at any momcnt. Thc zcnith scctor however has no tendency to 
movc in azimuth, and wllcn once it lias becn arljustcd to the meridian 
nothing short of a scvere jar will disturb it. There is consequently no 
ncccssity to test the atljustmcnt in aziputh by repeatcd rcferences 
to collimators, and tllc possession of thcsc illstrumcnts is rather 
a nccdlcss luxnry. I t  is alillost alnrays fcnsible, by means of the 
zcnith scctor ~vhcn first adjlistccl in azimnth, to find a substitute for 
tllcill in somc natural fcaturc such as n distant trec or peak, which 
may 1)c uscd as a mcriclian mark cvcry cvening at sunset, and as the 
actlial deviation cr130r of tllc instrument during work is detcrmincd 
from star ol~scrvations iiiglitly, ant1 may be safcly consiclcrcd constarit 
tllroligllollt n whole programmc, the nlcridian mark need not be observed 
again. 



1 24 HANDBOOK OF THE TRIBONOMETRICAL BRANCH. 

As the greater number of latitude stations are near hill tops, the col- 
limator pillars have often to be of considerable height, and a large saving 
of expense would be effected by their abolition : it might happen however 
that the latitude station was so shut in by trees that no distant meri- 
dian mark was obtainable, and in this case collimators would be indis- 
pensable. The decision therefore of whether to build a collimator 
pillar or not must rest with the assistant. 

The natural meridian mark when employed should be as distant as 
possible, for there will be a parallax in the apparent position of any 
terrestrial point as observed with the telescope, since the line of col- 
limation is 9 -  6 inches laterally distant from the meridian passing 
through the centre of the latitude pillar. 

5.  The permanent establishment of the Astronomical Parties is only 
maintained at a strength sufficient for electro- 

kelimlnary work for the observer. 
telegraph longitude work, and is considerably 

below that required for latitude opcrations. At the commencement of 
a (( latitucle" field scason all the kahars, bullocks and carts and a large 
number of khalasies have to be raised and engaged for six months. 
I t  is therefore essential to start operations from some large city on the 
railway. Whilst the new hands are being engaged, a latitude pillar 
should be built at any suitable spot and the zenith sector* set up and 
overhauled. It mould be useless to take a regular set of observations 
unless a principal station were in the vicinity, but the instrument 
shoulcl be thoroughly cleanccl, tested and put into working order, before 
the party leaves for tlic ficlcl, as no artificer capable of executing the 
simplest repair is lilrely to be met with in the clistricts. The permanent 
adjustments also shoulcl be made, and the values of the instrumental 
constants determined bcfore any regular observations are taken. 

6. When the zenith scctor has been brought into working order, 

Permnnent ndJustrnents. 
the following adjustments. which will be found 
to remain invariable throughout the season, 

should be made once for all :- 
(i) Stellar focus. 

(ii) Horizontality of the horizontal wire. 
(iii) Collimation in azimuth. 
(iv) The zero of thc sctting-circlc. 

For a rlcsrriptinu of this iuvtrt~lnent scc Volume XI of thc l lAccou~l t  of the Operntions of tllc areat 
Trigono~uetricul Survey of Intlirr." 
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7. This adjustment consists in placing the wires of the telescope in 
the principal focus of the object-glass, arid its 

Stellar focus. 
correctness can be tested as follows : obtain 

distinct vision of the wires by pushing in and drawing out the eye- 
piece from its cell, and direct the telescope upon some distant objcct ; 
now move the eye first to one side and then to the other : if the image 
of the object retains a fixed position with regard to the wires, the 
latter are truly in the focus of the object-glass. If, however, on 
moving the eye to one side, the image of the object appears to move 
with the eye, then the principal focus of the telescope lies beyond the 
wires, and the object-glass and wires must be approximated. If on 
the other hand the image is between the eye and wires, it will move in 
the contrary direction to the eye. 

The distance between the object-glass and wires can be altered by 
means of two antagonizing screws that work in the direction of the 
optical axis against a brass nut. 

8. The horizontal wire can be made horizontal by means of two 
antagonizing screws that work against the same 

Ilorizontality of horizontal wirc. 
brass nut alluded to in the preceding paragraph, 

but in a direction at right angles to the screws mentioned there. By 
working against the nut they cause the eye-end to revolve in the telescope. 
To verify the horizontality of the horizontal wire, level the instrument 
and having set the telcscope to a distant steady defined object near the 
horizon, or to a collimator, move i t  in azimuth so that the object may 
nl'pcar to move along the wire from one extremity of the field to the 

- - 

otlier. If the objcct docs not remain intcrsccted at all parts of the 
ficld, the error ought to be rectified by moving the wire-plate in the 
appropriate direction. 

9. The adjustment for collirnation in azimuth consists in making the 

Collimntion in azimuth. 
linc of collimation intersect the horizontal axis 
of rotation at right anglcs approximately; and 

can 1,cst be made by Gauss's method. Two small theodolites serve as 
collimators and are sct 11p on thcir stands, one to the north and the other 
to thc south, thcir crosscs l~cing superimposed : the wire-plate of the tele- 
stop(: is then movctl latcrnlly by mcmis of two antagonistic screws placed 
bcllillcl tllc micromcter box, until tlic ceutre vertical wire intersects the 
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crosses of both theodolites, when collimation error has been approximately 
eliminated. 

Tliis approximate adjustment of the line of collimation i n  azimuth 
when once made will remain undisturbed throughout the season : there 
mill of course be a small remaining collimation error, which will probably 
vary mitliiu narrow limits from station to  station; *this has to be 
deternzined nightly from star  observations. 

I t  should be noted that the zenith sector in its working .position 
obstructs the view of one theodolite through the other, and that it has 
to  be revolved through 45' in  azimuth and pointed some 15' from the 
zenith before this view can be obtained. 

10. When the telescope is pointed in any direction, and the bubble 
of the setting-circle is at  the centre of its run, 

The zero of the setting-circle. 
the vernier of the setting-circle should read 

zcnith distances to within half a minute : unless i tdoes this, there will 
bc difficulties in identifying the correct star, when two or more are in 
the field together. 

The unit of measurement into which the field of view of the 
telescope is divided is one division of the micrometer, which works 
the horizontal wire. The head of this micrometer is divided into 
100 divisions, and a comb with 100 teeth runs vertically down one 
side of the field: one revolution of the micrometer-head causes the 
horizontal wire to pass exactly over one whole tooth, thc brcadth of 
whicll is accordingly equal to loo divisions. The whole field of view 
is thercf ore divided up into I o,ooo divisions. To prevent confusion 
in counting the tceth, a small round hole has been madc in the 
comb at the loth tooth from one end, two such holcs at tlie 20th) 
three such at the 30th) and so on up to the other extremity of the 
comb, except that at  the 50th tooth and after, one larger holc has been 
made to represent five of the small ones. These marks at every 10th 
tooth divide the field of view into sections of 1,ooo divisions cach, 
and as thc mark that denotes tlie 50th tooth or 5,000 divisions is near 
the centre of the field, it has been assumed as the zero of vertical 
mmsuremcnts. When the horizontal wire is exactly in thc ccntrc of 
this mark, and the micrometer-head is reading 0.0 division, tlie point 
of intersection of the horizontal wirc and the centre vertical wirc is in 
the line of collim a t '  ion. 
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To make the setting-circle read correctly, the following steps should 
be gone through in the order here given :- 

(i) Place the horizontal wire by turning the micrometer-screw 
exactly in the centre of the 5,000 division mark on the 
comb, and then make the micrometer-head, which is only 
kept in position by friction, read 0.0 division by revolving 
it on its axis. 

(ii) Observe the zenith distance, as recorded on the limb of the 
setting-circle, of any distant terrestrial object in both 
telescopic positions,* intersecting it by means of the tangent 
screw that belongs to tlie vernier of the setting-circle and 
not touching the micrometer-screw. 

(iii) Take out the mean of the two zenith distances, and set the 
vernier of the setting-circle to read it in either telescopic 
position ; bring the object again into tlle field. 

(iv) Now tap the telescope until the object is intersected by the 
horizontal wil.c, tnliing care not to touch the tangent-screw 
of the setting-circle. * 

(v) Bring tllc bnbl~le to the ccntrc of its run by raising or 
lowering onc crid of the level itself by means of the capstan- 
headed screws pro~ided for the purpose : tlle setting-circle 
mill be tlien acljusted to rcad zenith distances. 

1 1 .  Bcfore lcaving for the field, the values of the following - 

J)etcrm;nntion of tile instrumen. i~lstrurnental constants should be determin- 
tal constnnts. ed :- 

(i) The equatorial intervals of the vcrtical wires. 

(ii) Thc clivisions of thc hcnd of the cyc-piece micrometer. 

(iii) Thc divisions of tllc scalcs attachcd to the lcvels. 

Tn n thcoilolitr t l ~ c  two tclrsropic positions nre d i s t inp~ i s l~cd  by the position of the \.ertlcnl cirrlr and  
nrc known ns " f : ~ c r - r i ~ l ~ t "  n n ~ l  " hrc- l ( . t tv:  in n trnl~sit i ~ i s t r ~ ~ n i r n t  t,hcy n1.c dcllotrd I .P.R.  nlltl I.I'.JV. 
ni~rori1ill.r to tlln l~ositinn of t l ~ r  ~ I I I I I I ~ ~ I I : I I ( ' I I  11ivl)t. 1 1 1  n zcllit,ll sector tllc t c~csro l~c  is a t  ollr ( - 1 1 1 1  of tho 
Ilnrisontnl nsiq nnil t l ~ c  I\\-0 pouitionv 11:1vr I~rrn ilarucd T.E. nnd T.W. according as to whctllcr thc tclcscopc ia 
ill Ll~c cast or w c s l  c i ~ d  ol IIlc I~orizo~i l~t l  axis. 
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If the determination of these constants is postponed till the middle 
or end of the season, the risk is run of some accident happening to the 
wires, levels, or micrometer which might render all previous observations 
useless. 

I 2. There are seven vertical wires known respectively as I, II,III, 

The of the IV, V, VI and VII and so numbered that in the 
vertical wires. position telescope east, a zenith star transits 

the wires in the order I to VII, whilst in the position telescope west, 
wire VII is the first wire reached and wire I the last. I n  both telescopic 
positions wire IV is the centre wire, from which the intervals of all 
the others are measured. Wire I is liable to  be confused with wire 
VJI, as they are symmetrically situated with regard to wire IV, only on 
different sides of it, so that in one telescopic position wire I is to the 
apparent left and wire VII to  the apparent right, whilst in the other 
the contrary holds. Similarly wires 11 and VI may be mistaken for 
each other, as also wires 111 and v. When an observer is timing the 
transit of a star, and has to inform the recorder of the particular wire 
crossed, he may easily fall into error, for in naming the wire he has to 
first note the telescopic position of the instrument and to then recollect 
the order of the wires in that position. He  is more likely to confuse 
the wires in a zenith sector than in a transit instrument, as the tele- 
scopic position of the former is changed at every star. He will avoid, 
however, all possibility of mistake if he recollects that wire I is situated 
nearest to the comb. 

When the transit of a star is being timed, the telescopic position 
must be recordecl, or otherwise the observation wiil be useless. Suppose 
an equatorial star transits wire v at 7 h  31m I I I  and that the equatorial 
interval of wire v is 7" then if the instrumental position was " tele- 
scope east," the star would have crossed the line of collimation at 
7h 3 1 ~  4I, whereas if the instrumental position had been "west" the 
correct time of transit would have been 7h 3 1 ~  1 8 ~ .  

The equatorial wire intervals are required to be known to the 
nearest tenth of a second of time. They can bcst he dctermincd by 
noting the tirue of transit of slow-moving circunlpolar stars over each 
of the vertical wires. The cosecant of the declination of the star, 
multiplied by the observed intcrval between tllc timcs oE transit over 
any wire and the centre, is the equatorial interval of that wire. 
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If the star observed is very near the pole, the radius of curvature 
of its path will be so small, that it  may not travel at right angles to 
all the vertical wires: a correction for curvature will tlien have to be 
applied to the wire intervals, vide Chauvenct's Astronomy, Volume 2, 
Section 131, page 147, and page 11 I of this Handbook. 

13. The value of a division of the eye-piece micrometer, though i t  - . - 

one of the eye.pieca never practically varies, had best be determined 
micrometer. at  the commencement of every field season. 

To enable the limb to be read by the microscopes, when the tele- 
scope is liorizontal, the sectors should be urlscrewed and revolved on 
their axis through go0: their central diameter will then be parallcl 
to the telescope instead of perpendicular, as it is in ordinary work. 
Now intersect the cross of a collimator with the horizontal wire of 
the telescope: clamp the telescope, and take the readings of the four 
microscopes and of the eye-piece micrometer. Move the telescope in 
altitude some 5 or 10 minutes by means of the tangcnt-screw, and again 
read the four microscopes. Now by working the luicrometer intersect 
the collimator cross again with the horizontal wire and take the new 
reading of the micrometer-head. The angle in scconds of arc that the 
telescope was moved can be ascertained by comparing the two mcan 
readings of the limb by the four microscopes, mrhilst the difference 
bctween the two readings of thc micromctcr gives it in micrometric 
clivisions. The value of the anglc is now tllerefore known both in 
seconds of arc and in micrometric divisions, and by cquating the two 
mcasurcs, thc relative proportion of the units can bc fonnd. Bcfore 
thc vahlc of a division of tlle micromcter can bc sntisfactorily acccptcd 
as final, the al)ovc proccss should be gonc tlirough scvcral timcs, as marly 
diffcrcnt parts of tllc thread of thc micrometer screw and as many 
diffcrcnt graduations of the limb being brought illto play as possiblc. 

14. I n  all there are three levels employed with the zenith scctor : 
two, mountcd on thc craillc, are to shcw the 

Thc valncs of t l ~ c  lcvcl scolcs. 
inclitlntion of thc vcrtical axis in tlie meridian 

a11(1 sl~oi~ld, if nccllrntcly maclc niltl mountcd, always givc identical results. 
Tllcl third is a stritlil~g Icvcl, aucl is nsccl to fincl tlic dislcvclment of the 
t~,al~sit  axis. In  atl(1iLioli to tllcsc thrcc it is aclvis;~hle, as levels are easily 
l,roli(>n, to s~ll),jcct two or thrcc S ~ ; L ~ C  olics to t l ~ c  tests given hereafter, 
nurl to deterluiuc tlic valucs of tbcir scales before lcavii~g for tlie field. 
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The values of the divisions of the level scales are found in practice to 
vary both with temperature and age, and should consequently be deter- 
mined annually. The most accurate and at  the same time most simple 
method of determination is by means of the bubble tester, an instrument 
that can be had temporarily on loan either from the Mathematical 
Instrument Office, Calcutta, or the Dehra Office. 

If no bubble tester can be obtained, the values of the divisions can 
easily be determined as follows :-The levels should be attached to the 
telescope with their axes parallel to the line of collimation : the telescope 
should be brought to  a horizontal position, a collimator cross intersected 
with the horizontal wire, and the readings of both ends of each bubble 
and of the micrometer recorded. The telescope should now be moved in 
altitude by a slight tap, and the readings of the levels again taken : the 
collimator cross should then be intersected by means of the micrometer 
with the horizontal wire, and the new reading of the micrometer 
recorded. The number of divisions that each bubble has moved is equal 
to the difference between the two readings of the micrometer, and the 
valne of a division of each level scale is therefore obtainable in terms 
of lrlicrometric divisions, and thence in seconds of arc. The number of 
divisions that a bubble moves, when the telescope is tapped, is 

where 

N, = first reading of northern extremity, 

N2 = second ,, ,) )) 

S, = first J )  southern ,, 
S2 = second ,, )) 

N ' + 'I being the position of the centre of the bu,ubhlc before it is 
2 

tlistnrbecl, arid N2 + S2 the position of the centre after the disturbance 
2 

when it has again come to rest. 

Thcre is another method of determining the vallles of the level 
scales, wllich, owing perllnps to nomc tlifliculty in attaching t11c levels to 

telescope as directcd above, bas beell occasionally followed. Tlrc lcvcl~ 
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are mounted in their proper places on the instrument, and the readings of 
their bubbles taken, the position of the sectors at the moment is found 
from the four microscopes. The verticality of the vertical axis is now 
altered by means of the thumb-screws at its foot: the change in its 
inclination is then found in divisions from the levels, and in seconds of 
arc from the microscopes, and the value of one division deduced. 'l'llis 
method is cumbersome and inaccurate, and is not recommended. 

1 5 .  The zenith sector has been made with such delicacy that it is 

Testing a new level. 
very difficult to obtain levels at all worthy of 
being employed with it, and no new level 

should ever be brought into use without being thoroughly tested first. 
I n  testing the fitness of a level the following points sllould be examined 
by means of the bubble tester :- 

(i) If the inclination of the level be altered either gradually or 
suddenly and then brought back to what it was origillally, 
the readings of the bubble before and after the disturbance 
should be identical. 

(ii) A bubble should rapidly come to rest, after motion however 
violent has been imparted to it. 

(iii) The uniformity of the curvaturc of the tube should be such, 
that no two individual divisions of its scale should differ by 
',N. 1. 

A grcat number of levels will be found, whose position at rest dcpcnds 
to a ccrtain cxtcnt on thc direction of motion last imparted to the 
bul~hle : they apparently overslloot their mark and have not the power 
of returning. They should never bc employed with the zenith sector. 

Many also will be found which after disturbance take a long t ime 
such as five minutes to settlc, and there are a few to be met with that will 
not comc to rest uncler twenty minutes. The accuracy of work with the 
zenith sector dcpends on the al~ility of the observcr to measure and rcad 
sevcral quantities without change of conditions, and unless a bubble settles 
in half a rninl~tc the levcl should bc discarded. This point should be 
carcfrllly dccidccl on, as in many lcvels the bubble will go on moving a 
long time after it has apparcntly comc to rest: its motion is so slow as 
to hc invisihlc, but will bc founcl to bc real if its position be noted at  
thc cnd of C R C ~  minute. Tllc valucs of thc division scales of new and 
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untried levels should be determined both by long sweeps extending from 
one end of the scale to  the other, and by short ones of two or three 
divisions. Short sweeps up and down the whole length of the scale in 
both directions are most essential, as the value of every individual 
division should be determined. 

It is useless to  adopt the mean value of a division of the whole 
scale, unless the values of all the individual divisions agree with it 
very closely, as the ordinary amount of dislevelment to be corrected 
for in the zenith sector is under two divisions. I n  a really good level* a 
change of inclination of 1" should make the bubble move lineally 

I 
through -th of an inch at least and the value of no individual 

20 
division? sllould differ from the mean by more than o " .o~ .  

I n  all levels the extreme 10 or 15 divisions at the two ends will be 
founcl to fail, dthough the centre portion may give excellent results : in 
determining therefore the value of the divisions, the two limits of reliable 
curvature on either side of the centre should be found and noted: in 
subsequent work no dislevelment should be accepted, if either end of 
the bubble has overstepped these limits. 

The values of the divisions should be determined to O".OOI at 
different temperatures and on several different days : at times a slow 
and gradual motion should be imparted, at others a sudden and turbulent 
one. The zero also of the micrometer of the bubble tester shoul~l be 
frequently changed by placing coins under the point of the screw, or 
the same portion of the thread of the screw will always be in play. 

16. When the divisions of the level scales have been accurately 

Precnntinna necessary In mollnt- 
determined, thc levels that shcw the inclina- 

 in^ the vcrtic>~ll nxia Icvels on tion of the vertical axis should bc placc(l in 
the cradle of tlie sector. 

their working position on the instrument, wllcrc 
thcy should he allowed to remain on thc march. I n  placing them on 
tllc instrument, the following points should he attended to :- 

(i) A strip of the interior surface of the glass tube f inch broad 
is ground to something like curvature from end to cnd: no 

a c h o n ~ c  of inclillntinu nf ~" .oo  mnkm tllc I,rrI,ble move tllrnngll I + I 1  of nn inch, the cnrvatl1rc 
a 0  

tlle trthv llns I>rrn nbrnrk wit11 :I rn~lil~s of <so ynrds. 
t Tllo value of nn i~~tlivltluol divisio~i nirlst not bc takcn from 8 slnglc dctormination. 
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(ii) 

attempt is made to give curvature to the remaining portion 
of the interior surface, which is therefore no more suited 
for use as a level than an ordinary bottle. I n  only a single 
line of the ground strip running from end to end do the 
best makers pretend that the curvature is uniform: i t  is 
consequently essential that in mounting the level this 
particular line should be placed uppermost and in the same 
vertical plane as the axis of the level. 

On most good levels there are two small opaque dots, one 
at each end : when the level is in its correct position, the 
longitudinal diameter of its bubble should coincide with 
the line joining the two dots, a condition that can be tested 
by running the bubble up to the two dots in  succession. 

I n  some levels instead of opaque dots, there are two broad 
arrows pointing inwards towards one another, about of an 
inch apart, near the middle of the tube, the bubble should 
then be made to float exactly between them. I n  other levels 
the tube has graduations cut on the glass along its whole 
length, in which case the centre of the bubble must be 
made to run down the line joining the centre of the gradu- 
ation-cuts. The absence of opaque dots generally denotes 
an in£ erior level. 

The glass tube of the level should be rigidly attached to the 
brass caps by wedging pieces of cork between the two, a 
very difficult operation. The pieces of cork that are fixed 
in the brass caps must first be scooped out on one side so 
as to fit the twisted extremities of the glass tube : one piece 
must thcn be placed in the centre of a brass cap, and one 
end of the level insertcd in i t :  the glass cylinder must 
thcn be bronght down round the level, until it  takes up its 
proper position in the brass cap. Lastly, the second brass 
cap must bc fitted on to the otllcr end of the cylinder, the 
piccc of cork at its ccntre receiving thc free extremity of 
thc Icvcl. If thc picccs of cork employed are very thin, 
tlicy will not support the level at all : if they arc very thick, 
tllc risk is run of comprcssing the tubc too forcibly and 
sn~aslling i t :  if thcy arc suficiently thick to support thc 
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tube without breaking it, there is still a fear that the different 
portions of the level may not be quite rigidly connected, 
and that the tube may have slight longitudinal motion 
open to it in its brass case. The interposition of the glass 
cylinder prevents the tube being felt with the hand, and 
the rigidity of the connection cannot therefore be tested 
by touch. If the tube has play in its case, no level reading 
is reliable: in  regular work the rigid attachment of the 
two is subjected to a severe test by the constant rapid rota- 
tion of the instrument in  azimuth, and it has therefore to 
be carried out with great thoroughness. 

The level should occasionally be talren to pieces and the con- 
nection of its parts examined, as in hot weather the pieces 
of cork are apt to  shrink, and to  lose their elasticity. 

(iii) The brass case of the level must be rigidly attached to the 
VY : this is done by means of springs, which are screwed 
down to the Vs and exert pressure on the pivots of the 
case. If this attaclrment be not rigid, the level will change 
its position in its Vs during the revolution of the instru- 
ment in azimuth. 

(iv) The two levels when mounted on the cradle are parallel to 
one another, but are situated at unequal distances from the 
vertical axis, on which the instrument rotates in azimuth. 
As the rapidity with which they move varies with the square 
of their distance from the axis, a more violent motion is 
imparted during rotation to the distant one than to the 
near. 'the more sensitive level of the two should therefore 
be always mounted in the place of least disturbance. 

1 f .  Before leaving for the field the sidereal chronometer to be used 
,r,,,,o,,,eter, ,a during the latitude observations should be tested 

thermometers. for uniformity of rate, and the index errors of 
the barometer and thermometers should be determined against the 
departmental standard. For actual work one mercurial barometer and 
two thermometers are required, but spare ones whose index errors are 
k~lown should also be taken. The determination of the index errors 
must not be postponed till after the field season, as the instruments 
may get broken during work. 
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When the necessary preliminary operations that have been de- 
scribed have been carried out, the party should take the field under 
the observer and commence regular observations for latitude. 

18. On arrival at  the latitude station set up a small theodolite on 
the pillar and measure the angle between the 

On arrival at a latitude station. meridian mark and the trigonometrical station : 
if it  prove equal to go0 and if the meridian mark is afterwards found 
from observations with the zenith sector itself to  be truly on the meridian 
of the latitude station, the latter has been correctly placed on the prime 
vertical of the trigonometrical station. 

Examine the material, the bond and the isolation of the pillar : fill 
in the 3-inch space that has been left round the foundation with the 
sand collected for the purpose by the assistant. Fix the stone-cap to  
the pillar with cement, taking care' that it is in its correct position* 
with regard to the meridian and that its upper surface is approximately 
level. The correct position for the stone-cap can be found by stretch- 
ing a piece of string across the pillar in the direction of the meridian 
line, and by revolving the cap on the pillar until the line (that has been 
cut across its upper surface for the purpose of the adjustment) coincides 
with the string. 

Pitch the observatory tent over the pillar, leaving the side towards 
the sun open until the new-laid cement is dry. Suspend the two 
thermometers to tent-ropes outside the observatory, one on the north 
side, the other on the south about 4 feet from the ground and out of 
the range of possible contact with other bodies. Hang the barometer 
inside the observatory to the frame-work of the tent with its cistern 
about I 8 inches from the ground. 

Make two pencil marks on the collimator pillar 9 * 6 t  inches on 
either side of the meridian line cut on the brick-work by the assistant: 
sct up the collimators on the pillar, plumb the centres of their object 
glasscs accurately over the pencil marks and place their optical axes by 
eyc l'arallcl to thc mcriclian line. If the clironomcter has stopped, or 
its travelling rate is unreliable, observe altitudes of the sun for time 
with a sn1:~11 tl~coclolitc. 

lloles hnvr hccn lrorrrl for t.lic toot.-bolt,s of  tlir sector in t,he nt,one-cnp nnd tlrc In.ttcr h n ~  t . l ~ ~ r e f ~ r ~  
to he no plnce11 in llir liorizontnl plnno tl~nt tltc holes will be verlicully ~uuder tlre fcct of the instr~~ulrnt \vl~cn 
n~ljllstctl lo tlic mcridinn. 

t T l ~ r  line of collirnntion nl 1 . 1 1 ~  tclesrope is y.6 inckca to tho east of the vertical axia )rith " tcleacol~e 
cast " nl~d tlio sanrc nluount wcst with " tclcscoye west." 
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When the cement attaching the stone-cap to  the pillar is dry, set up 
the zenith sector. 

19. Place the cast-iron pillar on the stone-cap with the azimuthal 

How to put up the sector. 
stud to the north, and see that all the three 
feet are resting firmly on i t :  place the hemi- 

spherical steel button under the base-plate screw, and teat the rotation 
of the instrument by revolving the pillar several times on it. Bring 
the pillar to rest with the azimuthal stud to  the south, and again see 
that the three feet are resting firmly on the stone-cap in this new 
position. It is advisable to commence work at a station with the 
azimuthal stud south, as the original adjustment in azimuth is facili- 
tated by the observer being able to work the stud screw and intersect a 
star with the telescope simultaneously. 

Loosen the base-plate screw : bring the screw that works in the 
azimuthal stud, and the four levelling thumb screws to the centres of 
their threads. Put  in  and loosely screw up the three foot-bolts that 
hold the pillar to the stone: if they all three go in easily without 
touching the sides of the holes in the stone, the instrument is roughly 
adjusted to the meridian. Find the dislevelment of the cast-iron 
pillar by means of an ordinary spirit-level, and make the pillar ap- 
proximately level by placing tin washers of various thickness under 
the feet. 

Thoroughly clcan the cup that receives the point of the vertical 
axis, and the thrce hemispheres that are fired in the neck of the 
pillar. Fill the cup with oil, and oil the hemispheres. (The hemi- 
spheres can be revolved by means of brass-heacls, situated on the 
ootside of the pillar near the top : these heads should be so scrcwed on, 
that the cliameters cut across their surfaces are parallel to the grooves 
of the llemiupheres : when the hemispheres arc exerting prcssurc on 
the vertical axis, the grooves should l ~ c  vertical, but as thcy arc out of 
sigllt, their position can only be told hy means of thc diameters on tllc 
heads). Having screwed on the heads correctly, turn the heinispllcres 
till their grooms are vertical. 

Clean the vertical axis and oil it near its junction with the tnl)lc : 
insert the axis into tlle cast-iron pillar, taking cnrc that tlic flyil~g s t ~ l )  ia 
prol'erly situated l~ctwecn the two fixctl stops. Let (low11 t l ~ c  dust-cap 
over the point of the axis: test thc rotatiou of tlrc axis iu thc cast-iron 
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pillar by giving it a semi-revolution in azimuth, making the flying stop 
come into contact with the two fixed stops successively : glance at the 
brass heads, that turn the hemispheres, and see by the position of the 
diametrical cuts, whether the verticality of the grooves was disturbed by 
the insertion of the axis. 

Revolve the whole pillar, which has been as yet only loosely attached 
to the stone-caps with bolts, in azimuth, until the centre line through 
the two fixed Ys of the tal~le passes 3 2 inches to the east br west* of 
the meridian mark : by this means the adjustment of the instrument to 
the meridian can be somenlhat improved. Place a spirit-level on the 
table and re-level the pillar approsimately by means of washers under the 
feet. Tighten the three foot-bolts. 

Put on the cradle; in raising the cradle be careful not to  l$t hy 
the microscopes, which are hollow; mrhen the cradle is in  position, 
secure it a t  once to the table with the large bolt. See that the back 
studs of the cradle rest on their bearings : if one is resting and the 
other not, tlie box containing the spindle and the two bearing shafts 
must be opened, the endless screw must be put out of gear and the lower 
shaft raised to the same level as the higher by hand : to do this thc 
cradle has to be rcnloved. Tlie dislevelment of the vertical axis is now 
shewn by the two vertical-axis levcls: by means of the four thumb- 
scrcnis make the axis perfectly vertical both in the meridian and the 
prime vert,ical: clamp tlie base-plate screw. 

Put 011 the cylilldrical brass counterpoise at the back of the table, 
and place ready to hand tllc two othcr counterpoises. Raise the tele- 
scope nuti scctors out of the box : do  not touch the sectors in lifting, and 
remcn~hcr too that the two woodcn-tipped handles of the scctors are 
11ollow and nrealr. So ylace the tclcscope that the horizontal axis 
points npwrar(ls ant1 tllc brass cap, ~ ~ l l i c l i  shuts the window opposite the 
rcflcctor in the tclcscope, rests on tllc truncated pyramid of tlie lid of 
thc 1)ox. Rcmorc the four capstan-licatled screws situated round tlie 
tclcscopc, and unclamp t11c scctor-l~audlcs. 

Co~~siclcr whether 360° or I 80' is to be under the index microscope ; 
this is plircly a mnttcr of clloicc for the observer. Whilst two men hold 
the tclcscopc stcady, turn tlie sectors through go0 : on the direction, 
in wllicli thcy arc rotatcd clcpcutls, whetllcr 1 80° or 360° comes under 

- - - - - -- - - - - 
East or west, nccordillg to I V I I I C ~  of tbo fixed stnpe is In coutnct \ + ~ t h  the flying stop, 
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the index. When the sectors are in position, screw in  again the four 
capstan-headed screws. 

Screw on the clamping arm, taking care that it points towards the 
eye-end of the telescope. Tie up the spring of the clamping arm tight 
with string, and loosen the clamping cam and the tangenLscrew of the 
arm attached to the cradle. Examine the friction rollers, situated at 
the junction of the telescope and the horizontal axis. Clean the 
horizontal axis ; oil its collars and its steel bearings in the front wall 
and at  the back of the cradle. Affix the wooden guides and conical 
cap to the horizontal axis ; and clamp the handles of the sectors at right 
angles to the telescope. The telescope and sectors are now ready 
to be lifted. 

Before lifting, see how the telescope should be moved so as to make 
the two clamping arms on the sectors and cradle face each other. So 
arrange the revolving iron guides that the two large relieving wheels will 
bc unckr the tclescope, when the latter is in position. Make three men 
raise the telescope, sectors and axis vertically, and whcn clear of the box 
turn the axis horizontal, keeping the eye-end micrometer up. Place the 
axis so far into its hole in the cradle, that the iron guides are just free, 
but on no account allow the axis to rest on the cradle. Direct the iron 
guides through thcir holes in the front wall of the cradle, making certain 
that the relieving wheels are under the telescope. Run tlic axis home 
through the cradle, and sce that the two clamping arms mect and fit into 
each other. Two men must still support the telescope, or the wllole 
instrument will over-balnrice. 

Take off the woodell guides and conical cap ; fix on the mushroom 
counterpoise: connect the iron guides with the brass yoke, and into 
the latter screw the black counterpoise. Screw on the dew-cap: put 
on the bridge-picce with screws tonrards the counterpoises : 1onsc11 the 
screws of the bridge-piece, to enable its springs to act. If the bridge- 
picce does not go on easily, turn the telescope slowly in altit~ldc, allile 
putting it on : if it does not go on then, the horizont:~l axis is not 
properly home. Screw on the oblique eye-piece and tho brass handle 
for rotating the instrument in azimuth. 

Until the bridge-piece is fixed, two men should support the tclescope. 
When the hriclgc-piece is in position, the observer may direct the men 
to let go their hold. 
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20. When the sector has been put up, and been left for three or 
four hours to settle, the following adjustments 

To adjust the eector for work. should be made in the order given :-- 

(1) Adjustment of the lamps. 

(2) The telescope micrometer. 

(3) The four microscopes. 

(4) Elimination of the zero of the sectors. 

(5) Verticality of the vertical axis in the meridian. 

(6) Horizontality of the horizontal axis. 

(7) Adjustment of the sector in azimuth. 

21. TWO lamps are provided for the general illumination of the 
instrument, each of which has one central and 

Adjustment of the lamps. 
four surrounding lenses. They are set up east - 

and west of the instrument on firm adjustable supports, and afford 
n perfect and constant illumination if properly placed. The centre 
lens of one lamp illuminates the reflector at the window and thence 
the interior of the telescope, while at the sante time the four surrounding 
lcnses of the other lamp illuminate the portions of the limb under the 
microscopes, the light of the latter being focused by the lenses attached 
to the microscopcs : when the instrument is revolved in azimuth, the 
lamps sinlply interchange duties. 

Perfect illumination though difficult to attain is all important; and 
though hours may be spent in adjusting the lamps the trouble is amply 
repaid afterwards. 

The first stcp necessary is to bring the reflecting plate of the 
telescope to its meat1 position by means of the illuminating rod: if 
this is not clonc, the illllmination of the wires may be obtained with 
the reflector in one or thc otllcr of its extreme positions, and the 
ohserver -ill not thus have the power of regulating the amount of light 
in the telcscopc at will. 

Opcn the lamps and see that the heart of the flame in each is at 
thc point whcre the principal axes of the five lcnses meet: the flame 
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may be too high, too low, or  too far away from the lenses. It can be 
lowered by turning down the wick and raised by placing washers 
underneath the vessel containing the oil : if, when advanced as far as it 
will go, it  is too distant from the lenses, either the vessel or the outer 
case has become distorted by wear or heat, and they must be made to 
fit each other by bending and filing. 

Set up  the wooden supports due east and west of the pillar, and 
place the lamps on them: the flames should be five feet from the 
vertical axis and the same height as the horizontal axis. Turn the 
central lens of each lamp tomarcls the instrument, and cover up the 
eight surrounding lenses : then with the light from the central lenses 
only, obtain good illumination of the field in both telescopic positions : 
this can only be done by revolving the lamps slightly in azimuth 
backwards and forwards, by placing weclges under the back and front 
edges of the lamp and thus altering its inclination to the vertical, and 
by moving the whole lamp laterally parallel to itself. 

When good illumination of the field has been obtained, the line 
joining the heart of the flame and the centre of the lens passcs through 
the centre of the telescopic reflector ; the distance of the lamp from the 
telescope may, however, still be wrong, and if it is so, the surroundillg 
lenses will fail to answer their purpose. 

When the results by the central lenses are satisfactory, uncover the 
surrounding lenses, and try whether the portions of the limb under 
the microscopes can be illuminated by means of the lenses on the 
microscopes and without touching the lamps. If the illumination of 
the limb cannot be obtained by means of the microscope lenses, try 
the effect of moving the lamp towards the instrument or amay from 
it. This movement will probal~ly disturb the adjustment of the central 
lens, which will have to be made again. 

When hoth central lenses are illuminating thc fielcl and the sur- 
rouncling lenses of one lamp also have been got to give good results, 
those of the other lamp have to bc acljustcrl : tllc ditfic~iltics of doing 
this are now enhanced through the lcnses of the mirl~oscol~cs having 
been placcd to suit the former 1;~rnp and bcing tllcrcforc no longer 
available for the adjnstmcnt. As the leilscs of the microscopes in one 
fired position have to illruninate tho limb with hoth lamps, they s h o ~ l d  
never be placed in any abnormal position : it  will oitcn be seen that 
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by inclining these lenses at extraordinary angles, illumination of the 
limb can be attained, but under these circumstances the position of the 
lamp is really at fault, and on revolving the instrument the lenses will 
be found to act no longer. When thc lamps have been once adjusted, 
mark on the ground the exact position of the supports, and on the 
suppolnts the exact position of the lamps, so as to have no difficulty in  
replacing them at any time. 

Adjustment of 
crometer. 

ith the oblique eye-piece get the horizontal* wire into 
the telescope mi- focus : examine Polaris for parallax, and whilst 

i t  is in the field, make use of i t  to test the 
horizontality of the intersecting mire. Revolve the micrometer-head 
on its axis, until it  reads o o division, when the horizontal mire is 
exactly midway between two teeth. 

23. Loosen all the screws that fasten the microscopes to the arms 
Adjustment of the four micro- of the cradle, and see that the microscopes 

scopes. can he revolved on their axcs quite freely and 
moved longitudinally without any strain being set up. Get good focus 
of the wires by moving the eye-pieces in their cells, and then get 
distinct vision of the limb by moving the whole microscope either 
towards it or away from it : see that there is no parallax. By revolving 
the microscopes, make the wires accurately parallel to the longest 
divisions of the limb. Good illumination of the limb is all important : 
to have one side of a division light and the other dark is fatal. 

By means of the small screw at the end of the micrometer box, 
bring the zcro of the comb of A microscope as near the centre of the 
field as possible, ancl tlicn with the tangent-screw of the sectors make 
a clivision of tlie limb exactly bisect that zero. Now intersect the 
division with the wires by tllrniug tlle micromctcr screw, when the 
head of tlie micrometer ,sliould rcad 0.0 division ; if it  does not 
do so correct it by revolvir~g the gl.adllatei1 heat2 on its axis. When A 
microscope has bccil tlnls adjustccl, intersect the correspoilding divisions 
of tlic liinl~ with l3, C, 1) microscopes, and by revolving tlicir graduated 
hcads on t l~cir  axcs, makc. tlicm all in tlic position of iutcrsection read 
~ o . 0  division. To gllard against possible mistakes in the number of 
tlic minutcs, thc S, C, D microscopes should always read 10 divisions 

* Focus is not tlic ssmc for tho horizontal and rcrtlcal wires. 
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more than A, but their combs need not be touched, as they are never 
referred to. The graduated heads of microscopes are held in position 
by friction only, and can easily be rotated, if they are first drawn a 
slight distance out from the micrometer box : it will, however, be found 
that this process often disturbs the intersection of the limb, which has 
consequently to be made again. 

It is a peculiar feature of the zenith sector microscopes, that they 
cannot be adjusted for " run." The divisions of their heads therefore 
cannot be made to equal seconds of arc, when referred to the graduations 
of the limb. The mean value of the error of the " run" is about 0". 264 
too small in five minutes, so that 2 99 - 7  36 micrometer divisions are 
equal to 300 seconds of arc : at different stations the alteration of the 
focussing adjustment may decrease the error of " run " to o" I oo or 
increase it to ow-400; variations of temperature are believed too to 
cause changes in its value. 

The " run " of the microscopes has to  be determined some 15 or 
16 times a night, (but never twice over the same 5' space) as follows :- 
Two consecutive divisions of the limb are intersected successively with 
each microscope, and the eight readings recorded: the mean of the 
four "low" readings is then deducted from the mean of the four 
"high" readings, the resulting difference being the value of the 
run correction. If the divisions of the micrometer heads were equal to 
seconds of arc, the mean of the " low" readings would equal that of 
the "high." 

Owing to differences in the make of the four microscopes, an 
exceptional amount of care is required to avoid confusing in one or 
the other of them the "high" reading with the "low" : the "high" 
reading can only be distinguished from the " low" by observing the 
direction in which the graduations of the head are moving: if the 
micrometer is being so turned, that its reading is constantly increasing, 
(that is to say the graduations of the head are passing the index in the 
order 0, 10, 20, 30, 40, 50 and ho), the wires are approaching the 
" high" division of the limb : if on the other hand the revolution of the 
micrometer is causing its readings to dccrease and to pass the index in 
the order 60, 50, 40 . . . . . ., the wires are approaching the "low" 
division of the limb. I t  is a. matter of indifference whether the " low)' 
or " high" reading is taken first. 
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I11 taking a "run" over any 5' space, say from 358' 10' to 358' 15', 
one is apt at first to imagine that the reading of the I 5' division, which is 
the higher division on the limb, must be the "high" reading : this is 
quite wrong, as the terms "highJ' and '' low" when used in reference 
to the run have nothing whatever to do with the limb. One is liable 
too, if in a hurry, to assume that the (' high" reading must be ap- 
proached, if the micrometer head is turned with the "screwing-up" 
motion, this is also wrong, as in two of the microscopes, when the 
I ( screwing-up" motion is employed, the wires are receding from the 

"high" reading and approaching the "low." A confusion of the 
(' high" and " low " readings can only be avoided by a strict observance 
of the following rule :-Never fail, when a run i s  being taken, to watch 
whether the reading of each micrometer head i s  increasing or decreasing, 

An observer when reading the four microscopes must take care 
what graduation of the limb he intersects, or he will not afterwards 
be able to cliscover from the record the sign to be given to the run 
correction. Suppose the A microscope reads I 76' 32' 30" approximately : 
the zero of the microscope will be situated nearly midway betwecn the 
30' and 35' graduations of the limb: if the 30' graduation be inter- 
sected, the micrometer reading will be seen to incrcase as tlie screw is 
turned, alicl tlic "run" correction will be consequently + ; if the 35' 
graduatiori be taken, the micrometer reading will decrease as the screw 
is turned, and the correction mill be -. The two consecutive gradua- 
tions will not read the same, but will differ by the amount of the " run" 
correction for a 5' space. If the value of the "run" correction were 
off 264, the microrncter on intersecting the 30' and 35' graduations would 
read rcspcctivcly 29 87 and 30 13 divisions ; the corrcction for 2' 30" 
is Iialf tliat for 5' and is thercforc . 13 : in the first case the correction 
woultl be +, and tlie rcading 29- 87 + ' I 3 = 30" '00 : in the second 
casc the correctioil would be -, arid the rcacling 30. I 3 - . I 3 = 30"- 00. 

If the 01)scrvcr will adhere to thc three following rules, no error can 
crecp into tlie sign of a rnn corrcction :- 

(i) Whcn the zcro of A n~icroscope is con.~picuously nearer to  
onc tli~ision of the limb than to any other, intersect that 
division. 

(ii) If tl~cre is the slightest doubt as to which division of the 
limb is thc nearer, intersect either, and tell the recorder to 
note wllich: the recorder will then write in the margin 
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'' referred to 30' " or "referred to 35' " as the case may be, 
meaning that the 30' or 35' division has been intersected. 

(iii) Invariably intersect that division of the limb with the B, C, D 
microscopes, which corresponds with the one intersected 
with the A microscope. 

The sign of the run correction is .+, if the division intersected is 
less than the reading of A microscope, and - if greater. When the 
A microscope reads any thing between o' and 2', the o' division being 
coi~spicuously nearer will be intersected, and the correction will be + : 
if it reads between 5' and 7') tlie 5 '  will be intersected and the correc- 
tion be + again : if it reads between 3' and 5' or between 8' and 10') 

the 5' and JO' being the nearer will be intersected and tlie correction 
be -. I f  i t  reads between 2' and 3' or between 7' and 8', the division 
intersected should be noted. 

An officer, who is to be entrusted with the conduct of latitude 
operations, need not be told that on every possible occasion, when a 
clivision of the limb is being irltersectecl with the wires of a microscope, 
the final motion given to the inicromcter head must be in the " screwillg- 
up" direction ; if a division is being approached for the purpose of 
intersection with an '( unscrewing" motion, whether i t  is to give an 
ordiriary reading or a " lligh" or " lowJ' one for run, the wires must 
bc made to clearly pass t l ~ c  division and theti bro~iglit back to it for 
intersection. I n  tlle ze~lith scctor more cliscriminatio~i is required than 
iu other instrumciits to rccognizc instinctively, which is tlic " screwing- 
up" motion a ~ l d  which not, because two of thc microscopes A and D 
posscss a left-lianclccl screw, a ~ i d  the other two U and C a right-handed 
one. 

One more cantion is ~lecessary to  anyone working with these 
microscopes, and that is to take care that no niintakc arises in 9-ec1din.q 
off the gracluations from tllc licatls, after tllc intcl.scctiona 
been made : the grndi~ntions in two micro.scopes iucrcasc from left 
to riglit, and in thc 0 t h  two Prom r ig l~ t  to Icft : i t  may llappcn 
and often does, that one nunll~cr only, say 40, can hc seen 1)y tlle 
observer, those on either side, 1-iz., 30 ant1 50 h ~ i n g  iillvinil~lc, uliless Ile 
changes his position for tlie purposc of noting thcm. 'l'herc is gc~ierally 
no time to spare, ancl the observer simply sees the uumbcr 40. 
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Suppose the index is pointing to the second division to the left of 40 : 
in two microscopes this would mean that the reading was 42, and in the 
other two 38. 

I t  will be seen from what has been said above, that the manipulation of 
the microscopes, without hesitation or flurry, requires considerable prac- 
tice, and practice alone will enable a new observer to master their idiosyn- 
cracies : the following maxims however may at first be found useful :- 

(i) I n  all the four microscopes the "screwing-up" motion is 
inwards ; consequently when a division is to be intersected 
the final motion given to all the micrometer heads must 
be tozvards the mushroom counterpoise. 

(ii) A's and D's micrometers read from right to left, B's and C's 
from left to right. 

(iii) A and B read downwards on the limb, C and D upzoards ; that 
is to say, if a 30' division of the limb is visible in all the 
microscopes, the division apparently* below it in A and B 
will be the 35' division, and in C and D the 25'. 

(iv) I n  taking runs the " high " reading with A and B is the ap- 
parent* upper division on the limb, with C and D the 
apparent lower. 

I n  reading the four microscopes it will be found advisable to take 
them in tlic order A, B, 1)) 6,  for whilst intersecting with C microscope, 
one generally breathes on tlie cye-piece of D wrhich prevents it being used 
for some nlinutes : if D is read before C, no such difficulty arises. 

24. Test the adjustment of the setting-circle to rcad zenith distances 
Elimi,,nt.ion of the zero error by observing to some terrestrial object on both 

of the scrtors. faces : if tlicre is any facial difference, eliminate 
it by altcring the hill~ble. Urlien tlie setting-circle is in good adjustment, 
sct it to rcad accurately o0 o' : move tlie scctors in altitude until the 
indcs microscope rcads I 80' or 360°, and tlie A microscope of, and clamp. 
If no~v thc bubl~le of thc Icvcl of the setting-circlc is at the centre of 
its rnn, thc sectors have bccn placcd in tlicir correct position with 
rcgard to the tclcscopc, and no zero error exists : if tlie bubble is not at  

- 

the centrc of its run, it must be brought there by changing the relative 

T l ~ c  ~eord " appnre~it" Is uscd to dcnotc tho direction of the llmb graduations as they appear 
tllrouyh the iuvcrting mic~.oscopes. 



1 4 ~  HANDBOOK OF THE TRIGONOMETRICAL BRANCH. 

positions of the sectors and telescope. To do this loosen the four large 
capstan-headed screws attaching the telescope to  the sectors, and tap the 
telescope without moving the sectors, until tlie bubble comes to the 
centrc. It will be found very difficult to  move the telescope without 
moving the sectors too: after every tap thercfore the reacling of A 
microscope sliould be taken, and brought back to  o' if disturbed. + 

Continue tapping the telescope and re-adjusting the reading of A mi- 
croscope, until at one and the same time the setting-circle bubble is at 
the centre of its run, the setting-circle vernier is pointing to o0 o', the 
irlderr microscope to  180' or 360") aiid tlie A microscope is reading o' : 
when these four conditions all hold simultaneously, screw in and 
tighten the four large screws.* To guard against mistakes, test the zero 
error by observing a star on both faces. A zero error of 60" or under 
may be accepted : a larger might crltail several stars being lost. When 
the zero error of the sectors has been eliminated, examine the micro- 
scope adjustments, which will probably have been sligl~tly disturbed. 

.25.  Examine the two vertical-axis levels, and see that they are 

VPrliril l it l  Of verticu, nxis in properly mounted on the cmdle in accordance 
tllc ~rleritlil~n. with tlie instructions given beEore. Talte the 

readings of one of the levels in the instrumental position telescope 
east : rcverse the instrument and take them agai~l wit11 telcsco~~c ~vcst. 
If tlie vertical axis is vertical in the meridian, tlie reading of the north 
end in the first position mill bc the samc as that of the sonth cnd in 
the scco~icl. If the reading of the north end in olic position cliffcrs by 
more than two divisions from the rcading of the south ericl in tllc other 
position, the axis is not sufficiently vertical : its vcrticality call be 
improver1 by unclamping thc basc-plate screw wit11 its syanncr, ant1 then 
moving the lo~vrr cncl of the axis in the mcridian by means of tlic north 
and south thumb-screws. 

This adjustment will often get distnrhcd and have to he re-made 
during actual worl<, when therc is but little time to spare for thc opera- 
tion: in thcsc cascs always remember to clnn~p the huse-plntc s f l f lu ,  

after tllc verticality of tllc axia has heen sccurcd: in tllc 11iirry of the 
moment it is tikelp lo be,forgott~n, and if  tlic l~asc-plate scrcw is not 
clampecl, the inclination of the axis will bc alrvays varying. 

Tllpae foul qrrrws ~ I I O I I I I I  11r p11t in loorrrly.pn(l C ~ ~ I ~ I I H I I ~  s r r ~ w ~ d  l ~ o r n ~  t o g r t l ~ ~ r .  nnc or t\!.n tllrn9 l)rillg 
d ~ e n  to Cncll in r(lt;ltir,ll. I I I  O I ~ ' : I I ~ I I C  nit11 ( l c l i c : ~ t i ~  ~ I I ~ ~ I . I I I I I ~ . I I ~ ~  t , l ~ i ~  1.111,' i3  ~rni\.rmnl. If tllc fil'sl srrc\V be 
* ~ r e w w l  llome I,cfol'c tlli. ! . ,*(. ,ITI!\  is illsertcd, n~ld then tile secoud medc tigilt bofore t l ~ c  insertion oI tllo third, 
~d so on, torsion may posaibly result. 
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26. The readings of the transit axis level depend on:-(i) The 

~ o , . i t o n t a l i w  of us bOdzonlal position of zero of the level* itself. (ii) The 
aqs .  inclination of the vertical axis in the prime 

vertical. (iii) The inclination of the horizontal axis to the vertical axis. 
The first step necessary when levelling the horizontal axis is to bring the 
zero of the level to the centre of its run :  if this is not done, the 
bubble, which is a very long one, will generally be found to settle too 
much to one side to be read, and on reversal too much to the other, 
rendering it impossible to decide what the dislevelrnent really is. 

I t  is useless to attempt to level the horizontal axis, until the vertical 
axis has been made vertical in the prime vertical. Suppose in the 
position telescope east, the vertical axis has an inclination 8 to the east : 
if the horizontal axis is now madc level by lowering the bearing shafts 
in the back of the cradle, the two axes will be inclined to each other a t  
an angle of !go0 _+ 8). The result of thus making errors compensate 
instead of eliminating them will be, that on changing the instrumental 
position to telescope west, the horizontal axis instead of remaining level 
will assume an inclination of 28. 

To make the vertical axis vertical in the prime vertical, first make 
i t  so in the meridian, and thcn note what the right end of one of the 
vertical-axis levels reads, when the telescope is in the meridian : rotate 
the instrumcnt through go0 in azimuth, and then by means of the east 
and wcst thumb-scrcws, the base-plate screw being unclamped, make 
the right end of the same level read as it did before. The two fixed 
stops limit the motion of the telcscope in azimuth to i80°, and it cannot 
therefore be brought botli to the north and south of the instrument: 
the lcvcls conscqlicritly can only be read in one position in the prime 
vertical and cannot be rcverscd encl for end, as is practically done when 
thc instrumcntal position is changed. When the reading of the end of 
a lcvel remairis the same tlironghout the rotation of the telescope in 
azimuth from its castcrn position to its arestern, the vertical axis is 
vcrticnl both in tlic mcritlian and the prime vertical, and thc base-plate 
scrcw may hc clampcd. 

Thc striding levcl can now bc applicd to thc horizontal axis, and the 
dislcvclmc~it of tlic lnttcr correctcci by means of the capstan-headed 

The zcrn nf the levcl 1.q the renrling of the centre of t l ~ c  bnbblc in tllc position of no dialevelmel~t, i .e. ,  
wl~eli the lcvcl is npplied to a truly horizontal surface. 
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spiucile, which raises and lowers the two bearing shafts : the spindle 
should not be turned, until the large screw, that attaches the cradle to 
the table, has been loosened. On the completion of the adjustment 
this screw should be tightened at once, or the safety of the instrument 
may be endangered. 

From what has been said above, it will be seen that the dislevelment 
of the transit axis, arising as i t  does from two independent sources, will 
not be the same in thc two instrumental positions, and two distinct 
values must always be cleducecl for it. I n  determining their amounts 
apply the level to the horizontal axis in  the position telescope. east, and 
take its readings: reverse the level end for end and take its readings 
again. Now change the instrument to telescope west and read the level 
a third time : reverse it end for end and read it a fourth time. 

The "flying stop," affixed underneath the table, arrests the 
of the sector in azi- rotation of the instrument in azimuth in both 

directions by coming in  contact with one or 
the other of the fixecl stops. If the instrument be adjusted to the 
meridian when the flying stop is in contact with one of the fixed 
stops, there may still be a large deviation error when the instrument 
is rotated, and the flying stop brought into contact with the other 
fixed stop. The two directions of the line of collirnation in the two 
telescopic positions are. not necessarily parallel, but have to be made 
so. An adjustment to the meridian is therefore necessary in both 
telescopic positions. 

One of the faces of the flying stop is a vertical plane, and the other 
carries a horizontal screw. I n  one* telescopic position the plane face 
is in contact with a fixed stop and in  the other the screw face. When 
adjusting the instrument in azimuth, i t  is always necessary to begin 
with that telescopic position, in which the pkune fuce of tlic flying stop 
is in contact with a fixecl stop : the reason is, that when thc plane face 
is in contact, tho only method of correcting the deviation error is to 
rotate the whole instrltment by means of the azimuthal stllcl screw, 
whilst when the screw facc is in contact, thc deviation of the telcscopo 
can be altered by nlaliing the screw protrude more or lcss from tho 
atop : the adjustment therefore in the former caso would disturb that 

* Whether the enatern or western dependa on the position of the nzlrnothal stud. 
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in the latter, if it had been performed first. If the telescope be first 
placed in the meridian with the plane face in contact, the horizontal 
screw of the flying stop enables the range of the instrument between 
the two fixed stops to be adjusted to exactly r 80°, and the elimination 
of deviation error in  the second telescopic position does not disturb the 
adjustment in  the first. 

If the directions for putting up the sector have been complied with, 
it  has already been approximately adjusted in azimuth by means of the 
meridian line that has been cut on the collimator pillar. The error of 
the chronometer too by this time should have been discovered to within 
a minute or two. 

Find the exact chronometer error by timing the transit of a Nautical 
Almanac star, selecting one as ;ear the zenith as possible and setting for 
it nith the setting-circle. Now compute out the chronometer times of 
transit of a circumpolar star over all the wires in both instrumei~tal 
positions : recollect that in one telescopic position it will transit the 
wires in the order I to V I I  and in the other from VII  to I. Tlie time of 
transit of wire IV should be the same in both positions : the time of transit 
of wire I with telescope east mill, as stated before, be approsimately the 
same as that of wire VII with telescope west, but not, however, sufficiently 
near to allow of the same time being adopted for both events. 

Bring the plane face of the "flying" stop into contact with one 
of tlie fixed stops: about half an hour before tlie time of transit of 
the circumpolar star, set the telescope to the correct zcnith distance. 
If the circuml~olar is not in the field, slowly szuecy? with tlie telescope 
to thc right and lcft : as the fiscd stop arilcsts the rotation of the 
instrlimcnt in azimutli, thc obscrver should take care to so arrange 
tlic d c ~ i a t i o ~ ~  crror, that the flying stop is able to travcl a little past the 
primc vertical, and is not arrested before it ; unless this precaution is 
attcndcd to, tllc obscrvcr will bc only able to sweep with the telescope 
on onc sidc of tlie meridian. 

Tn svecping wit11 t l ~ e  tclescopc, be carcful that it is set to the exact 
zcnitl~ clistance, corl-ectcd for refraction : a great number of circum- 
polar~ arc oftcn mct with in sn-ceping, and one is very liable to observe a 
wrong one. In  dccicling whctlicr it is the correct star in the telescope, 
threc tcsts can 11c applied, viz., zcnitli distancc, rate of motion, and 
magnitude. The rate with which a star passes from one wire to 
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another is an excellent test : the equatorial intervals of the wires are 
known, and it is easy to compute the time, that a circumpolar of given 
declination takes to pass. I n  November and May Polaris gives ample 
time to get the meridian in both telescopic positions, and this is a star 
that no one can mistalie. 

When the correct circumpolar is in the field, bring it amongst the 
mires by sweeping the telescope: it is not necessary at  this period to 
time it over any particular wire : the times of transit over all the wires 
are known, and the observer can judge from them fairly accurately, 
whereabouts the circumpolar should be at any given moment. When 
the circumpolar is approximately in its correct position amongst the 
mires at a given moment, the telescope is in  the meridian, but as the 
flying and fixed stops are not now in contact, the adjustment in azimuth 
mill be lost immediately the telescope is moved. Of the two stops it is 
the "flying" one that is correctly placed in azimuth, and the fixed 
one has to be brought up into contact with it. To clo this, unscrew 
the nuts of the six steel bolts, that connect the upper portion of the 
cast-iron pillar to its base-plate, and rotate the pillar by means of the 
azimuthal strid-screw. The telescope and vertical axis must be held 
steady with one hand, whilst the azimuthal stud-screw is being turned, 
or they will revolve with the cast-iron pillar, and the whole essence 
of the adjustment is to rotate the latter independently of the former. 
The pillar should be revolved by means of the screw, until the " fixed" 
stop has becn brought round into contact with the " flying" one. 

The slotting of the six bolt holes will only permit the lipper portion 
of the pillar being revolvecl on the base-plate through about zO, so 
that if the azimuthal stud-screw is brougnt to the centre of its run, 
when the instrument is first put up, lo is the extreme deviation error, 
that can be corrected by means of i t :  if too z0 even werc corrected 
for, the holts would be hard down against one side of thcir slots, the 
screw would he at the very end of its run, an(l any small tlcviation 
error that might arise in the future coulrl only be clirninatecl by rotating 
the whole instrument on thc stone-cap. As it is very inadviaable 
to commence work with no room on the screw for further azimuthal 
adjustments, 30' may he consiclered tlie mwimnm allowable nnglc in 
both directions tliroi~gh which the iron-pillar shonltl bc rotated when 
j r s t  adjusting the instrument. If the meridian has not been laid clown 
accurately, or if the zenith sector has been carelcssly put up, thc obscrver 



ASTRONOMICAL LATITUDES. ' 5 '  

CHAP. 11.1 DUTIES IN THE FIELD. 

may find on placing a circumpolar amongst the wires, that the deviation 
error exceeds 30' : if this is tlle case, (and he must judge whether it is 
or not by the distance between the fixed and flying stops, when the 
telescope is in the meridian) he will have to loosen the three foot-bolts, 
that connect the instrument to the stone cap, and revolve the whole 
scctor by means of a crowbar placed under the base-plate. 

When the circumpolar is approximately in  its correct position 
amongst the wires, and the fixed stop has been brought by. means of 
the azimuthal stud-screw into contact with the plane face of the flying 
stop, take another N. A. Star, and if the cl~ronometer error now differs 
from its earlier value, correct all the conlputed times of transit of the 
circumpolar over the sevcral wires in accordance. Re-level the vertical 
and horizontal axes. Thc adjustment in azimuth must now be perfected 
by making the circumpolar star transit some particular wire at  the 
coniputcd time. One minute before the time, the recorder begins t o  
coullt seconcls, and the observer brings the starson to the wire by means 
of the  stud-screw : as t l ~ c  star moves off the wire, the obscrver con- 
stantly brings it back, and keeps i t  there, nntil the recorder reaclies 
tlic computed time of transit. W l ~ c n  a nortlicrn circumpolar is bcing 
talccn, allel the aziznutlial stud is north, the observer cannot turn the 
scrcw liimsclf; this makcs the acljustmcnt more difficult, as a third 
pcrson, tlie tindal, is introcluccd : tlic observer, recorcler and tindal 
sliould, Ilo~vevcr, with a littlc practicc work well together and pcrform 
thc acljlistment ~vithout clifficulty. Bc most careful, when the stud 
scrcw is bcing tnrnecl at this final pliase of tlic adjustmcnt, to see that 
the two stops w e  in coutact; they are very apt not to be. 

Do not climinate deviation crror by moving the fixed stop in its 
cl~antlcl round tlic ncck of tlle pillar. 

l%Tlien tlte circumlmlar transits a wire at the right moment, the 
mcridinli lias hc>cn foulid and thc nuts of the six stecl bolts may be 
tightly scrct~rccl clow~i. I n  scren-ing tlic 1111ts clonrn to the bolts, tlie 
azimi~tli :~tljl~stnicnt \\ill 1)c sliglitly slid inc~it:J)ly clisturbccl, but as it is 
always 1)y tlic snnlc aiiio11nt ancl in tllc same clircction, an cspcricnced 
01)scrvcr soon Icnrns 11ow to allow for it l)y placing the circunipolar at  
tlic comyntcd tinic of transit not exactly on tlic 11-ire. 

TVhcn tllc cast-iron pillar is rotatccl by mcans of tlie stud-screw, 
t l ~ c  vcrtical ancl horizontal axes will often become disleveled : uuless 
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however both are nearly level, no  accurate acljustment to the meridian 
is possible, and consequently i t  is desirable to  frequently take the 
readings of the levels throughout the process. Not only does the 
azimuthal acljustment disturb the levels, but the act of levelling aIters 
the deviation of the telescope. 

When tlie instrument has been accurately adjusted in  azimuth with 
the plane face of the flying stop in contact with a fixed stop, change the 
telescopic position and again observe the same circumpolar star. Bring 
the screw head of the flying stop into contact with the fixed stop, and 
decide whether the deviation error in  the new position is to the east or 
west, and whether the stop-screw must be made to  protrude more or 
less in order to bring the tclescope to the meridian. As the time of 
transit over a wire draws near, lnalte the recorder count, and gradually 
bring the star nearer to the wire by turning the screw of the stop. When 
the time of transit is reached, the screw should have been made to so 
protrude from the stop, that when i t  is in contact with the fixed stop, the 
circumpolar is transiting the right wire. VVhen the stop-screw pro- 
trudes the correct amount, clamp it  in its position by the second screw 
situatecl on the outer side of the stop. If this precaution to clamp is 
omitted, the constant concussion, that takes place in regular work be- 
tween the flying and fixed stops, gradually drives the screw into the 
flying stop and increases the deviation. The sector has been now adjusted 
to  the meridian in both telescopic positions and is rcarly for work. 

28. When the sector has for the first time been accurately adjusted 

Belection of a merldian mark. 
in aziinath, bring tlie telcscope horizontal, and 
move the two collimators, until their crosses 

are cut by the centre wire, one in tlie position telcscope east, the 
other in the poaition tclescope west : these collimators, which arc found 
in practice to steadily retain one position, will give the direction of 
the meridian in both telescopic positions on any occasion, that a circum- 
polar star owing to clouds or other ca~lscs cannot be 01)scrved. If 
collimators have not been talten into the field, point thc tclescopc, when 
adj~lvted in azimuth, to the horizon, and selcct some tcrrcstrial mcriclian 
mark to serve for future rcference. As a prominclit natural object is 
not liliely to exist exactly on the rncridinn, tllc ohscrvcr will filld it 
adviaable to draw on pnpcr, what he RCCS tllrougll thc ~ C I C S C O ~ F ,  marlci~lg 
the position of the ccntre wire on hia tlrawirig : if lie omits to do this, 
he may fail to recognise the view again. 
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29. Every night before work the vertical and transit axes'must be 

Alljustments to be made accurately levelled, the microscopes examined 
night. for focus and parallax, the illumination of the 

limb tested, and the deviation of the telescope in both its positions 
from the meridian corrected by reference to the meridian mark or 
collimators. Before commencing work too, always see that the black 
counterpoise hangs freely and exerts its whole force : its suspension bar 
is apt to jam against the table. 

30. The limb of the sectors extends through such a small arc, that 
Howto observetl,czenithdistance a greater zenith distance than 174' cannot be 

of n stilr. read : all stars, whose zenith distances are to be 
observed, must therefore be situated near the zenith. 

I t  is a fundamental principle in working with the zenith sector that 
no observation is to be accepted as complete, unless the star has been 
intersected in both telescopic positions : when a star has been intersected 
in one position only, the observation must be rejected. Intersection of 
thc same star in both positions eliminates the zero error of the sectors : 
it is wholly inadmissible to take a single intersection of a star and 
correct it for zero error, the amount of the correction being determined 
from a double intersection of another star. The zero error of the sectors 
is not a constant quantity, but varies with the dislevelment of the 
vertical axis. 

The procedure for observing a star for latitude is as follows :- 

(i) Set the telescope to the correct zenith distance of the star by 
means of the Index microscope of the sectors; complete 
the setting to greater accuracy with the A microscope, and 
clamp the sectors. 

(ii) hlalic t l ~ c  setting-circlc read the same zenith distance, but the 
rcvcrse way ; that is, set the vernier to the proper reading 
Irclotu thc zcro of the setting-circle limb. The bubble will 
thcn be at the ccntre of its run when the telescope is 
inclincct at thc same anglc to the vertical as i t  is in its 
prcscnt position, but on the opposite side of the zenith. 

(iii) Bring the flyiug stop into contact with one of the fixed 
stoys. 
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(iv) 24 minutes before the star is due, read the four microscopes, 
and then the two levels. 

(v) At one minute before transit the recorder gives warning and 
the observer seats himself. 

(vi) When the star is exactly midway between the first two vertical 
wires, intersect i t  with the horizontal wire and take the 
reading of the micrometer. 

I 

(vii) Rise up, unclamp the sectors, pass the telescope through the 
zenith, bring the bubble of the setting-circle to the centre 
of its run by tapping the telescope to the correct altitude, 
clamp the sectors, and rapidly rotate the instrument 180' in 
azimuth, bringing the flying stop up into contact with the 
second fixed stop without jerk or jar.  

(viii) Again sit down and bring the star close to the horizontal 
wire by moving the telescope with the tangent screw of the 
sectors. 

(ix) Unclamp and re-clump the sectors. 

(x) Intersect the star again with the horizontal wire, and talrc the 
second reading of the micrometer. 

(xi) Read the two levels, and Zcrstly the four microscopes. The 
observation is then completed. 

3 I .  During an observation, take care that the flying stop is in contact 
P r e c ~ n t i o n ~  to be token when with a fixed stop : i t  is apt not to be. DCW;W~ 

observing. - too in the hurry of the momeut of reading the 
levels, before the bubbles are at rest. 

Between the first reading of the microscopes and the first inter- 
section of the star, no tangent-screw nor any other part of the 
instrument may be touched. The scconcl intersection may be approxi- 
mately made with the tangent-screw of thc sectors, but when coml)lctc(l 
with the micrometer, the tangent-screw must not ?IF: tonchcd again, 
till the final reacling of thc microscopcs has hccn taken. The reason 
of the second intcrsection hcing first made approximately with tllc 
tangent-screw is, that the two intersections are then taken at equal 
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distances from the zero of the telescope comb, and as the two readings 
of a complete observation are supplements of one another, error in the 
value of the telescope micrometer is cancelled. 

Colonel Herschel, who knew the zenith sector well, laid great stress 
on the importance of invariably unclamping and re-clamping the sectors, 
after their tangent-screw had been used ; " this step," he wrote, " should 
" become an acquired habit and not be left to  memory : the observer's 
"hand after quitting the tangent-screw should at once move by instinct 
"to the milled heads of the clamping cam." 

The equatorial interval between wires I and 11 is about 14 seconds 
of time: between each of the pairs 11 and 111, 111 and IV, IV and v, 
v and VI it is ,about 7 secollds : between VI and VII i t  is again about 14 
seconds. The time that elapscs between the two intersections of one 
star is consequently 42  seconds, the first intersection being made 21 
seconds before the centre wire, and the second 21 seconds after. For 
an observer who lrnows his work, 42 seconds isample time to do all that 
has to be done. 

I t  may often happen, owing to accidents, mistakes or clouds, that 
thc first intersection or the second or even both are not made exactly 
midway between the two first or two last wires, and consequently not 
at 21 seconds from thc meridian. In  these exceptional cases the 
observcr must cause the recorder to note on the record the distance in  
time from thc ccntre wire that the intersection was made, so that in tlie 
computations the correction for " intersection off the centre" may be ap- 
plied for thc actual amount ancl not for the usual 21 seconds. Knowing 
the intervals bctrveen thc inncr consecutive wires to be 7 seconds each, 
and the two outer intcrvals to be 14 seconds, the observer can estimate 
fairly accurately at what distance from any particular wire he has made 
the intcrsection. Suppose, for instancc, he makes tlie intersection, not 
as he ought midway betwcen wircs VI and VII, but just before the star 
transits wirc V I I  : he says to the recordcr "intersection made at VI 

+ 13")' Supposc again that he fails to intersect the star until it  has 
passcd wirc vrr by a distance sligl~tly less than half one of the inner 
wire intcrvala, he informs thc recordcr "intersection at VII + 38." I n  
the first of tliesc hypothetical cases the correction for " intersection off 
the centre'' would be for 27 seconds instead of 21, and iu the second 
for 31 seconds. 
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When stars have been observed once, their correct readings on the 
sector should be taken out, and these latter used when setting on future 
occasions : i t  is desirable to set as accurately as possible, so as to keep 
the readings of the telescope miciometer within 30 or 40 divisions of 
its zero. 

32. Suppose the instrument to be in position and in perfect adjust- 

To reverse the instrument from 
ment with its azimuthal stud to the north. If 

"stud north" t o  "stud W U ~ I I , , ~  there is no prominent meridian mark easily re- 
or vice vered. 

cognisable through the telescope, bring the latter 
down horizontal, and make a careful drawing of the distant terrestrial 
view as seen through it, marking the position of the centre wire on 
the drawing. If collimators are being used, and their crosses are not 
exactly on the centre wire of the telescope, when pointing in the 
meridian, do not trouble to move the collimators, but make a drawing 
of the wires of the telescope in both positions and mark on each the 
exact situation of the collimator crosses. These drawings are necessary 
to enable the meridian to be re-found after reversal, as during that 
process all adjustments are upset : i t  is safer to trust to a drawing than 
to memory. 

Take out the three foot-bolts : place a crowbar under the foot 
nearest the telescope, and raise that side of the instrument : insert a 
wooden wedge under the foot, so as to raise the latter 2 of an inch 
from the stone, and remove the crowbar. Insert the hemispherical steel 
button under the brass-nut in the centre of the base-plate. Remove the 
weclge. Rotate the instrument on the button through J 80°. Again lift 
with the crowbar and insert the wedge. Remove the button, and then 
the wedge, lowering the instrument very gently with the crowbar on to 
the stone. 

Bring the plane face of the flying stop into contact with a fixed stop : 
level the instrument fairly acnlr.ztely by washers under the 
feet, ancl then shift it approximately into the rncriclian with the crow- 
bar. Screw UP the foot-bolts tight, ant1 level again with the four 
thumb-screws. Point thc tclescopc to thc distant horizon or collilnator, 
unscrew the nuts of the six steel-bolts and rotate the inrjtrumcnt in 
azimllth by means of the stucl-screw, until its centre wire llas t&cn 
up the same position in regard to external ohjccts, as it occ~lpics in tho 
drawing made before reversal, wheu deviation error will have been 
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eliminated. Screw down the nuts of the six bolts: re-level with the 
four thumb-screws : re-level the horizontal axis by raising or lowering 
the bearing shafts. 

The steel button is of such a height, that when the zenith sector is 
balanced on it, the feet of the latter are raised about &th of an inch 
off the stone-cap. Care should be talcen to place the button well in the 
centre of the brass nut, for i f  placed near the edge, the instrument 
might be rotated off it, and badly jarred. 

33. To dismantle the sector unscrew the eye-piece and screw on the 
eye-end cover. Remove the dew-cap and screw 

To dismantle the sector. 
on the telescope cap. Tie up the spring of the 

clamping arm with string. Loosen the clamping cam and tangent-screw 
of the arm attached to the cradle. Turn the telescope horizontal and have 
it supported by two men. Remove the bridge-piece. Tie on the wooden 
guides marked (1). Have the telescope-box brought near: see in  
which direction the telescope has to point when in the box, and arrange 
the latter accordingly : place the lid with its truncated pyramid on the 
box but without screwing i t  down. Remove the black counterpoise, 
and tie on the wooden guides marked (2). Remove the mushroom 
counterpoise and affix the conical wooden cap. 

Three men must now pull at the telescope, whilst a fourth supports 
the outer end of the horizontal axis by means of the wooden cone : when 
the tclescope has been pulled out some 4 or 5 inches, the horizontal 
axis must bc supported betwcen the cradle and sectors. The telescope 
and horizontal axis may now be entircly removed from the cradle, no 
one being allowed to touch the sectors. 

Rest the telescope on the truncated pyramid of the box, and remove 
its clamping arm; wipe a11 oil from the liorizontal asis; take out thc four 
large screws that attach the scctors to the tclescopc, and rotate the former 
until thcy are parallel to tlic latter: rcplace the four screws. Turn the 
wooden-tippctl linndlcs of thc scctors, so that they may lie in one of the 
diagonals of thc box, when the tclescope is pacltcd. Place the telescope, 
scctors, and horizontal axis in the box, lowering it with every care. 

T3cforc packing thc rcmaining parts of the instrurncnt, wipe the oil 
off and thoronghly clean thc craclle-bearings, vertical axis, hernisphercs, 
and base-platc cup. 
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The stone-cap of the pillar must be taken with the instrument to 
the next station. 

34. The geodetic latitude of every station is known to the observer, 
and as it seldom differs by more than a few 

Rules by which the selection of 
stirrs for latitude observations seconds from the astronomical latitude, the 
ouglit to be governed. 

distance at transit of any star from the zenith 
can always be calculated, with sufficient accuracy to allow of its being 
found with the telescope. 

To observe 40 zenith stars for latitude is a hard night's work: 
to  observe 30 is easy. 'l'he number of stars, included in a programme 
of work for one night on latitude operations, should therefore be 
about 36. 

I n  selecting these 36 stars the following conditions should be 
fulfilled :- 

(i) All stars must be talcen from the latest Greenwich Catalogue. 

(ii) No star is to be considered sufficiently trustworthy for observa- 
tion unless its north polar distance is shewn in that oatalogue 
as determined by at  least six observations. 

(iii) No star is to be included that has not a proper motion in 
north polar distance assigned to i t  in  the Greenwich Cata- 
logue. 

(iv) Double stars and stars of the 1st and 2nd magnitude should 
he avoided. 

(v) No star should be included that has a greater zenith distance 
than 13'. 

(vi) The number of north stars must be the same as the number 
of south. 

(vii) The mean zenith distance of all the north stars must not 
differ from the mean zenith distance of all the south by 
more than half a degree. 

(viii) Stars that are 8' from the zenith or more should be paired 
as nearly as possible. 



ASTROYOMIOAL LATITUDES. ' 5 9  

CHAP. 11.3 D U T I E ~  IN THE FIELD. 

(ix) The minimum difference in right ascension between two 
consecutive stars should be six minutes. 

(x) Two to four h-autical Almanac stars equally distributed north 
and south of the zenith should be included to enable the 
chronometer error to be determined. 

(xi) Two to four stars within i0 of the zenith should be included 
to enable the collimation error in azimuth to be deter- 
mined*. 

35. The programme of work for one night is made up as 
Programme of work for one night. follows :- 

(i) The zenith distance of about 36 zenith stars must be measured. 
The stars being selected in accordance with the above rules, 
and each observed in both telescopic positions. 

(ii) The time of transit of a circumpolar star, whose right ascen- 
sion has been well-determined, must be taken over two 
wires in each telescopic position: from this is deduced the 
deviation error of the instrument. 

(iii) The transit-axis level must be read before and after work in 
both telescoyic positions, being reversed end for end in  
each position. 

(iv) The two thermometers outside the tent should be read every 
I 5 or zo minutes. 

(v) The barometer should be read cvcry hour, the mercury in the 
cistcrn being lowered and raised again to the zero pointer . 
each time. 

(vi) Tlic microscope run must bc determined 1.5 timcs, the same 5' 
spncc bcing ncvcr utiliscrl tw-icc; tlic Iiigh reatling shoilld be 
always recorded d o v e  the lorn, whctlicr read first or not. 

(vii) It is of importance, that the tempcrature of the intcrior of 
the obscrvntory tent should not differ from that of the 

Thrtr clrvrn rl~lrcl for ~ o v c r ~ ~ l n p  thc ficlrrtion of thc stn1.q were lni~l  d o \ ~ n  nftcr much considerrtion 
1 ) ~  Cnhncl Iir~~viqirlc, nn,l Ilnvc hrcn closrly r~cll~r~,ecl to by aubscqueiit ob8crvcl.s. Ally d c l ~ u t w c  born thcu 
w i l l  bc surcly rullolrcd by discvrdulicc in t l ~ c  rcuulls. 
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DUTIES IN THE FIELD. [PABT V. 

outside air by more than i0 or z0 Fahrenheit : the thermo- 
meter attached to the barometer should therefore be oc- 
casionally glanced at, but its readings need not be recorded. 

(viii) The error of the chronometer and the collimation error of 
the telescope in azimuth have to be found nightly, but no 
special observations are needed for their determination, 
if in the selection of the stars attention has been paid to 
rules x and xi given in  paragraph 34. 

The observer is again reminded here of the necessity of noting on 
the record, which graduation of the sector limb he intersects with his 
microscopes, (vide para. 23) and how far from the centre wire, he 
illtersects his stars with the telescope micrometer, (vide para. 3 I ). 

36. It must 

Proprammo of work 
station. 

be borne in mind that the object of these observations 
for one is the determination of astronomical latitudes 

and not merely of zenith distances, and that 
therefore the accuracy of the results is affected by errors in north 
polar distance as well as by those of observation. 'llhe mean of two 
zenith distance observations with the sector is, as a rule, a more reliable 
measure than the north polar distance of a star as computed from the 
Greenwich Catalogue, a fact, that spealts very highly of the sector a8 

an astronomical instrument. 

Supposing an observer to devote four nights to one station and to 
takc 40 observations per night, it has been found that the probable 
error of his final value of latitude will be 

+ 0".063, if he observes the same 40 stars every night. - 
+_ 0 ~ ~ 0 4 9 ,  if he observes 40 stars the first two nights and 40 

different ones the last two nights. 

+ o'"039, if he observes 40 different stars every night. 

I n  each of these three cases the number of observations taltcn on 
the whole and the total amount of work carriccl out will be the same. 
The result attained by observing 40 fresh stars on each of thc four 
nights will evidently be very much hettcr than if 80 stars are observed 
twice each. I t  is moreover easy of proof that but slight advantage 
accrues at all from taking a third zenith distanco per star, and that 
a fourth such observation is absolutely waste of time. 
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It has been found that the zenith distance of a star when observed 
E to W is not the same as when observed W to E ;* the difference 
between the two values is the same for every star, but varies with 
different observers. The existence of such a difference is probably due 
to the observer's personality, and necessitates every star being observed 
twice, once from E to W, and once from W to E : though these two 
observations may differ by oN-5, their mean deserves the same weight 
as if they had been identical, personal error being in all probability 
entirely cancelled in it. 

I n  Northern India as many suitable stars as can possibly be 
needed at any latitude station may be obtained ; but south of the I 8th 
parallel of latitude, it is difficult to get more than 35 to 40 well-placed 
south stars from the Greenwich Catalogue. An observer cannot of 
course work all night, but by commencing on one night shortly after 
sunset, on another at 12 midnight, and on a third at three o'clock in 
morning, he will be able to observe almost all the suitable stars, that 
transit the meridian, near the zenith, between sunset and sunrise. 

Taking all these facts into consideration, the following may be laid 
down as the proper programme of work for a latitude station :- 

(i) From 70  to loo stars should be observed, IOO if possible. 

(ii) Each star should be observed once E to W and once W to E. 
I n  order that this should be done without confusion, com- 
mence a programme of stars on its first night by talting the 
first star E to W, the second W to E, and so on alternately : 
on the second night take the first star W to E, the second 
E to W, and so on. Thc only reason for describing such 
an obvious method is to remind the observer, that when he 
misses a star on either night, he must change the telescopic 
position before taking the next, for linless he does so, every 
star after the miss, that was observed E to W the first night, 
will be observed E to W the second. 

(iii) Four or six nights must be devoted to each station, an even 
number being advisable: four would suffice, if there was a 
paucity of stars and no misses occurred ; but six are better, 

* "Ohsrrved W to E" means t,hat the first intereection of the star xas made with the telescope west, 
and the second intersection wlth the telescope east. 



162 HANDBOOK OF THE TRIGONOMETRICAL BRANCH. 

as they allow of stars missed once being observed in their 
second direction E to W or W to E. 

(iv) When half the observations have been secured, the instrument 
should be reversed, i.e., if the!.. azimuthal stud has been origi- 
nally placed north, it should now be brought round to south. 

(v) If only 70 stars are to be observed, they should be divided 
into two programmes of 35 each: during the first night 
the first programme should be worked through, during the 
second the second programme, and during the third those 
stars of both programmes, that have been missed, should be 
observed : on the morning of the fourth day the instrument 
should be reversed, and in the evening the first programme 
again worked through, those stars talcen E to W on the 
first and third clays being now talcen W to E and vice versa: 
on the fifth night the seconcl programme should be again 
taken up, the direction E to W and W to E being changed for 
each star from mrliat it mias on the second night : on the last 
night, those stars of both programmes, that 'had been missed 
during the fourth and fifth nights, should be observed. 

(vi) I f  loo stars are to be taken thcy should be divided into three 
programmes : each programme should be worked through 
once with the azimuthal stud north, and once with it south : 
those stars observed E to W on the first occasion of each 
must be taken W to E on the seconcl and vice versd: As three 
programmes have to be got through in six nights, no spare 
nights are available for piclting up misses, but by jiidiciou8 
interchanges of stars hctmecn thc three a star nlissctl from 
one programme can oftcn he observed again in one of the 
othcr two. 

(vii) The number of observations pcr station need not excccd 200, 
and sllould not be less than I qo.* 

The errors of the chronometer, collinlation, inclination, and deviation 
(luring any night's work ought to he computed out bcforc thc rlcxt 
night's observations are commcnccd ; the methods of computing them 

I t  ~ I l l  be found na a rule thnt nll t h e  o l , ~ r r v ~ t i o n g  tnken on nny onr pnrbic~llnr l l i ~ l l t  will he 
with solno rmnll rnnrtHllt el.rnr, n ~ n n l n p  t l~rnrigl~out;  tho niorc n lg l~ t s  tl~erefore that the obscrvlltlousare 
extcndetl over, thc better will bc the HIIUI  ~.esult.  
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CHAP. 11.1 DUTIES IN THE FIELD. 

have been therefore included under the heading (' duties in the field" and 
not ((duties in the recess," and are now described. 

37. The chronometer error is only required for computing the devia- 

Chronometer error. 
tion of the instrument from the meridian. It 
is found as follows :-Suppose the instrument - - 

is so placed for the first intersection that wire VII is the wire first 
reached by the star: wire VII will then be the last wire crossed by the 
star after the second intersection, the telescopic position having been 
changed between the two. When the observer seated at the telescope 
sees the star come into the field, he makes the recorder count seconds 
from the chronometer: as the star crosses wire VII, he notes the 
nearest half-second of time. Half-way between VII and VI he observes 
t-lle zenith distance by intersecting the star with the horizontal wire 
and reading the micrometer-head. He  then changes the telescopic 
position of the instrument and intersects the star again midway 
between VI and VII. The recorder again counts seconds, and the 
observer notes the half-second of time, that the star again transits 
wire VII : after this he reads off the micrometer-head, which should 
not have been touched since the last intersection. The mean of the 
two recorded times of transit gives the chronometer time, at which the 
star crossed the centre wire of the telescope. The difference between 
this mean and the right ascension of the star is the clironometer error : 
if the right ascension is the larger, the chronometer is slow. 

The right asccnsion of a star, that is to be used for finding the 
chronometer error, shoulcl be accurately known : it  is therefore advi- 
sable to always select one from the Nautical Almanac. If a star that is 
suitablc for latitude observations is selected from the Nautical Almanac, 
it can be observed for zenith distance and time simultaneously as 
described above. I f  no Nautical Almanac star is included in the pro- 
gramme of latitude stars, special observations must be taken for the 
purpose of tlcterrnining the chronometer error. 

In  timing tlie transit of a star over wire VII in both telescopic 
positions, error of collimation cancels out. Error arising from inclina- 
tion of thc transit axis does not cancel owing to the inclination being 
different in tlic two tclescopic positions*; it should, however, be kept so 
---.- - -- - - . 

I'itle description of method of levclling the trn118lt-AXIS, (pnrn. 26). 
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small as to exercise no appreciable effect on a time of transit. This 
fact of non-cancelment should be borne in mind, for if the inclination 
were large, and the same end of the axis happened to be the higher in 
both telescopic positions, a correction would have to be applied to the 
two chronometer times of transit. To cancel the effect of deviation 
error on the times of transit, the chronometer error should be deter- 
mined nightly from the observation of both a north and south star, or 
better still of two north and two south stars. 

38. A knowledge of the inclination of the transit-axis is necessary - 
(i) for determining during the field season both 

Inclination of the transit-axis. 
the collimation and deviation errors of the 

instrument, and (ii) for computing during the recess the distances from 
the meridian, at which stars were intersected and the resulting corrections 
to be applied on that account. 

To determine the inclination of the transit-axis, the striding level is 
read both with " telescope east" and (( telescope west" and reversed in 
each position. 

There are consequently eight readings, viz., 

(East-end of bubble = El, 
Cross-level east 

west-end ,, = w1) 
With telescope east 

East-end ,, = E2, 
)) west West-end ,, = w2, 

East-end of bubble = EJ, 
Cross-level east 

West-end ,, = w3) 

With telescope west 
{East-end ,, = I%) 

I )  west C West-end ,, = W,. 

If n = value of one &vision of the level-scale in seconds of arc, the 
dislevelment will be 

(W1 + W2) - + E2) x n with telescope east, 
4 
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and 

(w3 + w4) - (E3 + E4) x n with telescope west, 
4 

in each case a positive sign denoting that the western end of the 
axis was the higher. This dislevelment has to be calculated every 
morning and reduced if large. 

The correction* for inclination to  the time of transit of a star 
would be 

(W, + W, - E, - E,) x n cos C sec 8 + 
4 x 15 

with telescope east, and 

+ (W, + W, - E, - E,) x n cos csec 8 
4 x 15 

with telescope west, where r a n d  6 denote the zenith distance and decli- 
nation of the star. 

39. The collimation error has to be taken account of (i) in deter- 
mining during the field season the deviation of 

Collimation error in azlmuth. 
the instrument from the meridian, and (ii) in 

computing during the recess the distances from the meridian, at  which 
stars were intersected and the resulting corrections to be applied on 
that account. 

The collimation error is found by timing the transit of a star, 
whose zenith distance is less than lo, over the same wire in both tele- 
scopic positions: an ordinary latitude star should be used for the 
determination, as special observations for the purpose are then saved. 
The method of both timing the transit and intersecting the star in the 
two telescopic positions, that has already been described under the 
heading "Chronometer error," should be followed in finding the collima- 
tion error also. The only difference between the two is, that in the case 
of the chronometer error, the star may be at any zenith distance, but 
must have a well determined right ascension ; whereas in the case of the 
collimation error, it must be close to the zenith, but need not be a 
Nautical Almanac star. Collimation stars have to be selected as close to 

If tho wcrrt,rl.n end i a  Iliaher tl~csc expressions nrc poaitivc, nnd ae a star translts too Boon wit11 the 
Wc~t entl 111gI1, n positive rorrcctlon is wmtcd. 
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the zenith as possible, in order to avoid the observed times of transit 
being affected by the deviation error of the instrument. I t  is necessary 
to  observe every night at least two collimation stars : one of these should 
be taken E to W, the other W to E. 

I n  one telescopic position wire I is the first wire crossed and wire 
V I I  the last : in the other telescopic position wire VII is the first wire 
crossed and wire I the last. Suppose in the position telescope east 
wire I was the first mire crossed by a zenith star, and that the time of 
transit (corrected for the inclination of the transit-axis level) was 
2'' om 568*0:  suppose now in the position telescopic west, after the 
second intersection of the star has been made, the corrected time of 
transit over mire I, which has become the last wire, is again noted 
and is 2h 2'" 2#. 0. The elapsed time between the two transits is 66 - 0  

seconds. 

The equatorial interval of wire I is known: suppose it equal to 
285-55. The time, that the star would take to travel from wire I to 
wire IV, is equal to 28 55 x sec. 6 = 3 I o seconds suppose, where 6 = 
declination of star. Now, if there were no collimation error in the 
telescope, the centre wire would be transited by a star at the same time 
in both telescopic positions, and the interval that would elapse between 
its two times of transit over wire I would be 2 x 31 * o  = 62-0  seconds. 
The collimation error in seconds of arc is 

I n  the above case the actual interval is too long, and therefore the 
system of wires is crossed too soon and is situated too far east with 
telescope east, and crossed too late anisituated too far west with tele- 
ecope west. 

If the collimation star had been observed from W to E, the .?frst 
time of transit would have been a h  r m  og, and the second 2" 1" 58' : 
the elapsed interval wonld then have been 58 seconds or 4 ~i333nd8 
too short. The collimation error in seconds of arc would then be 
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The two values of the collimation error are the same but their signs 
different : this is right enough, for if a star takes too long a time when 
observed E to W, it will take too short a time when observed W to E. 

The following rule will prevent confusion of sign - i n  correcting 
transits for collimation :- 

Let C" represent the collimation constant for the correction of times 
of transits of stars, or in  other words the quantity that has been called 

x-Y above the collimation error, but with a reverse sign : then c" = - 
2 

~5 cos 6, where x = observed interval, y = correct computed interval, 
both in seconds of time : if c" is positive, the wires are too far east for that 
position of tlle telescope, in which  the  @st of the  two  intersectio?zs are  
ntade, and the correction to a transit taken in that position is positive. 
For example in the first instance give11 above, c" = + 27"' 3 when the star 
was talren E to W : tlle correction for collimation to the time of transit 
of a circumpolar, of declination 85O, which is being observed for devia- 

tion, would be + - 27 ' sec 853 when the transit occurred with telescope 
15 

east, and - - " ' sec 8 jO, when it occurred with telescope west. Tran- 
15 

sits observed in that position, in ~v l~ ich  the Jirst intersection was made, 
when collimatio~z w a s  deternzined, talie tlie sign of their correction as given 
by the formula for c" : transits observed in the other position take the 
opposite sign from c". 

40. The deviation of the telescope from the meridian has to be 

Dcvletfon error. 
dctermincd i~ightly : it  lias to be talcen account 
of in t l ~ c  rccess in coniputing tlie distances 

from thc meridian, at which t l ~ c  stars mcrc interscctcd. I t  is necessary 
to compute out thc deviation crror cvery morliing, and to re-adjust the 
instrurncnt, if it is found largc. 

Thc clcvintion error is detcrmincd as follows !-The timcs of transit 
of a circlirnl~olar star are noted at night owr  one or tnro wires in both 
tclescol>ic positions. Tlicsc times are (( redllccd to the centre " and the 
timcs of transit ovcr wirc I\- in t l ~ c  two positions thus found. Corrections 
to the tl.ansits of wire rv hare tl1c11 to hc alq~licd, (i) for chronometer 
error, (i i)  collimation, and (iii) inc1ili:~tion of the transit-axis. The 
co~*rcctioi~s for cl~rolioilictcr error will lli~ve tlrc s ime  sign, when applied to 
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the transits of the circumpolar in  the two positions : the corrections for 
collimation error will have opposite signs : the corrections for inclina- 
tion may have the same or opposite signs, as the errors in the two posi- 
tions are semi-independent of one another. Let T = the corrected 
time of transit, 6 = declination of the circumpolar, and = its zenith 
distance; then 15 (T - R. A,) cos 6 cosec = deviation of the instru- 
ment. 

If T is greater than R. A,, and the circumpolar has been observed 
west a t  its upper culmination, the deviation error is - of north. 

lower east 

Every night, after the time of transit of a circumpolar has been 
taken, the telescope should be brought down and the position of the 
collimator cross noted. The distance of the cross from the meridian 
can be computed, when the deviation of the centre wire is known. 
Then on any night when the pole is overclouded and no circumpolar 
observed, the distance between the centre wire and the collimator cross 
should be estimated accurately : if from the calculations of the 
preceding and succeeding nights, the collimator cross is found in 
the same position on both, it is but reasonable to assume that 
it has not moved in  the interilrl. On a cloudy night therefore 
thc dcviation can be found from the observation of the collimator 
cross, whose distance from the meridian is ltnown. If collimators are 
not being used, the distance of the centre wire from the meridian 
mark should be estimated every evening at sunset : if no circumpolar has 
been observed, this distance should be again estimated at sunrise: if no 
serious difference is found, the instrument may be considered to have 
remained unmoved in the interim, and the deviation error may be deduced 
from the position of the meridian mark. It should be borne in mind, 
ho~eve r ,  that the collimators and the meridian mark are really intended 
solely for purposes of adjustment and not for determining deviation 
error, and that they should be used for the latter in cases of emergency 
only : there is always a chance that a collimator may have moved and 
returned to its original position between two observations n~ade to it. 
The adjustment of the instrument in azimuth, and the determination 
of the deviation error are two distinct operations and must not be 
confused with one another. 
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Under the head " duties in recess " are included the reduction of 
the observations and computations of the final results. 

I. The computations should always be prefaced by a description of 
each latitude station. The dimensions of the 

Description of stations. 
pillar should be given, and its situation with 

reference to the trigonometrical station described. The distances and 
directions of the neitghbouring villages should be noted, so that no diffi- 
culty may afterwards be experienced in finding the site : if the station be 
situated in a dense jungle or on a precipitous hill difficult of access, the 
best road leading to it should be mentioned. 

The observer should at the time of observation estimate the direc- 
tion, in which he would expect a deflection of the plumb-line, and put 
on record the reasons for his opinion. With the assistance of maps he 
can tell the distances and masses of the neighbouring mountain ranges 
and hills ; from the direction of the rivers he can ascertain the general 
slope of the ground in the vicinity; and from the Geological Survey 
records he can find the character of the soil of the surrounding country. 

The computations may be divided into three principal parts :- 
( I )  Zenith distance of each star. (2)  North polar distance of each star. 
(3) Resulting latitude. 

( I ) .  Zenith distance of a star. 

Before proceeding to describe the computations i t  may be as well 
to notc, that each star observed is supposed to have been intersected 
both in thc position telescope east and in the position telescope west. 

2. The first stcp in t l ~ c  computations is to take out the means of 
TIle microsrnpl: rmding.s, ~ I I C  four rnic~~oscope readings, and to then cor- 
" rlln " rorrcrtion. rect thcsc mcaus for "run." A mean of the 

four rcarlings has bcen designated c, and the " run " correction c'. 

The amonnt of the "run" has first to he determined from the 
observations takcn for the piirpose, of which there ought to be from 
7 0  to go per station. Suppose from all these we find that 299.736 
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micrometric divisions* are equal to a 5' division on the limb: then 
299 736 divisions are equal to 300 seconds of arc, and the correction 
to  the reading, when the micrometer has been run over a whole 5' space, 
is 0". 264. If the micrometer has been only run over a 1' space on 

- 

the limb, the correction to its reading mill he 0". 264 
= o" o j3, and the 

5 
correction to be applied to one division of the micrometer to obtain its 
value in seconds of arc will be o".ooo88. 

The above shews how the amount of the '( run " corredtion is found : 
its sign is determined by the three following rules, always supposing 
that the run  is too small, (i.e., that one micronletric division is larger 
than a seconcl of arc) :- 

(i) I n  the case of an observation, where a run has been taken, and 
both the " high " and " low " readings are recorded, the 
" high " reading only should be used in deducing the zenith 
distance : the sign of the run correctiorl in that case is t ve. 

(ii) When a note has been made in the margin of the record thus 
" referred to n' ", meaning that the n' division of the limb 
has been interscctecl, the sign of the run correction is + ve, 
if the " reference minute " is less than the reading of A 
microscope. If the " reference minute " is greater than the 
reading of A microscope the sign is - ve. 

(iii) I n  all other cases, when the rearling of A microscope falls 
hetween o' o" and 2' 30'' or between 5' o" and 7' 30") the sign 
is + ve., and whcn between 2' 30" and 5' o" or between 
7' 30" and 10' o", the sign is - ve. 

There is one tronhlesome, but happily very rare exceptio~l to the 
third rule : it is ivhcn the rending of A rnicroscopc falls so closely 
beloro a clirision of the limb, tllat the mean of thc four niicroscopes is 
above that division : the sign is then obviously + and not -. 

3. By the "instrumental" zenith is to be understootl the inter- 
I O S ~ , ~ ~ , . , , ,  ... ,,, section of the vertical axis of, rotation with thc 

and zero error. celestial sphcre. I f  the telescope is directed 
to this point, it i continue to point to it, when thc instrument is 

A micrometric clivieion here menns the mean valne of one division of each of the foilr 
micrnacopeh. 
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turned about its axis, and the reading on the circle will remain the 
same. This reading has been designated the zero error (= o), and is 
considered positive, when i t  makes positive arcs too great. 

We will start with the assumption that latitude = declination +zenith 
distance alzuays, so that north declinations and south zenith distances 
are positive, and south declinations and north zenith distances are 
negative. Facing the limb the circle reading of the zenith sector de- 
creases, as the object-glass rises on the right hand or sinks on the left : 
consequently when the telescope is east of the pillar, circle readings are 
positive, and when west they are negative, as regards the sign of zenith 
distance. Thc graduation is continuous from o0 to 360') and the zero 
may be placed at either the zenith or nadir. 

One division of the telescope-micrometer corresponds very closely 
to 4 t h ~  of a second of arc; it  is in fact exactly equal to +! x I"-0007. 
The reading of the telescope-micrometer at any intersection reduced 
to seconds of arc is designated b y  tlie symbol 11. Suppose N 
= c t c' + M, NE denoting that tlie readings c and 31 were taken for 
the intersection in tlie position "telescope east ", and Nw for tlie 
intersection in the position "telescope nrcst." Let Z = the distance of 
a star on the meridian from the " instrumental zenith." 

Then Ng = o + 180' + Z, and NW = o + 180' - Z, if the 
zero is at the nadir ; and Ng = o + Z, and Nw = o + 360' - Z, if 
the zcro is at the zenitli. I n  both cases Z = 4 (NR - N11r), and o = 
(NE + Nw)-  180'. . 

Thc zero error does not enter in any way into the computations : i t  
should be takcn out by tlic rccordcr at tlic time of observation nierely 
as a clicck against gross errors. I t  may also be occasionally employcd 
as a critcrion in rcjcctirig observations, but great caution must be 
excrciscd in putting it to this use, as it is not even tlieoretically a 
coilstant quantity, but varies with the verticality of the vertical axis 
in the meridian. 

4. The instrumental zcnith distancc has now to bc corrccted for the 

Col.rertlnl~ for inclination of tile inclination of the vertical asis. This incliua- 
vel.tiral axis. tion is measured by two inclcpcndent ICITIS, and 

the results by both should agree closely, the mean of tlic two bcing 
atlopted as the corrcction. 
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I f  the north end of the levels is too high, a south zenith distance is 
too small, and a north zenith distance is too large : having regard there- 
fore to the signs of a zenith distance, the correction in both cases 
should be + ve. The proper sign will therefore be always attained in 
every case by deducting the south readings from the north. Suppose - 
s = south reading of bubble, ancl n = north reading, and let SE = n-S, 
in the position " telescope east," and Sw = n - s in the position " tele- 
scope west ". Then the correction for inclination will be ( Sw + S g  ) 

x x -, where a" = one division of the level-scale. (In the printed forms 
4 

for reduction Sw and SE are put equal to s - n, and the correction 
X 

made - ( SW + SE ) x -: the result is the same). 
4 

The zero error of each level should be taken out for each star, for 
though it does not enter into the computations, it serves as a check 
against gross mistakes in  reading the bubbles. I n  accordance with the 

Sw - SE system of signs adopted above the zero error is equal to 
4 

5. The instrumental zenith distance, when corrected for the inclina- 
tion of the vertical axis, may be designated the 

Observed zenith distance. 
observed zenith distance. Two corrections have 

to be applied to this observed zenith distalwe, viz., ( I )  For refraction, 
(2) For intersection off the centre. 

6. In computing the corrections for refraction the first step 
necessary is to find the readings of the baro- 

Correction for refraction. 
meter ancl thermometers at the time of obser- 

vation of each star. A list of the stars observed on any one night 
is prepared, and their right ascensions to the nearest minute written 
against them. The corrected* reacling of the l~arometer and thc mean 
corrected* rearling of the two thermometers are entered opposite 
those stars, which were obaervetl immediately hefore the preasrrc and 
temperature were noted : barometric ancl thermometric readings are 
then interpolated between tllose actually talcen during the nigllt ; the 
variation in both is considered proportional to thc elapsed time, and this 
latter is derived from the right ascensions. 
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The actual correction for refraction is computed for each star by 
means of Bessel's three (Greenwich) tables. The argument with wliich 
to enter the first table is the zenith distance of the star, that for the 
second the barometric pressure, and that for the third the thermometer 
reading : a logarithmic number is obtairled from each, the sum of the 
three being the logarithm of the " refraction." 

The correction for refraction almrays increases a zenith distance, and 
is therefore-having regard to the signs of north and south zenith dis- 
tance-negative for north stars and positive for south. 

7 .  The observed zenith distance has to receive a correction on account 
of the extra-meridional position of the star a t  

Intersection off the centre. 
the time of intersection, due, in the first place to  

the observations being purposely and of necessity* made off the centre, 
and in the second, to imperfect adjustment of the instrument. At no 
step in the reduction of the results is an observer so lilcely to fall into 
error, as when computing this correction, a portion of the work that 
must fall to his personal share. 

There are four causes operating, which prevent a star being inter- 
sected on the meridian: tliey are (i) Intentional intersection off the 
centre. (ii) Collimation error. (iii) Inclination of the transit-axis. 
(iv) Deviation error. 

The mistake of supposing that the effect of collimation error is 
cancelled, if an intersection be made in both telescopic positions, can 
only arise from oversight; the result of collimation error is to cause 
thc zenith distance to be measured on a small circle parallel to the 
meridian instead of on the meridian; the small circle is in one tele- 
scopic position east, and in the other west, of the meridian, but at the 
same clistance from it in both. 

Thcre is another and more serious mistake which is very lilcely to 
occur in complitiiig the correction for " intersection off tlic centrc ": 
it is to assume that the difference between a meridional and an extra- 
meridional zcnith distance of any star depends only on the dis- 
tance from tllc meridian, at wllicli the star is intersected. Having made 
this assumption, t l ~ e  observer combines the four causes, that lead to  

In ordrr to glvc 
tcleacopic poaltlona. 

tlrne for Instrument and for encli Intersected in both 
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extra-meridional intersection and computes the total hour-angle of the 
star at the instant of its observation : he then substitutes the seconds of 
the hour-angle in some formula that is applicable to either deviation or 
collimation only, and determines a wholly erroneous correction to the 
zenith distance. 

I t  shoulcl be borne in mind that the difference between a meridional 
and an extra-meridional zenith distance depends not only on the 
distance from the meridian, at which the intersection is made, but also 
on the displacement of the zenith, and the position of the particular 
circle of the sphere, on which the measurement is made. 

I n  the case of intentional intersection off the centre, as also in that 
of collimation error, the zenith is displaced laterally in the prime vertical, 
and the measurement is made on a small circle parallel to the meridian : 
in  the case of deviation error the measurement is made on a great circle 
cutting the meridian in  the vertical line, and the zenith is not displaced 
at  all : in the case of dislevelment of the transit-axis the zenith is 
displaced laterally in the prime vertical, and the measurement is made 
on a great circle cutting the meridian in the north-and-south diameter 
of the horizon. I n  no case will the correction to north and smth 
zenith distances be the same, as the path of a north star is convex and 
that of a south concave to the zenith. 

From what haa been said above, it will be seen that intentional 
intersection off the centre and collimation error must be treated to- 
gether : the correction to a zenith distance (C) depending on these two 
causes is expressed by the following formula :- 

in  which (k + c) must be entered in seconds of time. This tor- 
rection is the same in amount but opposite in sign for north and 
8011th zenith distarlccs: it decreases the former as obserrcd, arl(l in- 
creases the latter. As north zenith clistances have been considered 
negative and south zenith distances positive, the general formula* for the 
correction involving both cases may be written 

dC ' 52 = + -:-- (k + c ) ~  tan 6 sin I". 
(k + c) 2 

ChaurenctL Astronomy. For~rtll Edltlon. Vnl~~rne 11, para. 229. 7 = hour-angle = (k '') OCC 
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From this formula it will be seen, that it is not only advisable but 
imperative to treat k and c together ; if treated separately the formula 
would be 

1 5 ~  d rk + dC = + - (k2 + c2) tan 8 sin l", 
C 2 

and this is too small by 

1 5 ~  x k x c x t a n 8  sin I". 

Suppose for instance that the first intersection was properly made 
at 21 seconds from the centre wire, and that the second was late and 
not made till 33 seconds from the centre: suppose also that owing to  
collirnation error the centre wire is 30" too far east with "telescope 
west," wliich has the effect of making both intersections nearer the 
meridian. Then the mean value of k -will be + 27s, and that of c will be 
- 2" and the value of d will be 

(k + c) 

1 52 + x ~5~ x t an8  sin I". 
2 

Now let the effect on zenith distance of an inclination in the trausit 
axis be considered. If the transit-axis be inclined to tho horizoii at an 
angle b", the zenith distance of a north star as observed will bc too 
great by 

b2 cos (A + () cos C sin I" - , (Mr. Eccles's formula), 
2 sin A 

whcre = north zenith distance, and A = north polar distance of star. 

As north zcnith distances are negative, the correction ail1 be 

b? cos (A + C )  cos dCb= +- . sin 1''. 
2 sin A 

When iising this formula, thc numerical value of C must be entered 
regnrdlcss of sign. Thus slippose b = 4oN.2, A = 65', and C = a north 
zenith distance of. roo, thc corrcction will be 

(40 2 ) ?  cos ( 6 , 5 O  + I oO) cos J o0 (q = + 
2 sin 65O sin 1 ". 

b 
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I t  might perhaps have been more consistent, to have considered a 
north zenith distance = - r, and to have so arranged the formula, that 
in the above example - lo0 would have had to be substituted for c :  but 
this was tried, and was found to lead to much confusion; the formula 
has consequently been so written above, that in dealing with north stars 
the nurnerical value of the zenith distance has to  be substituted for ( 
without changing any of the signs as given. 

I n  the case of south stars the true meridional zenith distance is larger 
than the observed zenith distance : the latter has therefore to be increased, 
and as south zenith distances are positive, the correction will be positive : 
the correction is 

b2 cos (A - cos r sin I 'I d $ =  + - .  
2 sin A 

b" is the mean inclination of the transit-axis in the two telescopic 
positions : i t  is a matter of indifference which end of the axis is high, 
and only amount must be considered. Thus suppose with telescope east 
the inclinatioil is 20" east, and with telescope west 14" west, the mean 

inclination is 20 + = I 7': and not 
20 - 

14. If with telescope east 
2 2 

the inclination is 20" east and with telescope west 14" east, the mean 
inclination is I 7" also. 

NOW let the effect on zenith distance of a deviation in azimuth be 
considered. Suppose a" to be the mean deviation of the telescope 
from the meridian in its two positions : the zenith &stance of a north 
star as observed will be too great by 

a0 
- sin I" x sin (A + 3) sin c 
2 

J (Mr. Eccles's formula). sin A 

As north zenith distances are negative the correction will be 

a2 
d c  = + - s in lNx  

sin (A + 3) sin 
a 2 sin A 

When using this formula, the numerical value of ml~st he entered 
regardless of sign, as rxplairied before : thus if a" = 1 I 2". I ,  A = 65'1 
and C = a north zenith distance of lo0, the correction will be 

( I  ~ 2 .  nc = + - sin (6.5' + I oO) sin roo 
sin I " x - -- 

o 2 sin 65O 
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-~ 

I n  the case of south stars the observed zenith distance will also be 
too great : the latter has therefore to be decreased, and as south zenith 
distances are positive, the correction will be negative : the correction is 

a2 . sin (A - 0 sin < 
d c  = - - s i n ~ " x  

a 2 sin A 

I n  calculating a" only the amount of the deviation should be con- 
sidered and no account should be taken of its sign. Thus suppose with 
telescope east the deviatiou is 60" west, and with telescope west 38" east, 

the value of a" will be 60 + 38 = 49" and not 
60 - 38 

2 2 

Summing up the above conclusions, the three corrections to  an 
observed zenith distance for intersection off the centre are :- 

1 5 ~  dC = + - (k + c)= cot A sin 1" 
(k + c) 2 

for both north and south stars, 

b2 cos (A + 3) cos c sin I" 
d $ =  + - .  

2 sin A 

north for both - stars, 
south 

a2 sin (A + c) sin C sin I" d t  = + - .  - 
o 2 sin A 

north for - 
south Stars' 

The first formula is independent of zenith distance : in substituting 
a numerical value for c in the other two the sign should be retained as 
written whether north or south stars are being dealt with. The signs 
in front of thc corrections in all three formulae are given on the under- 
standing, that north zenith distances are inherently negative.* 

The instrumental zenith diatance was first found : this was corrected 
for "inclination of the vertical axis" and the result designated the 
observed zenith distance : this latter has now received a correction on 

T h ~ c  formulm ere not appliaeble, if the zenith dlstence of a star ia measured at ite lower culmina- 
tion. 
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account of refraction, and three corrections on account of the extra. 
meridional position of the star at the instant of intersection : the final 
result thus obtained is the true meridional zenith distance, 

( 2 ) .  North polar distance of a star. 

Suppose the star No. 152 of the Greenwich Catalogue of 1872 to be 
observed in India for latitude on the 23rd December 1886 : its apparent 
north polar distance at the moment of observation is required. 

8. The mean north polar distance on the 1st of January 1872 is 

First correction. 
given in the Catalogue as 75' 18' 5$"'91. The 
first correction applied is 

where y = number of years from 1872, p = annual precession in north 
polar distance = - 18". 703, p = annual proper motion = o".oo, and s= 
secular variation = + O"*OI 2. The amount of the correction is - 
4' 2 I" 67, and this applied to the above north polar distance gives 75' 
I 4' 3 2" 24 as the value of the mean north polar distance on January 
lst, 1886. 

g. The second correction is equal to Ee' + Ff' + Gg' + Hh' + L + 1' 
Second correction. 

- 300, where E, F, G, H, L are numbers : the 
logarithms of E, F, G, H and the value of L are 

given in the Nautical Almanac; they change with the day of the year 
but are the same for all stars ; e', f', g', h', 1' are functions of the star's 
place, the logarithms of e', f', g', h' and the value of 1' are given in the 
Star Catalogue and are independent of the date of observation. The 
second correction amounts in the present example to - I tiN-65. 

10. The third correction consists simply of the product of the pro- 

Third correotion. per motion and the fraction of the year: in 
357 the present instance it is equal to p x - 365 

By applying the second and third corrections to the mean N. 
on January lst, 1886, the apparent N. P. D. at Greenwich mean 
midnight on the date of observation is obtained and is given at 
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11. Having computed the apparent N. P. D. at Greenwich mean 
midnight on December 23rd, the same process 

Daily variation in N. P. D. 
is again gone through for another date, (say 

December 31st,) and the result found to be 75" 14' 16".02. I n  eight 
days the N. P. D. has increased o" 43, and the daily variation is 
therefore + 0". 054. 

12. By means of the daily variation, a fourth correction has now 

Fourth correction. 
to be applied to reduce the apparent N. P. D. 
from Greenwich mean midnight to time of 

observation. The local mean time of the star's upper transit is 
the mean time at sidereal noon + the star's right ascension.* The 
local mean time of Greenwich mean midnight is 1 2 h  + longitude 
(in time). Therefore the interval from Greenwich mean midnight to 
time of transit is expressed by 

(M. T. at Sidereal oh + R.A.)-(I 2'' t longitude). 

and this in the example quoted above is equal about to - '4 of a day, the 
negative sign denoting that the transit occurred before Greenwich mean 
midnight. As the daily variation is + 0"*054, the fourth correction is 
equal to + -054 x - - 4  = - o'"oz2. The apparent N. P. D. at 
time of observation is therefore on December 23rd, 75O 14' 15" -57 
and on December 31st, 75' 14' I 6N.oo. For any intermediate day it 
can be obtained by simple interpolation, thus for December 30th) it is 

75" 14' 15"*57 + ('6"'00 - '5"*57)7 = 750 Iq? 15!,.51 + 01,38 = 
8 

75" 14' 15"' 95. 
(3). Resulting Latitude. 

As north polar distances and not declinations, are computed from 
the Catalogue it has been found advisable to take out the value of co- 
latitude by each observation instead of the latitude. Having regard to 
the adopted signs for zenith distance given above 

Co-latitude = north polar distance - zenith distance. 

The co-latitude should be taken out for each star : the mean co-lati- 
tude by north stars only and its probable error should then be computed r 

T l ~ r  rtrr's R.A. should theoretlcally be converted into I t 8  equivalent In mean tlme, but practically this 
I n  unncccssuq refinement, ar also la the correction of mean time at sidereal noon for longitude. 
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and the mean co-latitude by south stars and its probable error : results 
by north and south stars must be retained quite distinct. The probable 
error of a co-latitude by north or south stars is 

where n = number of north or south stars, and [e2] = sum of squares 
of 2ifferences of all individual co-latitudes from the mean. The final 
value of co-latitude for a station is the mean of the two results by 
north and south stars respectively. If en = probable error of co-latitude 
by north stars only and e, = probable error by south stars only, the 
probable error of the final mean value of co-latitude by all stars is 

Results by north and south stars will be often found to differ, 
occasionally considerably. If the difference is constant for stars of all 
zenith distances, it must be due to a personal peculiarity of the observer, 
which makes him intersect every star too high or too low : in this case 
the difference however large is immaterial, and does not affect the ac- 
curacy of the final mean value of co-latitude. If the difference 
increases wit11 the zenith distance of the stars observed, it is due to 
some instrumental defect, probably flexure cf the telescopic tube : in 
this case the difference is a very serious matter, the final resulting CO- 

latitude cannot be accepted as trustworthy, and the instrument should 
be discarded from use. 

I n  order to keep a watch on instrumental and personal peculiarities, 
the co-latitude of stations should be computed from observations taken 
only when the azimuthal stud was north, and compared with its value 
calculated from observations taken with the stud south. 

I f  the two levels do not indicate the same inclination of the vertical 
axis, the co-latitude of stations should be taken out, lstly, employing 
the inclination for every star as shewn by one level only, Sndly, employ- 
ing the inclination per star as shewn by the other level only; if the 
probable error of final co-latitude, calculated when the readings of but 
one level were utilised, is less than the probable emor OF co-latitucle 
obtained by utilising both levels, it is evident that the second level 
should be discarded. 
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CHAP. I.] INTBODUCTOPY REMABKB. 

PART V1. 

Tidal Observations. 

I. The immediate object of tidal, observations is to determine the 
heights of the water, above some known datum 

Object of tidal observatione. 
mark at a station, for every instant of time 

during a more or less extended period. For this purpose, a self-regis- 
tering tide-gauge is employed which exhibits the height of the tide in a 
graphical form by means of a pencil, driven by the rising and falling 
water with the help of suitable mechanical contrivances, marking a 
sheet of paper rolled round a drum driven by clock-work. The period 
during which the gauges are allowed to work is five years for minor 
stations, as this is considered sufficient to give a fair representation of the 
tidal oscillations at any place, and permanently at other stations or at least 
as long as the general tidal operations last, and certainly not less than 
nineteen years, 18.6 years being the period of a ccrtain tide which is 
expected to give valuable information in regard to the rigidity of the 
earth. I t  is of the utmost importance that as few interruptions as 
possible may occur in the observations, and when they do occur that 
they may be of short duration ; otherwise the method of interpolation 
employed in filling up the brealis, fails and a more complicated and less 
satisfactory one has to be adopted. 

The results obtained are both of scientific and practical utility. 
With the scientific side of the subject we have little to do at present ; but 
it may not be out of place to mention that a better Itnowledge of the laws 
of the tides is expected to lead to an evaluation of the mass of the 
moon, to more dcfinite information regarding the rigidity of the earth, 
to an approximation to the (lepth of the sca from thc observed velocities 
of the tide waves, and to information regarding the retardation of the 
earth's vclocity due to tidal friction. 

Practically, tlie corrcct determination of thc tidal heights at any 
station, cilablea zcros of level to bc fixcd for the purposcs of survey, and 
afforcls data for thc calc~~lation of the rise and fall of the tides at a 
future pcriod and thus subserves the purposes of navigation. 
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[PART VI, 

2. To carry out the work properly the strength of the Tidal Party 

Strength of a tidal party. 
(excluding the Levelling Party) should be as 
follows :- 

Two officers of the Senior Branch ; 

Two officers of the Junior Branch ; 
Two Native mechanics with a ltnowledge of clock-work; 

Twelve sub-surveyors and computers ; 

One writer ; 

Twelve daftris, peons and khalasies. 

I. The choice of a site for the erection of a tide-gauge depends so 
much on local circumstances that a careful re- 

Selection of a site for a tide-gauge. 
connaissance of the fore-shore is a necessary 

preliminary to tlie selection of the best of the generally limited number 
of suitable positions. 

Thc gauge should be placed so as to obtain a fair representation of 
the tidal oscillations of the surrounding area, and to secure this it is 
necessary ( I )  that the sea should have direct communication with the 
gaugc, and not approach i t  through tortuous channels ; (2)  that the spot 
chosen sl.ioulc1 be sheltered from heavy weather, and (3) that there 
shonltl be deep water at low-tide close to it. For example, a good posi- 
tion mould be tlie encl of a picr or jetty, or the wall of a dock. I t  must, 
howevcr, be pointecl out that a position in a cove or in a minor bay at 
tlie llcad of a large hay, tliough i t  may apparently answer the above 
recl~lirements, is not a good one for a tidal obscrvatory, as experience 
slloas tliat, at stations where the range is small (as in the south of 
Intlia) the tidal curves in such a spot often present a zig-zag appearance 
all along the rise and fall. Tlic irregularities arc certainly not caascd 
by rough or lumpy water; because it has frequently hecn noticed that 
they were being rcgistcrecl inside the float cylinder, at times when the 
surface of the water outside was perfectly smooth and no swell or 
ripple w;rs apparent to thc eye. There seems to bc a slow throbbing 
or pulsatory action going on in s ~ ~ c h  localities, (luring both rise and 
fall, which thc cyc docs not rcatlilp dctcct ; for instance, during a rising 
tide tlre recortlitlg pencil will rcluaill statiouary, soructinicv for nearly 
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five minutes, and then gradually fall for two or three minutes,to an 
extent representing z or 3 inches in actual fall of tide, then again 
remain stationary for a few minutes, and afterwards move up on the rise. 
This will be repeated at  intervals during the entire rising of the tide, 
and the same thing will recur in reversed order during the fall of 
the tide. I n  tidal rivers no such peculiarities have as yet been met 
with. 

When a station has been selected near deep water, a vertical cylinder 
is fixed in the water in such a way as to admit i t  only through holes 
small enough to annul wave-motion and large enough to.  cause no 
sensible retardation of its .rise and fall in the cylinder. 

When an observatory has to be established at  a place w h e ~ e  such 
an adjunct as a pier, a jetty, or a dock-wall is not available, and carand 
be specially coilstructed in deep water except at a prohibitory cost, it 
must be erected on the shore, the cylindcr sunk in the ground, or in  
a masonry well and connected with the sea by piping, so as to  
maintain the level of the water to correspond at all times with that of 
the sea, 

As an index to the method to be employed in determining the 
effect of a' pipe connection, tlie subjoined example may be f h n d  
use£ ul , 

Calculations to shorn tlie rclntire lerel of tlie water inside a cylinder of a2 incllee 
dimetor and that of the sea, the C O ~ ~ ~ C L ~ O D  being niade. with a - i ~ q h  p i p ,  300 fcet 
long, wl~ich lias two bends of go0 each. 

From Beardniore'a ITydraulics, Table 8. 

26.69 Tho discharge for a 2-inch pipe = --- cnbio feet per minute, 

where 
d; 

1 = tho lcngtli of tlie pipe, 

A E tlle head of water. 

Now,, nesuming that the water- in tlie eea Lw risen I inch higher than in the well, 
there is a hcad of I inch, and 

Therefore, the diecharge 0 768 cubic inchee per minute, supposing tbet there me no Erendr 
in the pipe. 
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OBSERVATORY ARRANGEMENTS. [PUT VI. 

Now the quantity of water required to raise the level in the cylinder I inch is n+ or 
2 2 

I I' x - cubic inches nearly, i .e . ,  about 380 cubic inches. 
7 

Thue, a liead of I inch would discharge the quantity required in something lees than 
half rs minute. 

But when there are bende in the pipe, the head required to overcome them variee as 
the angles of the bends and the veloci1,y of the water through the pipe. 

22 The area of the connecting pipe in section = nr2 = - square inclres nearly. 
7 

Therefore the length of pipe which would contain s volume of wnter enough to 
raise the water in the cylindei. I inch 

= 3%' inches = 10 feet neorly, 
2 2  

and if this amount ie to be discharged into the cylinder in half a minute, the velocity of 
t he  water must be 20 feet per minute, din~inisliing as the heud of wnter decrease's. 

Now by Beardmore's Hydrnulics, Table 9, for a mean velocity of 20 feet per minul;e, 
I snd two bends of goo each, wo require a hend of .0048 x 2 inches or - inch very nearly, 
I00 

so that the bends need hardly be taken into account. 

Now euppoee that there is an 18 feet rise nnd fa11 of tide a t  epringe, i .e . ,  a mean of 

about 3 feet per hour, then the water will rise on an  a v e r a g e 3  of an inch in + minute, 
I 0  

Combining the above  argument,^, it follows that if the sea-level was an inch higher than 
the water in the cylinder, the latler would be raised this height in 4 minute, by which time 

the eea would be 2 of an inch higher. 
I 0  

But the tido rieing increases the head, and the water would tend on thnt account 
flow quicker: nleo l,he sea-level wo111d only be raised I inch in 1% minr~tcs; so that the 
differences of level under the conditione specified may be considered as inappreciable. 

2 .  To facilitate the detailed description of the self-registering tide- 

Deacrlptlon of instrumentlr. 
gauge, i t  will be best to begin with a gencral 
account of it. 

3. Mention has before been made of the 'cylinder' placcd in 

aeneral outline. 
commnnication with the sea, eitllcr clircctly or 
by a pipe connection, its use being to render 

the water still and undisturbed.- 

Resting on the water in the cylinder is s ' float ' which rises and 
falls with it, and to it is attached a copper ' band ) which passcs over a 
wheel called the ' stud-whcel ' . 



TIDAL OBSERVATIONS. I 85 
-- 

CHAP. 11.1 OBSERVA~ORY ARRANGEMENTS. 

The rise and fall of the 'float ' communicates motion to the 'stud- 
wheel' by means of the ' band,' and the 'stud-wheel' in  turn, by 
means of a projecting axle on whicll is fastcned a 'toothed-wheel,' 
communicates motion to another ' toothed-wheel '. On tlle same axis 
as the latter, and consequently moving with it, is another wheel round 
which a flexible ' chain' is passed, one end of which is attached to the 
wheel and the other to the ' pencil '. The ' chain ' is kept taut by a 
' countcrpoise weight ' to ensure the ' pencil ' following the movements 
of the ' float '. 

Tlie 'pcncil' moves longitudinally along a cylindrical 'drum' 
touching the surface with its point; the 'drum' revolves once in 24 

hours by means of ' clock-worlr ' at tlle opposite end to tlie float. 
'l'hc 'drum' is supported on a cast-iron ' bed-plate,' and the whole 
instrument on wooden trestles. 

The instruments in use in  India are of Nevman's pattern, their 
distinguishing characteristic being vcry long drums whereby the curves 
are delineated on coinparativcly large scales, alterable at will. The 
instruments were originally made by the late Mr. P. Adie, but improve- 
ments mrcrc effected from time to time, and their construction is now 
entrustcd to RIessrs. A. L&g& 8i Co., London. 

IIaving thus disposed of the al3paratus as a whole, a detailed account 
of cach part will now be given. 

4. Tlie sizc of tlie cylindcr varics at different placcs, but it is generally 
24 inchcs in intcrnal diameter, and is usually 

The cylinder. 
madc of tliin iron platc, in sections of from 

4 to 8 or cvcn 10 feet in lciigtli, wit11 anglc-iron flnligcs at cach end for 
bolting thc lr~ngths togetllcr : tlie bottom of the cylindcr is ordinarily 
closcd with an iron platc, wliilc tlic top reachcs to the floor of the 
obscrvnto~.~ aiid somctimes to onc or tnro fcet above it, 

I n  somc l~lnccs wllcrc c11lral)lc wood can be obtained chcap, stout 
wootlcn boxcs arc snbstitutccl for tlic iron cylindcr. They are 24 inches 
sqiinrc in iiltcrnal scctiou : the I~ottom is closctl wit11 a wooden grating, 
which docs not rest on tlie groiintl but is at a clcpth of some 4 or 5 feet 
below tlie lowcst tidcs, thc box hcing supported by the piles of the pier 
or wharf on whicll the observatory stands. 
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5. The easiest and best inlet for the water to the cylinder is through 

Inlet for the water. 
a number of holes to 4 an inch in diameter, 
near the bottom of the cylinder, below the lowest 

level of spring-tides, but at the same time well clear of the ground 
on which the cylinder rests : if however the cylincler does not rest 
on the ground, the bottom of the cylinder is the best place for the 
holes. 

When the cylinder cannot be fixed in deep water, a pipe connection 
between the sea and the cylinder is necessary. The piping used is 
ordinary gas-pipe, in lengths of about 14 to 22  feet, with an internal 
diameter of 2 or 3 inches. I n  order to render the connections perfect13 
air-tight as well as to facilitate the joining together, the lengths of 
piping are fitted with cast-iron flanges made to  screw on each end. 

The piping is connectecl with the cylinder, at about 9 inches above 
the bottom, by a small bend and is then brought up vertically outside 
the cylinder to a height of one or two feet below the lowest high-water. 
At this point there is another bend fitted mith a stop-cock, for a purpose 
explained hereafter, from which the pipe is talcen st;igllt down to the 
sea along the slope of the shore to the low-water line. Here length 
of flexible suction-pipe are joined on and t ~ l t e n  out to  deep watera 
This piping is a helix of copper wire coatcd with india-rubber and canvm, 
and 2 inches in diameter. I t  is made in lengths of 50 or 60 feet and 
fitted mith couplings and means of connection. At the end of the outer 
length, a cylindrical coppcr rose of about 15 inches in length and n 
inches in diameter, and having some 150 holes of of an inch bored 
in it, is screacd on. The rosc is supported above the gro~lnd on a tripod 
fixed in the ground in dccp water. Sometimes a small basket is m d  
to answer the purpose of the coppcr rose. 

The rigid and flexible pipes arc connected as follows :-To the end 
of the rigid pipe a brass connccting piece is fitted. It is T-shaped and 
to either of its two outer extremitics a length of the flexible pipe 
may be fixed, the other being closcd with a brass disc with n good 
washer. When the flexible pipe has to be removed for cleaning, the 
brass disc is unscrewed, a length of spare flexible piping with a roe8 
at its end attached and taken out to decp water temporarily: the 
original pipe is then taken off and cleancd, the disc being screwed on 
for the time in its place ; then, when finished, the pipe and the disc ~-NJ 

replaced in their original positions. 
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I n  connections of this sort, there is a decided tendency for air to  
collect in the piping and this causes a retardation of the flow of water 
into and out of the cylinder. I t  is to remedy this defect that the stop- 
coclr, alluded to above, is placed at the upper bend of the rigid pipe. As 
this stop-cock is below high-water mark it is clear that, if it be opened 
at the time of any high-water, the air will be expelled and the levels 
of the water inside and outside the cylinder become identical. It is 
occasionally found necessary to keep the stop-coclr open for 4 or 5 
hours while the water is above the height of the cock. 

6. The float is a cylindrical copper vessel I foot in diameter and 

The float bmd and stud-wheel. 
9 inches deep, and is of such a density that 
it will just sink if unsupported. The band is 

a copper ribbon, about I inch wide, perforated with holes about 2+  

inches apart. 

The stud-whcel is of brass, about g& inches in diameter, nritll a rim 
an inch wide : it lias stucls of the same diameter as tlie lioles in the band, 
placed in the rim at intervals also of about 24 inches, so that when the 
band is passed round the wheel the studs exactly fit into the lioles, thus 
ensuring the revolution of the ~vlieel as the float rises and falls. The 
band is attached at one cnd to the float, by means of two milled-headed 
scrcws passing through holes at the end of the band into a disc revolv- 
ing underneath small rollers fixed on the top of the float : the arrange- 
ment forms a swivel and prevents the band being twisted. Tlie band 
is cut to such a length that i t  passes over the stud-wheel and about 
6 feet beyond wlicn the float is in its lowest position in thc cylinder. 
To the cnd of the band, as a counterpoise to the float, a ~ ~ e i g l i t  is at- 
tacllecl, and from its bottom a copper chain is suspended which theore- 
tically should be cqnal in weight, lengtll for length, to the copper band. 
The other end of the chain is nttncllcd to a hook below the float so as to 
form with tllc band a sort of endless cliaiil passing ovcr the stud-wheel 
and rcaching to tllc bottom of the cylinder. Tliis contrivance is intro- 
dnced in ordcr that thc pull on tllc float shall be constmt, otheri~ise a 
systematic crror is introduced between rising ancl falling water. Tlie 
counterpoise weight should bc such as to give a decicted preponderance, 
of say 3 or 4 Es, on tllc float side ; but mlicn oncc adjusted it should not 
he nltcrcrl, withont noting tlic fact in the inspection book. IVl~en tlie 
wliolc system of float, 1);li1d and colllitcrl)oise weiglit is hanging in posi- 
tion ill tlic cylinder, thcrc slio~~lcl be 3 lllclies space betwen the float 
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and cylinder on the one side and the counterpoise weight and cylinder 
on the other. The stud-wheel is supported on two uprights fixed to 
the bed-plate : its axle is about 8 inches long and carries at its other 
end a toothed-wheel which is in gearing with another, this latter being 
fixed on the axle of the wheel over which the chain connected to the 
pencil passes : this axle is fastened to  one of the uprights which support 
the drum. 

7. The wheel round which the chain winds is about 5 inches in 

The chain wheel. 
diameter and is grooved for its reception, so 
that the chain lies on the wheel and does not 

overlap itself. 

8. The toothed-wheels are constructed i n  couples so as to enable 

The toothed-wheel. 
the working scale of the tidal diagram to be 
varied at pleasure, from the natural or full scale 

to that of i th ,  according to the range of the tide. Six couples are 
supplied with each gauge, giving scales of +, +, 9, a, Q and $ ; and as the 
drum is 5 feet long any tide whose range does not exceed 30 feet can 
be safely registered. At BhCvnagar where the range is over 36 feet a 
='$ scale has been employed. I n  practice the couple is selected which 
enables the tidal curves to be exhibited on the largest scale possible. 

9- The bed-plate is of cast-iron about 7 feet long, I foot broad and 

The bed-plate. 
f of an inch thick, the upper surface being 
carefully planed. Underneath this plate and 

cast in the same piece with it, is a web 4 inches high which extends 
to within an inch of the edge of the upper plate both at the sides and 
at the ends, and has diagonals or stiffeners. 

10. At about 10 inches from each end of the bed-plate is a brags 

The friction-rollera. 

A 

upright, and on each of these a pair of friction- 
rollers is fixed, the pins on which the rollerg 

turn being screwed into the uprights some 5 inches above the bed-plate. 

I I The drum which is 5 feet 3 inches long and exact1 y 94 inches 

The drum. in circumference revolves between the uprights : 
it is composed of sheet-brass and is made as 

nearly as possible a true circular cylinder. Axles project from each 
end and rest on the friction-rollers : one axle is elongated and pas"% 
through an oblique slot in the upright carries a toothed-wheel which 
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gears with the driving clock. The position of the drum is horizontal 
and it carries the paper on which the tidal curve is registered. 

Two grooves about of an inch deep are cut round the drum near 
each end and exactly 5 feet apart and a third is cut midway between 
the two first. The groove at the clock-end is generally adopted as the 
zero-line of the gauge; When the paper is fixed on the drum, the zero, 
middle and end lines can be indicated on it by rubbing over the grooves 
with a hard pencil. The paper is nearly 5 feet 3 inches long and 
extends well beyond the extreme grooves. 

12. Parallel to the drum and fixed above it to the brass uprights 

Arrangements for the pencil. 
are two bars of solid brass drawn to angle 
shape and between them moves a slide carry- 

ing the pencil-holder in such a position that the pencil is exactly 
over the centre line of the drum. The pencil-holder slide which is a 
double T-shape moves along the bars and is pushed towards one of 
them by means of a spring so that it has no lateral motion. The bars 
are prevented from buckling or having lateral motion by two arched 
stiffeners which are screwed on to the outer sides of the bars and allow 
the pencil-holder slide to pass through them. 

13. To each end of the upper plate of the pencil-slide, loops of 
wire are fixed: to the one of these nearest the 

The chain and counterpoise 
weight. float, a flexible chain is fastened and carried 

from thence round the chain-wheel, to which 
the end of it is made fast. The loop itself forms a swivel on a cylin- 
drical capstan-headed screw which works into the upper plate of the 
slide and by means of which the pencil can be set exactly to the zero of 
the gauge for height. To the other loop, a silver wire or catgut-cord 
is tied which passes over a rimmed pulley at the top of the driving clock 
and has a weight of about 5 % ~  attached to its other end. As the 
pencil-slide moves between the bars, the weight rises and falls and a 
sufficient space must be allowed for its drop. 

14. The pencil-holder is a small tube which screws into the slide 
and is adjusted so that it almost touches the 

The pencil-holder. 
paper on the drum. I t  is made to contain 

common leads which arc presscd down on thc paper from above by a 
might of two or t h e e  ouuccs. 
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15. The driving clock is a 'regulator clock' with English lever 
, escapement (gold hair-spring) . The movements 

The olook. 
are boxed in  by movable brass slides and the 

oil-cups are protected by bushes. The drum is driven by a toothed- 
wheel of the clock gearing with another on the axle of the drum. The 
arrangement for connecting and disconnecting the drum and the clock 
is as follows :-A clamping screw with a milled head is connected with 
an interior arbor so that when the screw is clamped the driving toothed- 
wheel of the clock is not movable on the arbor, but when the screw 
is released the wheel can turn freely and thus permit the drum to be 
placed in any position required. The drum can thus be set so that the 
pencil shows the correct time on the diagram and the clamping of the 
screw then brings the two toothed-wheels into connection with the 
rest of the wheel work of the clock. 

16. I n  order to prevent any back-lash which may exist between the - 

The back-lrah weight. 
gearing of the clock and the drum, a cord carry- 
ing a weight of about 5 ftis, is attached to and 

encircles a barrel on the axle of the drum and passes over a pulley on the 
bed-plate. This barrel carries a pawl which drops into a ratchct-wheel 
on the drum: it also carries a crown-wheel which gears with a bevel- 
pinion. This pinion turns freely in a socket fastened to the upright 
which supports the clock end of the drum. The outer cnd of the 
pillion is square so that the key which winds the clock fits it. In  wind- 
ing the pinion the barrel is also turned, thus winding up the weigllt 
which prevents the back-lash, while auy backward motion is stopped 
by the pawl and ratchet on the b u m .  

1 7 .  As the drum for the diagram may not he quite circular the 

Ellipticity of tho dmm. position of thc pcncil, as the clock shows the 
exact hour at four different times of the day, 

is marked on the diagram which is afterwards re-divided in accordance 
with these marks. 

18. The tide-gauge is set a p  on a wooden trestle the top of which 

Treetle. is 5 fcet long, 1 foot broad and 2 incllcs thick : 
tllc legs are nlrlnycd arlrl firmly braccd. Tlbe 

trestle is placed longituc\innlly in the observatory and touches the top 
of the float cylinder at one end. 
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G .  No system of tidal observations can be considered complete 
which does not contain a continuous record 

The auxiliary instruments. 
of the atmospheric condition at  the station. 

Consequently every tidal station (with the exception of Bombay where 
the information is supplied from Colaba) is furnished with a self- 
registering aneroid barometer to measure the momentary variations 
of pressure, and a standard mercurial barometer to check the aneroid 
from time to time and enable its index error to be determined; also 
with a self-registering anemometer indicating the velocity and direction 
of the wind at every moment, a maximum and a minimum thermometer 
and a rain-gauge. 

20. I n  the self -registering aneroid barometer there are seven vacuum- 
- 

The self-registering ancroid. 
chambers or boxes coupled together; the top 
one is attached to a screw used for setting the 

metallic registering pointer and to the lowest is fixed a fork with 
hardened steel knife-bearings. On these bearings rests, by means 
of knife-edges, a lever which connects the balancing-spring with the 
vacuum-boxes, being pivoted on other knife-edges midway between the 
attaching points. The vacuum-boxes and balancing-spring are placed 
on a brass frame. 

The balancing-spring is a spiral one hooked at the bottom to the 
lower edge of the lever and at the top to a screw working in the upper 
part of the'irame, by which its pull in connection with the lever is so 
adjusted that the reading of the instrument corresponds to that of the 
n~ercurial barometcr under the particular atmospheric conditions exist- 
ing at the time of its first adjustment. This adjustment, made by the 
maker, ought not to be altered unless the instrument has to be taken 
to pieces. 

The amount of motion produced by the variation of the atmospheric 
prcssure on thc boxcs is multiplicd by tile lever above mentioned and 
thcn again by a sccond levcr which is supported on two uprights and 
~ountcrpoiscd. These two levers are connected together by a steel rod 
pointcd at 110th ends and pivoted in conical holes out of which it is 
prevcntcd from slipping by means of forks. 

Projecting from thc clock is a third lcver of the same length as the 
sccond and attached to it by n, joint ~vhose length is half the height 
of the recording barrel. Thc joint is movable and at its centre a 
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metallic pointer is fixed for the purpose of marking on the prepared paper 
on the barrel ; the pointer can be adjusted to press more or less heavily 
as required. The mode of marking is as follows :-Attached to the 
back of the third lever there is a sliding-piece which is pulled by the 
clock movement three times per hour and by this motion the joint .is 
twisted and the pointer pressed against the paper. 

To the brass frame on which the vacuum-boxes and balancing-spring 
are placed there is fixed a steel tube and on this the revolving drum 
pivots, being maintained in position by a nut screwing in the top of 
the tube. The tube is hollow to admit of a turnscrew being inserted 
to set the recording pointer to agree with the mercurial barometer. 
At the bottom of the revolving drum there is a toothed crown-wheel 
which gears with a pinion driven by the clock. The drum revolves in 
8& days. The recording barrel on which the specially prepared paper 
is fixed rests by its own weight on the revolving drum and has a knob 
on the top with a hole through it of the same size as the hollow in 
the steel tube. The several parts are fitted on a substantial brass plate, 
about 21 inches long and 6 inches wide, screwed on to a board an inch 
thick and the whole instrument is fixed in a neat case with a glass 
front, the top and front being made to open on hinges. 

21. The self-registering anemometer is fitted with Robinson's cups 
and steering-vanes and is about half the size 

The meter. self-re@Otering of Beckley's standard anemometer. A spe-- 
cia1 long protecting tube is fixed on the cross- 

bars carrying the cups to prevent dust or rain blowing into the 
bearings. The steering-vanes are made as large as possible with. a 
aharper angle than usual and the screw working the wheel of the in- 
dicating shaft has a quicker thread so as to make the motion of the 
vane still more rapid. 

The recording instrument has larger crown-wheels than usual so 
to produce an easier gearing. The driving-barrel of the clock 

movement is drilled through its centre and a shaft passed through 
the hole having at one end a pinion gearing with the reading barrel 
and at the other, in front of the clock, a milled-hcacled screw. This 
arrangement allows the registering drum to be easily set, for by 
loosening the screw the shaft becomes free and after the drum is set 
to correct time, the clock connection is made by clamping the screw. 
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To prevent the back-lash of the recording barrel, the pinion on 
the centre spindle of the driving-barrel of the clock in gearing with 
the recording barrel is double ; one part of this pinion is fixed on to  
the spindle and the other is loose but attached to the fixed part by 
means of a circular wire spring and this being pressed baclc when gearing 
the double pinion causes the tooth of the recording drum, which is in  
gear, to be clamped on both sides and thus prevents lost motion. 

The clock has a good lever escapcment with gold hair-spring and 
is driven by a weight ; a dial showing minutes is fitted on to it. 

The recording is done by the usual spiral metallic pencil marking 
on especially prepared paper. 

Sometimes i t  is necessary to  place the anemometer at  a distance 
from the tidal observatory in order to obtain a site freely exposed to 
the wind from every direction. 

22. A tidal observatory is constructed of wood and is usually so 

The obeerratory. 

re-erected. 

made as to be readily taken to pieces and put 
together again in order to be removed and 

I t  is about 12 feet by 9 feet in plan and 1 2  feet high in the middle 
up to the ridge, from which the roof slopes down to the sides which 
are 8 feet high. 

23. Outside the observatory and attached to a pile of the pier or to 

The graduated ataff. 
the wharf wall, a paduated staff is fixed verti- 
cally, in such a position as to be easily read, so 

that a comparison of the level of the water outside and inside the 
cylinder may be readily made by simultaneous readings of the pencil 
on the diagram and of the water on the graduated staff. 

24. Two or three bench-marks are laid down in the vicinity of every 
tidal observatory and connected with the bed- 
plate by first-class levelling described afterwards - 

in Part VII. They are either cut in the dock-wall, or on the steps of 
some neighhouring building, or are cubical blocks of masonry, about 
34 feet each may, containing a large stone imbedded on the upper face. 
The stone is inscribed to show that it is a bench-mark of the Great 
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Trigonometrical Survey, and the year on which it was laid down is also 
given. I n  the centre of this stone, a square depression of 5-inch side 
and t inch deep is cut and nicely smoothed, its size being just sufficient 
to  allow the levelling-staff to turn freely in it. 

25. The trestle is first put in  position, longitudinally in the obser- 
vatory and touching the float cylinder at one 

To set up and start the self- 
registering tide-gauge. end. The tide-gauge is next set up on the 

trestle, in such a position that the centre of the 
float, the band and the counterpoise weight shall all be in a diametral 
plane of the float cylinder, and also so that the float and counterpoise 
weight shall each be about 3 inches from the sides of the cylinder. 
The trestle is then wedged up so that its top is nearly level, and its 
legs are firmly screwed to the floor. After this the bed-plate is levelled, 
longitudinally and transversely, by driving wedges in between the web 
and the top of the trestle ; and the various parts of the instrument are 
tested, to see that they work freely and that there is enough drop, at 
extreme tides, for the counterpoise weight attached to the pencil traveller. 

The wheels to  govern the scale of the diagram are now placedin 
gear with the float-wheel, a trial diagram put on, and the instrument 
approximately adjusted so that at half-tide the pencil will be at the 
centre of the drum, the extreme rise and fall being roughly known 
beforehand. [Sometimes the zero of the gauge, hereafter defined, is 
made to correspond with some particular level which has been taken 
the datum for local aurveys and the instrument is adjusted accordingly- 
For example, when soundings are being taken in the vicinity and the 
times are notcd, the gauge readings may be made to indicate the 
amounts to be subtracted from the soundings to find the distance of the 
eurface of the water above the datum,] 

Whatever be the approximate adjustments, careful measurements 
must next be taken to determine the distance of the water below the 
surface of the bed-plate when the pencil is on the zero of the gauge- 
In making these measurements, called ' zero measurcrnents ', a special 
apparatus is employed. 

26- A flat strip of brass with a right-anglcrl hand is fixcd hg two or 

Zero mmnrements. three countersurlk scrcws to thc top of a box- 
wood scale, divided into tenths, hundredths and 
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five-hundredths of a foot, so that when the flat piece of brass lies on 
the top of the bed-plate, the scale hangs vertically down ; care is taken 
to have the under surface of the flat piece, which rests on the top of 
the bed-plate, corresponding exactly to  the zero mark of the box-wood 
scale. 

A small circular wooden disc, 3 inches in  diameter and 4 an inch 
thick, bevelled at its edge from the bottom towards the top, is attached 
by means of a brass slip fixed on the top of the disc, to the end of a 
Chesterman's tape. The slip is made of two brass plates, about 24 
inches long and I inch broad, one fixed vertically nearly at the centre 
of the disc and the other attached to the first by four screws at  its 
corners, so as to be removed at pleasure. The tape is held between 
the plates, and, when the screws are clamped, the disc is suspended by 
the tape ; there is a line drawn across the tape, so as to show exactly 
how it is to  be placed relativcly to the top of the brass clip. The top 
of the disc is sliglltly loaded with lead, so that, when hanging from the 
tape, its under surface is quite horizontal. The distance from the 
bottom surface of the disc to the top of the clip is exactly 3 inches. 
The tape itself is now marked at every foot from 5 feet to 30 feet, 
by applying it to a standard levelling staff, the disc arrangement 
being held suspended all the time, so as to have the tape in tension 
under the same condition as it would be when in use. 

The measurements are taken as follows :-The box-wood scale is 
suspended from the bed-plate above the float-cylinder, and the disc 
is lowered into the cylinder, cnrc being taken to keep the tape close to 
the side of thc scale; this is done by running off more tape than is 
required, passing it across the bed-plate and holding the tape on the 
top so that it can be paid out easily and in very minute incremcnts of 
lcngth. Whcn thc disc is sccn to be close to the surface of the water, 
warning is givcn to tlic clcrk who is standing by, ready to mark the 
exact position of tlie pencil on the barrcl. The lowering is continued 
very carefully, and actual contact with the water is noticed by the disc 
causing a trcmor on tllc surface; at thc moment of contact a signal 
is made to the clcrk who marks on the diagram the position of the 
ccrltre of the Icad pencil, and thc distance in fcct is read off the tape 
wlrilc tllc tcntl~s, lllmdrcdths and tllousandtlis arc rcad off the scale. 
This clistancc is cntcrcd in the inspection book in one column: the 
measurcmcnt of tllc povitiou of tlie pencil abovc thc zero-cut on the 
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drum is then carefully made, by using another scale, and entered in 
another column. The latter entry is multiplied by the denominator of 
the fraction indicating the working scale of the gauge and entered in a 
third column. The sum of the entries in the first and third columns 
gives a value of the distance of the water from the bed-plate with the 
pencil on the zero-line, or, in  other words, the distance of the zero of 
the gauge from the bed-plate. 

As a rule, twenty such measurements are made and the mean 
taken. The measurements have to be taken both during a rising and 
a falling tide (when it is well on the rise or fall) and the mean of the 
two sets is the adopted value of the zero below bed-plate : this elimi- 
nates the influence of the lost motion or back-lash between the two 
toothed-wheels connecting the stud-wheel and chain-wheel. If the 
value of the distance of the zero below bed-plate agrees with the true 
zero, previously fixed upon in  regard to the datum, there is nothing 
more to be done; but if not, the chain must be lengthened or short- 
ened by means of the milled-headed screw until the agreement is 
complete; the gauge may then be started and left to itself. 

27. For each observatory there is a clerk provided, who is generally 

Duties of the clerk in charge. 
one of the writers in the Port Office and 
receives a small increase of pay for the ob- 

servatory duties ; but in some cases a special man has to be engaged. 
Printed instructions are given to him concerning his work which should 
be carried out as follows :- 

28. The observatory should be visited each day at  7 and 10 A.M., 

Honrlr of visiting the observatory, 
and at 4 and 6 P.M., except on Sundays when 
two visits are considered sufficient; and also 

twice a month at some other hour to change the diagram. 

29. The tide-gauge clock must be wound up twice a week and the 

The tide-gauge. 
back-lash weight every evening. m e  positions 
of the pencil on the barrel should be marked 

by a circle of ink round the pencil, on each visit to the observatory, at 
- 

the exact hour and the date of the month written alongside, the preceding 
day's curve should also be inked in with one of the coloured inks supplied* 
Simultaneous readings of the position of the pencil on the diagram and of 
certain white lines marked on the float-band be taken ollce daily 



TIDAL OBBERVATIONB. I 9 7  

and entered in the report, so as to make sure that the band has not been 
displaced. The heights of the tidal curve for each hour of the preceding 
24 hours must be carefully measured off the diagram and entered in the 
report. 

30. The clock of the tide-gauge must be compared daily with the 

Tide-gauge clock. 
gun or time-ball, o r  with a watch previously 
taken to the telegraph office, where Madras time 

can be correctly obtained at 4 P.M., and local time cleducecl by applying 
a correction for longitude : the error of the cloclc should be noted in 
the rcport with a mark as to whether it has been corrected or allowed 
to stand. I n  setting the clock, supposing it is lrn 4oS fast, the button 
on its face should be pulled out when the second hand is exactly a t  
the 60 and released at the end of lrn qos; but if i t  is slow, the minute 
hand should be turned forward 2n1 and the clock stopped as before 
for 2oS. Any stoppage of the clock must be noted on the diagram 
and also in the rcport. The reading of the pencil on the diagram 
and the height of the water at the same moment on the graduated 
staff (if tliere is one) should he taken once a day and entered iu the 
report. If there is an unmistakable difference of two-tenths of a foot 
when tlie water is calm, tlie cylinder should be flushed out and the 
comm~irlication holes examined. Tlie diagram must have the zcro, mid 
and cnd lines marlccd by rubbing a hard pencil over the grooves cut 
in the barrel at thcse points. A line about half an inch long should 
be rubbccl at the hours of 10 A.M., 2 P.ar. and midnight in a part of 
tlic paper not marlted by any curve, if possible. The marking slioultl 
be done on tlie day aftcr the diagram is put on and again on tlie day 
it is taken off, arid the date entered against each set of marks. 

31. Tlle diagram must bc changed once a fortnight, generally every 

Changing dlagrnm. 
secorid Monday, wlien the tide has well turned 
so as to malie sure of gctting tlic higliwt and 

lowcst tidcs. Tlie cllang-e is ~nado as follows :-the new diagram is 
numbcrcd, ciatccl, ant1 has a narrow slip one inch long cut out in 
reatliliess for setting tllc zero-linc : it is clanipcd all over with clcan 
watcr arid pastc al~plicci to tllc overlap. The honr and date t l~a t  the 
work was stol)l)ctl is ~ ~ o t c d  ill iulc on t l ~ c  old diagram and the pencil- 
]ioltlcr is taltc~l off. 'I'l~c (lingram on tllc l~arrcl is ncxt cut carefully 
along t l ~ c  I 2 o'rlocl~ li~lc, t l ~ e  back-lash wcigl~t rcmovcd, the clips 
uuscrcwcd and t l ~ e  diagram talccu off, carefully rolled up and put 
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aside. The barrel and the clock are then disconnected and the new 
diagram pllt on tlie barrel, by first making the 1 2  o'cloclr line of the 
paper agrec with that marliecl on the barrel and tlle zerQ of tlie diagram 
with that of tlie barrel; this can be done by means of the small slits 
that have been cut out of tlic diagram. Tlle clips are now screwed 
down and the barrel turned rouncl by Iiand till the outer edge of the 
diagram comes in  contact with the I 2 o'clock line aiicl tlic hciglit lines 
meet. The pencil-holder must then be fixed ancl tlie cloclr and barrel 
clamped, care being taken that tlie pencil is over tliat part of the dia- 
gram which corrcsponds, as ncarly as possiblc in time, \-vitll the time of 
the cloclr. Tlic hack-lash wcight is carefully and slowly put on and 
the hour of commencing work noted on the diagram. I t  only remains 
t o  rcgnlatc tlic position exactly for time. Tliis is clone by selecting any 
corlvclliclit hour, say noon, sncl at  onc minutc beforc unclamping the 
clock-barrcl connecting-scrcw and, when tlie second liand shows the 
complcte hour exactly, l~ringing tlic centre of tlic pc~icil exactly over the 
hour-line of tlie diagram aud clamping very firmly, otllcrwise the clock 
may fail to  drive the barrel. 

32.  Any remarks regarding the stoppage of the cloclr, or in fact 

Gtoppegc of clock. 
anything unusual, must be noted on the diagram 
and in the daily report. I f  the cloclc shoulcl 

A 

stop, the migh t  must he rcmovetl from the pencil-cup anel the pencil - - 

sliglitly raisccl; the clock-harrcl connecting-scrcm must then be un- 
clampecl, the hnrrcl, being licltl so that tllc hack-lash wcight clots not 
run ( ~ O W I ~ ,  revolved by l~and  so as to bring the pclicil over that part of 

tlingmm mliicli corrcspontls as rlcarly as possil~lc to about ,5 minlltcs 
in ntlvallcc oE tlic arlcroid clock or rc.fcrellcc \-vatch timc, arid tlie pencil 
\-vcight rcphccil : t l ~ c  clock must t l~cn  Ilc startcrl ant1 stoppctl again ; when 
it sllo\vs the firat cxnct hour aEtcr startin; tlic prllcil sllonld 1 ) ~  hrollgllt 
exactly o r c r  tlic lioor-line, the clock and thc 1)arrcl firmly clanlpcd 

the clock rc-started whcn tllc exact Ilour is shown 1)y tllc watch. 

33. If 1)y any chance the hand slloultl come off t l ~ c  stlltl-wllccl, it 
nl~oilld l)c rcplncc(1 carcftllly 1)y tarnitlg the 
wliccl 111itil tlic I)cncil is 011 tlic zero-lillc of tile 

(1ingmm al~tl  fitting tlic 11olr of tllc hallti market1 a-it.11 pait~t  on the stlld 
similarly marlcctl ; as the rnarlta arc ma(lc when tlic zcro-linc rnarkccl on 
the flant-l)ai~(l is hl.ougllt to ngmc prcciscIy witlr tlic 11cd-plate, on the 
~ ~ l l c c l  1)cillg I ' C I C ~ S C ~ ,  t l ~ c  pc~icil will ~ R S I I I I I C  i t s  1)ropcr ponitioll. 



34. should the chain betweed the pe~icil-traveller and the float end - 
break, the pencil-holder must be removed from 

Breakage of chain or wire; 
the traveller, the counterpoise weight detached 

and the two pieces of the chain talcell aut ~ n d  ye-rivetted. The ends 
must then be attached to the traveller and the sheave as before, and the 
stnd-~vl~cel turned by hand tiil the 2.; line painted on the band is on a 
level wit11 the bed-plate. If the deviation of tllc pencil from the 2 .5  

line on the barrel is small, it  can be set right by the adjusting screw 
attacliccl to the pencil-holder; but if the deviation is more than tlie 
screnr admits of, one of the change wlieels will havc to be taken off, 
turned one or two cogs and refixed, the final adjustment being made by 
the screw attached to the holder. 

If a silver wire is in use instead of a chain, 6 feet 6 inches of 
new wire should be taken, one end inserted through the hole in the 
rim of the slieave and tied firmly wit11 a stop-knot. The wire should 
then be wound round tlie groove of tlie sheave and the zero of the 
band held in position agrceing with the plane of the bed-plate. The 
pcncil-lioldcr should ilom be brought esactly ovcr the zero-line of 
barrcl and the othcr encl of the  ire sccurcly fixed through the stud- 
loop on tlic tral~eller. Tlic traveller slloulcl tlicn be released, the float- 
whccl bcing still 11cld so that tlie zeido on the band is in position, in 
ordcr to ascertain if thc countc~poise weight mill allow the pencil to 
bc over the zero of thc barrel; if not, it  must be adjusted until i t  is 
so. I n  carrying out this, great care must be taken that the band does 
not kink. 

35. lllle stop-coclc should be opencd at some time every day, at high 
watcr or as ncarly so as convenient; but on no 

Stopcock. 
account must it be opened if the level of the 

water is marly the same as thc lieight of the stop-cocl~. 

3 6 .  The aneroid and mercnr~al baromctcrs and thc thermometers 
attachcd tllcrcto sliould be read daily at 7 and 

Aneroid bnrometer. 
lo A.nr., and at 4 and 6 P.M. 

Shonld thc clock of tlic ancroid stop, the hand must be gently 
tnrnccl rolultl till it points to the propcr time as shown by the tidc- 
galigc clock. Tlic l~arrcl of thc diagram must then be turned until 
the pencil points to the propcr timc, but in doing tliis great care must 
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be taken, otherwise the gold thread in  Adie's pattern or the marker in 
L6g6's may be broken. I n  the former, i t  should not be attempted if 
the clocli hands are between 5 minutes to an hour and lo minutes past 
the hour as the p e ~ ~ c i l  marker suspended to the gold thread is, at these 
times, either pressing or close to  the barrel; and in the latter, it may 
be best done at  5 minutes past a full hour. 

The aneroid clock must be wound up every Monday morning and 
may be regulated by stopping for a few minutes if fast or pushing the 
millute hand forward if slom ; but for one or two minutes' error it need 
not be altered. 

The ancroid diagrams should be carefully numbered and changed 
every Monday morning, and the sheets should be carefully inked as they 
are takcn off and put away. 

37. The anemometer clock must be wound up every morning by 

Anemometer. 
pulling the cord with the small weight and 
thus raising the heavy weight close to the 

bed-plate. 

The anemometer diagram must he changed claily at 7 A.M. and the 
diagrams dated and numbered, the hour being recorded as put on at 
such a time and taken off at such a time. The number of miles of 
wind for the last 24 hours must he entercd in the report, and is ob- 
tained by counting the number of velocity lines and multiplying by 10. 
The diagrams must be carefully inlied in daily. 

The instruments should be all oiled occasionally; and in the case 
of the anemometer, if the direction of thc wind has hcen steadily from 
one point for many days without altering, as in the S.W. monsoon, 
the fans of the direction gear shoulcl be turned with the hand until the 
vane has made one or two complete revolutions. 

38. The daily reports must be made up in duplicate and one copy 

Rcbports. 
sent by post to the head office. Anything 
unnsual must he marlte(2 on thc diagram and 

noted on the hack of the report, and if anything emergent is required 
to be done, the port officer must telegraph to the officer in charge of 
the tidal party. 
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39. As a rule an inspection is made once a year, but sometimes 

Inspection of n tidnl observa- oftener. Of course if any interruption has 
tory. General ren~nrks. talrcn place, such as the removal of instruments 

by the port officer for safety on account of a cyclone, as has oc- 
curred more than once, or for the settlement of the observatory, thus 
necessitating a temporary suspension of the observations pending re- 
pairs, then an inspection should be ~nade  as soon as possible after the 
information lias been received. 

When i t  is intendcd to make an inspection, the first thing to  be 
done is to test the accuracy of the one-foot graduations of the Chester- 
man's tape with nlllich measurements for detcrmitiation of working 
zcro mill be made, and which have been marlred on the tape in the way 
described at page I 95. The tape sl~ould not be used continnously for 
more than a couple of months without being retested and, if necessary, 
corrected. 

The inspecting officer ought to carry in his inspection box, a copy 
of this handbook and of the current tide tables for Indian ports, and 
the necessary scales, measuring tape, and other instruments required 
at an inspection. 

The inspecting officer, accompanied 1)y a mechanic to dismantle, 
clean, repair if necessary, and refit the instruments, attends to the 
following points ~\llien lnalting an inspcctioll; and at the time of inspec- 
tion writes in the observatory irispcction book, under appropriate heads, 
a report, a copy of which is forwarded to the head office. The usual 
heads of the report are :- 

General remarks. 

Bench-marlrs. 

Details of levclling. 

Self-registering tide-gauge. 

Dctails of determination of working zero. 

Auxiliary instruments. 

The general remarlrs should contain an account of the working of 
all thc instrliments since the last inspection, and sho~lld draw attention 
to the manner in which the observatory clerlr pcrforms his duties, and 
to anything clse requiring special notice. 
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40. On arrival a t  the tidal observatory, it  is necessary in the first place 

Cannertion of bcd-p,atc, bench- to ascertain if any settlement of the tide-puge 
marks and staff. has talten place, by connecting the float end 

of its bed-plate by spirit levelling of precision with the bench-mark 
of reference, which in  its turn should be similarly connected with the 
other bench-marl<s, and with the graduated staff, in order to test the 
accuracy of the zero of the latter. The report should give both the 
results and the dctails of the levelling, and should mention the condi- 
tion in which each bench-mark and the staff is found; it should 
also mention whether the bed-plate is level both longitudinally and 
transversely. 

41. 'I'hen, a set of measurements for the determination of worlting 
Zero measorcments and pencil and zero at a rising tide and another at a falling 

clock compnrisons. tide, each set to consist generally of not less 
than 20 measurements, should be talten; their mean will give a 
value of the distance of the working zero below thc bcd-plate. This 
eliminates the influencc of the lost motion, or back-lash, betwcen 
the toothed-wheels connecting the stud-wheel with the sheave for the 
wire of the pcncil-slide (page I 56)  ; i t  also cancels the error arising 
from looseness of the pcricil in the pcncil-lioldcr. If it should he 
necessary to continue these measurements, another pair of sets sllould 
be taken before procecding with the inspection. These measurcmcnts 
for determination of the worlting zero should bc made when the tide is 
well on the rise and fall, and not when it is almost high or low water. 
The method of taking them is explained at page 195 and, in entering 
t l ~ c m  in the inspection report, it should be stated that they were made 
before cleaning the gauge. 

Concurrently with the measurements for the determination of the 
working zero) mcntioned in the preceding paragraph, a comparison of 
the reading of tlic pencil on tlie drum with tlie reading of the hed-plate 
on the float-bati(1, and with the r e d i n g  of tllc graduated staff, 
should be made both at a rising and falling tide, and cntered in the 
report. 

Before cleaning the gange, its clock should he compared nith the 
telegraph or gun time by the inspecting officer, as a check on the 
previous recent comparisons entered by the observatory clerk in hi8 
daily reports. 
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42. The balance of the gauge ought also to be tested before begin- 

Balance of gauge and setting of ning to clean the instrument. This may be 
pencil. done with sufficient accuracy by raising the 

float completely out of the water by gently turning the stud-wheel, 
and then taking the reading of a spring-balance hooltecl, for the pnr- 
pose, to one of the holes of tlie band on the counterpoise side. The 
reading of the spring-balance will give the preponderance of the float. 
There ought to be a decided preponderance of, say, 3 or 4 Bs .  on 
the float side, but the weight when once adjusted should require no 
alteration, as i t  mould affect tlie valuc of the zero-line. Should tlie 
preponderance be found to have increased, it points to a probable flaw 
in the float sufficient to have adnlitted an influx of water. 

After testing tllc balance of the gange, and bcfore cleaning it, tlic 
2 - 5  1)aiiitccl line of rcfcrencc 011 the ba~id sllould be brought to tlic lcvel 
of the bccl-platc, when tlie pcncil sliould be exactly on tlie 2.5 or mid- 
line of the drum (not diagram). If tllc pencil be found out of this 
position, the discrepancy sllo111il be measured and noted. 

43. Then, the flost and band sllould be raised into the observatory 

Dismantling gauge. 
for examination and measurement, and the 
time noted. This is the first stcp in the dis- 

mantling of the gange, preparatory to cleaning it. The total Iengtli 
of the band slloultl be measured, also the distances from tlle paintcd 
2 ' 5  linc ancl from tlic paiiltctl 0 line upon it to its junction with 
the float. Dnrii~g tlie illspcction of the BhAvnngnr tidal obscrva- 
tory in Dcccni1)cr I 887, i t  was found that tlie reatlings of thc bnncl aiid 
pcncil agrccd, but t l ~ c  measllrcmerits for tlctermiiintion of thc working 

r 1  zero tliffcrcd largcly from 1~11nt tllcy ollgllt to havc been. 111c mca- 
slircmcnts and cs:~minatioil of tlie I~anci discloscd that it 11acl brolicn 
close to tlic float, nlid it Jvas follllti tllat tllc ol~scrvatory clcrlc had trictl 
to corlccnl thc l)rcnlingc attac.I~ing t l ~ c  float to the bancl at tlle place 
whcrc the brcnlingc occllrred. 'I'lie flost should l)c C ~ O S C ~ Y  CS- 

nlniiictl and, if ally water is fo~lncl in it, it  shoulcl be rcpnircd or rc- 
n c ~ c d .  I11 s11cl1 a cnsc it is intcrcsting if the quantity of watcr which 
fo~uncl its Tvny into tllc float can 1)c asccrtaincd. The influx may h a ~ e  
bccn sllfficiclli to alter t11c 1)nlance of tlic instrument and raise the 
working xcro. As an illstallcc of this it vas found that watcr had 
cntcrcd the float of thc T)nl)lat tidc-gallgc in Novcmber 1882, in suffi- 
cicnt quantity to raise tlic  orki king zcro 0.14 of a foot. 
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The dismantling of the gauge should now be completed, and it 
should be thoroughly cleaned and oiled where necessary; but the re- 
ference lines painted on the band and stud-wheel at  the last inspection 
should not as yet be obliterated. It should be mentioned specially 
whether or not the driving clock required cleaning. 

44. After the several parts of the gauge are cleaned, they should 

Reflttlng gauge. 
be rcfitted carefully, the band being replaced 
so that when its painted 2.5 line of reference 

is level with the bed-plate, the pencil shall be at, or close to, the 
2'5 line on the drum. The working of the band on the stud-wheel, 
while the pencil is being moved along the clrum from its zero to 
the highest line of the diagram, should be tested; and it is best if 
this can he done at  low water so as to redrice as much as possible 
the chance of the band kinking. The working should be smooth, 
and each hole of the band should fit over the stucls frecly. Any hole 
found too tight may be enlarged slightly with a file. 

I f  the gauge is fitted, between the pencil and the float, with a silver 
wire, (which it is hoped will soon be superseded in every gauge by the 
new chain), and if the wire has been in use for a whole year, it should 
be renewed in the manner described at page 199, the best time for 
rcuewing it bcing about lorv water as tllcre is then least darlgcr of 
causing a Itink in the bancl. The method described on page 199, 

itldicatcs sufficiently well how a chain sllould be fitted, but a renewal 
of the latter is not likely to be often required. 

The bcd-plate should be made level both longitudinally and trans- 
versely if necessary, and if this operation be found, by spirit-levelling, 
to have altcred the lcvel of the bed-plate relatively to that of the 
benc11-mark of reference, the alteration of level should be recorded. 

45. The refitted gauge being now clean, level, and connected by 

Arljuating gnoge. 
levelling with the bcnch-mart of reference, ia 
still unadiustcd. 'l'o ascertain the amoullt 

of acljustment required, rneasnrements for dcterminotion of the working 
zero at rising and falling tides should now bc taken-and rccordcd 
as having been made qfter cleaning the gauge. If a combination 
of the results of these meas~lrements with the final level of the 
bed-plate make t l ~ e  distaucc bclorv tllc bcuch-mark of refcrcnce of the 
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working zero, thus obtained, to differ from the distance of the true zero 
below the same bench-mark by a quantity appreciable on the scale 
of the diagram, the position of the pencil must be adjusted until the  
worlting zero coincides with the true zero. I t  is usual to take one more 
pair of sets of measurements for determination of the working zero (which 
should be registered as having been made after cleaning the gauge) as 
a final test of the perfect adjustment of the instrument. 

The gauge being in adjustment, the reference lines painted on the 
band at last inspection should be compared with the pencil readings 
on the drum, and if the former are found out of position, they may 
now be obliterated and new lines substituted for them, special care 
being taken in the painting of the streaks, the upper edges of which 
mark where the readings of the bed-plate on the band correspond with 
the readings of the pencil on the engraved lines of the drum. 

46. The dismantling, cleaning, and refitting of the auxiliary in- 

Auxiliary instruments. 
struments proceed hand in hand with the similar 
duties in  connection with the self-registering 

tide-gauge. The auxiliary instruments are :- 

Standard mercurial barometer. 
Self-registering aneroid barometer. 
Maximum and minimum thermometer. 
Anemometer. 
Rain-gauge. 

Of these only the self-registering aneroid barometer and the anemo- 
meter require clismnntling, cleaning, and refitting, and these operatiorls 
are carried out as described in the following paragraphs. 

47. The aneroid should be compared with the mercurial barometer, 
Aneroid barometer. and its clock should be rated. 

The position of the pencil-marker on the diagram should be made 
to agrec with tllc rending shown on the dial, and adjusted, if necessary, 
by the scrcw ; tlle diagrams should be cxamined to see if the marker is 
working freely ; if thcy show a straight line, i .e . ,  no rises at 10 o'clock 
nor rlcprcssions at 4 o'clock, thcn the marker will be moving stiffly aud 
rcquircs cleaning. 
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Thermometer comparisons should be made between that on the 
aneroid and that attached to the mercurial barometer. 

The clerk should be made to read the aneroid and mercurial baro- 
meters and the thermometer, and to  set the maximum and minimum 
thermometers. 

The diagrams should be examined, and the clerk told if the inking 
in has been properly done or not : the supply of blank diagrams should 
be noted, to see that there are plenty for future work. 

48. The direction of the vane with the mind, and the marking of 
the direction on the barrel should be tested. 

Anemometer. 
The upper part of the instrument should be 

oiled and the cups so marked that they cannot be put wrong. 

The diagrams should be examined and the clock looked at, to see if 
new catg~lt  or anything else is required. If the diagrams are faintly 
marked the bearing of the helices should be looked at-they should be 
quite free. 

49. Before ending his inspection, the inspecting officer should see 
Miwcllaneons duties before clos the observatory clerk make an accurate corn- 

ing inspcction. parison of the tide-gauge clock (which, like 
all the other clocks in the observatory, must keep local time) with 
the telegraphic or gun time, ancl entcr the comparison in the report. 
The clerk must also show that, in addition to being able to rate the 
clock, he ltnows how to bring i t  to correct time when it is fast or 
slow, accorclixig to his printed instructions. A comparison of thc read- 
ing of the pencil on the drum with that of the band at the bccl-plate, 
and with the level of the water on the gradnaterl staff, should bc made 
and recordcd after the tidc-gaugc has becn put into adjustment. The 
inspecting officer should see that a conspicuous note is contained in the 
observatory report book, for thc information not only of the observa- 
tory clerk but of thc local official appointed to supervise him and 
superintend thc working oE tile o1)servatory, to tllc ef'fcct that whcn~vcr 
any interruption in the working of the tide-gaagc takcs place, owing 
e-g. to the stoppage of tllc driving rlocl{, hourly rearlings sllolll(1 he 
taken on the diagram by clay and night i n  the in te rn~pt ina  If 
for any reason these rcadinga cannot he taken, t l~en hourly rcadingq of 
the ~ ( l n n t n l  staff (the zero of wllicll sliould ngrcc with that of the 
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gauge) should be talcen by day and night and entered in  the daily re- 
ports. Should this amount of frequency be unattainable, then it is 
indispensable that readings at high and low water should be taken day 
and night and registered in the daily reports. If the cause of the 
interruption be of so serious a nature as to render necessary the removal of 
the instruments from the observatory, the promptest information should 
be sent to the officer in charge of the tidal operations to enable him to ar- 
range for an inspection at the earliest possible date. The inspecting officer 
ends his inspection by taking a note of whatever diagrams, ink, books, 
pencils or other necessaries are required to be sent to the observatory, 

I. The tidal diagrams are examined and prepared for reduction in 

Preparation of the head-quarter office in the following man- 
for reduction. ner :-Vertical lines in red ink are drawn 

through each set of the points which have been marked by the clerk 
of the observatory, showing the position of tlle pencil at the exact 
hours of 7 A.ac., 10 a.nr., 4 P.ar., and 6 P.M.,  and these lines are the 
bases for drawing vertical lines at the intermediate lrours of tlle day. 
The daily reports are next examined to see if there are any clock 
errors amounting to 3 lninutes or more, as compared with telegraphic 
time or gnn signal ; if there are, the11 ( x 's) crosses in red ink are 
made on the tidal curves to show thc exact position of each hour. 
The limit of 3 minutes error has been adopted because $5 of an inch is 
the smallest distancc which can be conveliiently and accurately laid 
down in measuring along the curve, and G5 inch = 3 minutes. 

If the cloclc is fast, the cross is placcd in advnnce of the hour-line; 
if slow, then behind the vertical time-line. Thus, suppose the clock 
4 minutes ,fast tllc cross ( x ) is placed between the z and 3 P.M. lines 
at +5 of an inch from tlle 2 P.M. line ; if, however, thc clock was slow by 
4 minutcs, thcn the cross ( x ) is put between the I and 2 P.M. lines a t  
-& of an inch from the 2 P.M. line. As a rule, llon~ever, there is rarely 
ally correction of this kind ~cqnircd, for when tlic cloclis arc properly 
attendctl to, crrora of ovcr 30 sccoiicis arc at once corrected by the clerks. 

I n t c r r ~ i ~ t e d  cnrvcs or non-rccordeci curves canscd by the stoppage 
of the clock, or other suspension of the tidal registration, are carefully 
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filled in by drawing a curve in dotted lines exactly between the two 
contiguous instrumental curves. 

The zero-lines to which all the measurements for height are referred 
are now laid down as indicated in the rules below, in which the terms 
'true zero,' 'working zero,' 'accepted value of true zero,' and 
' adopted level of bed-plate ' have the following meanings :- 

2 .  The true zero is that which has been adopted in determining 

True zero. 
the datum-line for heights in the tide-tables. 
I t s  relative level with regard to the bench- 

mark of reference is fixed. As a rule, the zero corresponds to that 
originally adopted when the gauge was started, and its distance below 
the bed-plate was determined when the level of the bed-plate with 
regard to the bench-mark was fixed. 

3. The working zero is the level of the water with reference to 

Working zero. 
the bench-mark, corresponding to the pencil 
being on the zero-groove cut on the drum. In 

starting the instrument the working zero of course corresponds to the 
true zero, but from various causes the instrument may get out of 
acljnstmcnt, and its worlring zero may be altered. The position of the 
working zero on the diagram is always markcd by the clerk rubbing 
over the groove cut in the drum with a hard pcncil. I n  gcneral at an 
inspection, the working zero is made to agree with the true zero by 
adjusting the instrument. 

4. The accepted value of the true zero is the distance of the true zero - 
Accepted value of true zero. 

from the bcd-pIatc, which was determined when 
the bed-plate was fixcd as regards its relative 

- 

level with the bench-mark of reference. 

5.  The adopted level of the bed-plate means the levcl of the bed- 

Adopted levcl of bed-plate. 
plate with reference to the hcuclr-marl<, which 
has been adopted in determining the trnc zero ; 

as a rule this will correspond to the level obtained when the observations 
commenced. 

6 .  The inspection book most first of all he examincd to flee if the 
Rnlea for n ~ l . ~  tn.. zero bed-plate has altered in level relatively to the 

diagr?me. bench-mark. I f  there is any difference from 
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the adopted level exceeding -02 of a foot, a correction will have to be 
applied on this account. The measurements for the determination of 
the working zero at the various inspections are next examined. If no 
alteration has been made in the adjustment of the gauge during the 
inspection, then the whole of the sets of measurements should be 
grouped, and the mean value would represent the distance of the work- 
ing zero from the bed-plate on the day of the inspection. 

If an adjustment has been made during an inspection, then those 
measurements for determination of zero before and after adjustment 
must be grouped separately, and the meaus respectively applied to the 
preceding and thc following diagrams. 

I n  treating the diagrams for any period between two inspections, 
the distance of the working zero from thc bed-plate must be taken 
as the mean of the values obtained at tlie inspcctions. 

The following are the cases which may occur and the ways of 
adjusting for them. 

I. Bed-plate settled below adopted level.-The true zero will have to 
be placcd above the working zero at a distance proportioned to the 
amount of the settlement in accordance with the scale of the diagram ; 
hence the measurements from tlie true zero will be less than from the 
working zero. 

11. Bed-plate raised nbove adopted level.-In this case the true zero 
will be placed below the working zcro. 

111. Bed-plate unaltered and working zero a t  greater distance from 
bed-plate than, acccptc~d value #for true zero.-The true zero in this case 
will be placed above the working zero. 

IV. Bed-plate unaltered and working zero a t  less distance from bed- 
plate than accepted value for true zero.-In this case the true zero will 
be placed bclow the working zcro. 

V. Bed-plate settled and working zero at greater distance from 
bed-platc than true zero.-In this case thc true zero w o ~ l d  be placed 
above the working zcro at a distance cqual to the sum of the corrections 
on account of cacll event. . . 
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VI. Bed-plate settled and working zero a t  less distance from bed- 
plate than true zero.-If the correction for settlement is the greater of 
the two the true zero will be placed above the morlring zero, and if the 
correction on account of the difference of zero-measurements was the 
greater then the true zero should be placed below the working zero. 
Obviously the amount in  each case would be the difference of the two 
corrections. 

VI I .  Bed-plate raised and distance of working zero from bed-plate 
less than that accepted for true zero.-In this case the true zero would 
be placed below the working zero a t  a distance equal to the sum of the 
two corrections. 

V I I I .  Bed-plate raised and distance of working zero from bed-plate 
greater, 4c.-The true zero should be placed below the working zero if 
the  correction on account of the raising is the greater, and above 
if the latter correction is the greater. The distance between the two 
zeros is difference of the corrections. 

N.B. If  the determination of the true shows that the working 
zero comes within o.ooj of the true zero on the diagram, then no 
correction is considered necessary, and the working zero is used 
as the line of reference in measuring the heights from the diagram. 
What  is meaut by being within -005 on the diagram is the actual 
difference between the true and working zeros reduced to scale. 

Water getting into the ,float would have the effect of making the 
working zero nearer the bed-plate than the value formerly obtained, 
and this would have to  be treated under IV, VI, or VII,  according 
the bed-plate had remaincd unaltered, had settled, or had been raised. 

A kink in the band.-If this occurred, and zero-measurements were 
taken, i t  would have the effect of showing the zero so determined as 
being nearer the bed-plate than i t  would be if the kink were removed, 
and if the baud righted itself in the course of worlting, the (letermina- 
tion for zero at  next inspection would be at a greater distance from the 
bed-plate than formerly. 

Information to he recorded in the book entitled ' Determination of 
the True Zero on the Diagram ' should be somcwhat as follows :- 

(1) Level of bed-plate with reference to B. M. unaltered, or settled 
by . . . . . , or raised by . , , . , , 
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No correction necessary, or correction under rule equal to . . . 
has been applied to all diagrams from . , . . to . , . 

(2) Distance of working zero from 
bed-plate at inspection of , 

. . . . . . 1 8 9  . feel = value 

Distance of ditto ditto at 1 from . . . to . . . 
inspection of . . . . 189 . . . . . . . 

Correction on account of (1) or (2) or (I) and (2) = . . . . 
above 

applied, and the true zero has been placed . . . . below 
the working zero from . . . . . to  . . . . . 

No other inspection having talten place, the value of the working 
zero at the inspection of . . . . . 189 , as given above, has been used 
in determining the true zero for the remainder of the diagrams, and 

above 
for these diagrams the true zero has been placed . . . below 
the working zero in accordance with rule No. . . . . . 

Cases may occur which mill have to be specially treated. All ordi- 
nary cases are here dealt with. 

Intermediate lines, generally about 6 inches apart, are now laid 
down in red ink parallel to the true zero-line to facilitate the measure- 
ments. These are made with paper scales differently divided, accord- 
ing to the scale which may be adopted for the tidal diagram in each 
instance. 

7. Before proceeding to an account of the method in which the 
Harmonic annlysis of ohscr- obscrvntions are manipulated numerically, i t  

Vetions. will be advisable to give a brief sltetch of some 
of the propertics of harmonic curves, tl-rcir connection with the tidal 
obscrvntions and the mcnns of determining the various constants. 

8. Any curve of the form q = a cos (n x + 6 )  is called a harmonic 

Ilarmonic curves. 
curvc. The curve is periodic, that is to say, 
aftcr a certain period it takes its original 

form : for if x + is put for 2, y again becomes a cos (n x + 6 ) .  
n 

2 T  If is put cqual to X, thcn the qllantitp X is called the 'wave- 
n 

length ' of the curve ; for it is the distance along the axis of x between 
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two successive equal and similarly placed ordinates. The constant a is 
called the ' amplitude' of the curve because its value is that of the 

greatest displacement. The angle nx + 6 or x + 6 is called the 
X 

'phase' of the curve: the constant 6 is therefore known if the phase is 
given for any value of x.  

Any two curves of equal wave-length may be combined into another 
of the same wave-length. For the equation 

2- 
y = a, cos (h x + 6,) + a, cos ( y  1 + 1,) 

27r 2~ = (a, cos 6, + a, cos b,) cos - x - (a, sin 6, + a, sin b,) sin- x 
A A, 

27r = A cos (h x+B), 

where A" a12 + a 2  + 2 a, a, cos (b, - b,), 

and 
a, sin b, + a, sin b, 

tan B = -- 
a, cos 6, + a, cos b;' 

represents a harmonic curve of the same wave-length as the two 
components. Similarly for any number of curves of the same wave- 
length. 

TWO or more curves of diffiirent wave-lengths can however not be 
combined into a single harmonic curve; but if the wave-lengths are 
commensurable the resultant curve is periodic. For let 

27r 
y = a, cos (E r+b , )+a ,cos  (2z i+b , )+a ,cos( -  x+b3)+ kc*) 

A1 ' A1 A, 

and let X be the least common multiple of A,, A,, &c., so that their 
X X X  

actual values are - -, -, kc., where ml, m,, m,, &c., are integers; 
ml' m, m3 

then 
27r 

y = a, eos (%- rn, s + 6,) + as eoa ( y  rn, r + 4)  + kc.) 

and if x + x is put for x the value of y is unaltered, so that the re- 
sulting curve is a periodic curve of wave-length h. 
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9. Such are a few of the properties of harmonic curves, and the 

Connection between next thing to be done is to point out the con- 
curvcs and tidal observationa. nection between harmonic curves and tidal 

observations. 

In  a Report of a Committee for  the Harmonic Analysis of Tidal 
Observations for the British Association, 1883, Professor G. H. Darwin 
has deduced an expression for the height of the tide at  any time: 
each term, which is of the harmonic form R cos (nt - 5 ) ;  arises from 
some specific cause in the elaboration of the equilibrium theory of tides 
and is regarded as a separate tide due to this cause. Thus there are 
as many tides as there are terms in the series, and the height of each 
simple tide is equal to a constant, R, multiplied by the cosine of a 
certain angle nt - Y called the ' argument ', which is partly made up 
of a simple function of thc time and partly dependent on the position 
of the sun or moon or both. 

The maximum value of the cosine being unity, the constant, R, 
gives the greatest height above the mean of the particular tide, that is, 
the ' semi-range ' or ' amplitude '. 

The part of the argument which is a function of the time is of the 
form nt, so that n rcpresents the rate at which the argumcnt increascs : 
it is called the 'specd' of the tide and is reckoned in mean solar 
]lours. Also since the tide's maximum occurs whcn the remnindcr of 

Y the argument, v i t . ,  f. is equal to nt, it  follows that - gives the time which 
92 

must elapse from the beginning of the obscrvations till the time of the 
first high water of the tide : 4' is therefore called the 'epoch '. 

10. For the purpose of arithmetical cnlculation the form R cos(nt- c), 
DptrmmlnAtion in which the tide is prcsentcd, is not couve- 
H aud 5. nient and it is therefore expanded into 

A cos nt + B sin nt, 

so that B 
R2 = A2 + B2 and tan 5 = li ; 

and the immcdiatc objcct of tllc numerical recluctions is to find the A's 
B's, from which t l ~ c  R's aud r s  arc at ouce obtained by means of 
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the above equations. It now remains to  explain how the A's and 13's 
are determined from the observations. 

The expression deduced by Darwin gives for the height of the tide 
at any time, 

h = A , + z  ( A  cos n t ) + z  (B sin nt ) .  

Now among these n's will be found n,, 2nl, 3nl kc. ; nz, 2n2, 3na ; and 
so on, and i t  would be practically impossible to  determine the corre- 
sponding A's and B's in  a direct manner. I t  has, however, been found 
possible, hy a method of mnniplllation of the obser1-ed quantities wl~ich 
will bc explained bclom, to  scl~aratc the terms containilig n, from all tllc 
otllers nnrl tlicn the problem prescnts no difficulty. As will be cxylai~lcd, 
it is rcdncecl to thc qllcstion of determining the constants from a series 
of equations of the form 

h = A, + A, cos nt + B, sin nt + A, cos 2nt + B2 sin znt + kcb, 

2 T  
where t has any intcgral value from o to  -, so that nt goes through its 

n 
variations from o to  27r. 

NOW i t  is clcar, iE r and s be any two integers, and the summation 
2 T  extends from t = o to t = - ---, that 
rh 

% cos rnt = o, and d sin rnt = o, 

sincc to each poaitivc valuc, thcrc is a corrcsllonding ncgatire value 
o f  tlie cosille or sinc. 

T 
Also 2 cosQnt = 4 2 ( I  + cos 2rnt) = - 

T-8' 

7r 
and % sin9 rnt = & 2 ( I  - cos zrnt)  = - .  n ' 

', COA n t t  cos ant = 4 2 cos(r + .o)nt + 4 d cos ( r  - s )n t  = o~ 



Consequently for determining the constants there are thc following 
equatiolls :- 

7~ n 2 h cos rnt = - A,, or A, = - 2 h cos rnt ; 
n T 

T n 
h sinrnt = -B,, or B,= - E h  sinrnt .  n T 

The A's ancl B's being now determined, the X's and r s  are cnlculatcd 
from the tlvo formulz given above. 

r I. But in ordcr that a comparison of tlie records of different gcars - 

Determination of constsnts . may be made, it is necessary to exhibit the 
H and K .  height of the tide in yet a different forin; for 

when it is represented by R cos (nt - 0, i t  is clear that may have any 
value from o to 360° and that the results of the analysis of successive - 
years of observations will not be comparablc wit11 each other. 

Such being the case, let it  be supposed that the results of the 
analysis are presented in a number of terms of tlie form 

f Hcos ( V +  u - K ) .  

Here V is s linear function of the moon's ancl the sun's mean longi- 
tudes, the mean longitudes of tlic moon's and thc suil's pcrigces, and thc 
local mcan solar timc at thc place of ohscrvation rcilllcctl to angle 
at I j0 per hour. V therefore increases uniformly with tllc time and 
its rate of increase pcr mcan solar hour is the n of the first method, 
or the ' speed ) of thc tide. 

I t  is supl>osed tliat u stands for a ccrtain function of the longitude 
of the nodc of the lunar orbit, at an cpocli half a ycar later than oh 
of thc first day. Strictly spcaliing, u sliould bc takcn as this same 
function of thc l o i ~ g i t ~ ~ d c  of thc moon's node, varying as the node 
moves ; but as tllc variation is 1)nt s~nall in tllc collrsc of a year, may 
bc trcatctl as a cc)nstant and lnlt e(lual to an avcrngc val~le for the ycar, 
which avcrnge valuc is takcn as tllc truc vall~c of u rtt csactly mid-ycar. 

Togcthcr V + 74 constitlltc thc vllolc 'argnment '* nccording to 
the cq~~ilil)ri~lin thcorv of titles, nit11 thc sca covering thc wllolc earth ; 

K and it tlicrcforc follows that -- is tllc lagging of thc ticlc wliich ariscs 
n 

-- -- .- - 
Sec S~hocluloa LU, i l ,  [D,  ii], LD, iii] and C of l'rofessor I)urwiu's Ilcl~ort. 
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from kinetic action, friction of the water, imperfect elasticity of the 
earth, and the distribution of the land. 

It is also supposed that H is the mean value in British feet of the 
semi-range of the particular tide in question; and f is a numerical 
factor of augmentation or diminution due to the variability of the 
obliquity of the lunar orbit : the method of determining it is fully 
explained in, and its values tabulated at the end of, Professor Darwin's 
lteport and also in the Auxiliary Tables appended. 

It is obvious, then, that, if the tidal observations are consistent 
from year to year, H and K should came out the same from each year's 
reductions : and it is ~ n l y  when the results are presented in such a form 
as this, that 1t will be possible to judge whether the harmonic analysis 
is giving satisfactory results. 

The determination of H and K from R and f: is made as follows :- 
R 

Clearly H = - and is at once found; also nt - f: is identical with 
f 

V + u - ic, so that if Vo be the value of V a t  oh of the first day, that 
is when t = o, then, 

so that 

Thus the rule for the determination of ic is : a d d  to the value of rthe 
value of the ' argument '* at oh of the first day. 

12. Hitherto the tides have been spoken of as if they each were 

Bhort and long-period tides. 
treated in the same way, but this is not the 
case. For the purposes of calculation they are - - 

divided into ' short-period ' and ' long-period ' tides. The short-period 
tic':es are still further sub-divided into semi-diurnal and diurnal tides. 
The former have periods equal or nearly equal to I 2 mean solar hours 
an-! the latter have periods equal or nearly equal to 24 mcan solar 
hours. Besides thesc thcre are also some ' over-tides ' and ' compound- 
tides ' ; their origin is explained in Professor Darwin's Report, and 
their periods approximate to some submultiple of I 2 mcan solar hours. 
The long-period tirles havc periods of about a fortnight, a month, half 
a year or a year as the case may be. 

--- 

Bee Schedules [Dl i], [Dl ii], [B, iii] end C of Profcaaor Dnr-xln'a Report. 
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The method of determining the A's and B's described above is only 
applicable to the short-period tides : the means of determining them 
for the long-period tides will be described hereafter. 

13. The tide-gauge gives a graphical record of the height of the 
water above some lrnown datum for every in- 

Description of numerical harmo- 
nic analysis for sllort-period stant of time. The first operation performed 
tides. 

on the tidal record is the measurement, i n  
feet and decimals, of the height of the water above the true zero of the 
gauge (the height of which relatively to the datum is known) at every 
mean solar hour. The period chosen for analysis is about one year, and 
the first measurement corresponds to noon, but it has been found incon- 
venient hitherto to have the same initial noon at the several ports. 

I t  would seem, at first sight, preferable to talre the measurements 
at each mean lunar hour; but the whole of the actual process in use 
is based on measurements taken at the mean solar hours, and a change 
to lunar time would involve a great deal of fresh labour and expense. 

If T be the period of any one of the diurnal tides, or the double 
period of any one of the semi-diurnal tides, i t  approximates more or  
less nearly to 24 mean solar hours, and if it  be divided into 24 equal 
parts, each part may be spoken of as a T-hour, while for brevity mean 
solar time wrill be referred to as S-time. 

Snpposc, nonr, that there are two cloclts, each marlred with 360' 
or 24 hours, and that the hand of the first or S-cloclr goes round 
once in a4 S-hours and that of the second or T-clock goes round 
once in 24 T-hours ; and suppose that the two clocks are started at o0 
or 0'' at noon cf thc illilia1 day. For the salre of distinctness, imagine 
that a T-hour is longer than an S-hour so that the T-clock goes slower 
than thc S-clock. 

The mcasurcments of the tide-curve givc the lleiglit of the water 
cxactly at each S-hour; and it is required from these data to dctcrmine 
the height of the water at cach T-honr. For this cnd, i t  is necessary 
to count T-timc ; but this must be done with reference to S-time and, 
moreover, tllc time must always bc specified as an intcgral number of 
hours. 

Beginning, then, with oh of the first day, it is necessary to count 
0, I, 2, &c., as the T-hand comes up to its hour marks. But as the 
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S-hand gains on the T-hand, there will come a time when the T-l~and, 
bcing csactly a t  the p hour-mark, the S-hand is nearly as far as y + +, 
When, I~owever, thc T-hand has advanced to  the p + I hour-mark, 
the S-hand will be a little heyondp + I + 4; that is to say, a little 
lcss than half-an-hour before y + 2. Counting, then, the T-hours 
in  S-time, i t  is necessary to  jump from p to p + 2. The counting 
mill go on continuously for a number of hours nearly equal to 2p ,  

and then another number mill be dropped, and so on throughout the 
whole ycar. If  tlie T-hand went faster than the S-hand, it is obvious 
that  one number mould be repeated at  tn-o successive hours instead of one 
bcing clroyped. Each such process may be described as a ' change '. 

Now if there is a shcet marlted for entries of heights of water ac- 
cording to T-hours from results measurcd at  S-hours, the S-measure- 
ments must he cntercd coiltiiluously up to p : then comes a ' change' and 
the chopping of one of tlie S-series, aftcr which the entry goes on 
continuously until another 'change' when another is dropped, and so on. 

Since a 'change' occurs at the timc when a T-hour falls almost 
exactly l~etwccn two S-hours, it will be more accurate to insert the 
two S-cntries which fall on cacll side of the truth. I f  this be done 
the whole of tlie S-serics of measurements is cntercd on the T-sheet. 
Similarly if i t  is the T-hand wliich goes fastcr than the S-hancl, a gap 
may be 1cEt in the T-scrics instcad of daplicnting an entry. For the 
analysis oE the T-tide thcrc is, therefore, prcparcd a sheet arranged in 
rows and columns: each row corresponds to one T-day and tllc CO- 

luruns are markcd O", 111, . . . . 23'1; thc 011)s may be called T-noons. A 
dot is put in each spacc for cntry, and where there is a 'change' two 
dots are put if tliere is to bc a double entry, and a bar if tliere is to be 
no entry ; l~lack vertical lirics mark the cnd of each S-rlq. These 
black lines will, of conrsc, fall into slightly irrcgnlar diagonal lines 
across tlie page, being stcepcr ali(l stcellcr thc morc nearly T-time 
approaclles to S-time. They alopc dovn\var(ls from right to left if the 
T-lionr is longcr than the S-llo~lr, ancl the otlicr way in tllc opposite 
case. The ' changcs ' $30 rut1 dingonally wit11 a slopc in tllc opposite 
direction to  that of thc black lincs wllcn tllc T-hour is longcr than the 
S-hour, and in thc same clircction in the opposite casc. 

A sample is annerc~l of parts of pagcs drawn up for the cotrics of 
the M-scries and J-series of tides, in tllc former of which T-time is 
mean lunar time. 
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Since the first day is numbered I and the first hour oh, it follows 
that to  find the number of hour values entered in the form from oh of 
the first day, it is necessary to subtract I from the number of the day 
and to  add I to the number of the hour. 

For each class of tide there are five pages similar to the annexed 
examples, giving in  all about 370 values for the height of the water at 
each of the 24 special hours : the number of values for each hour varies 
slightly according as more or less ' changes ' fall into each column. 

The numbers entered in  each column are summed on each of the 
five pages ; the five sets of results are now summed and the results 
divided each by the proper divisor for its column, thus giving a mean 
value for that column. I n  this way 24 numbers are found which give 
the mean height of the water at each of the 24 special hours. 

14. It is obvious that if this process were continued over a very - 
long time, in the end, the tide under analysis 

Eliminating effects of other tides. 
would be extracted from among all the others ; 

but as the process only extends over about a year, the elimination of 
the others is not quite complete. The elimination of the effects of 
the other tides may be improved by choosing the period for analysis 
not exactly equal to one year. For, suppose that the expression for the 
height of the water is 

A1 cos nlt + B, sin n,t + A, cos n,t + B, sin n,t, 

where n, is nearly equal to n,, and that it is required to eliminate the 
n,-tide so as to be left only with the n,-tide. 

The expression may then be put cqilal to 

{ A1 + A2 cos (nl - n,) t - R, sin (n, - n,) t ) cos nlt 

+ t ~ 1  + A, sin (n, - n,) t + B, cos (n, - n,) t 1 sin nlt ; 

which shows that the tide may be regarded as oscillating with a speed 
nl, but with slowly varying range. Now, in the column appertaining 
to  any hoar in the form, nl t  is a multiple of lgO if n, be a diurnal, 
and of 30°, if n1 be a semi-diurnal tide. Consider the column headed 
'p-hours ' ; then n,t = 15Op for diurnals and 3ooP for semi-diurnals. 
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Hence the sum of all the entries, of which suppose there are q, in  
the column numbered p-hours, is for diurnal tides, 

27r I 5 P  + cos (nl - n2) ( 2 - + -)] + B2 [&c.]) + sin I 5°p(&c.) . . . . (a)  
n1 n1 

and for semi-diurnal tides, the arguments of all the circular functions 
in the expression (a )  are to be doubled. 

Now such a number of terms is to be chosen, that the series by 
which A, and B, are multiplied may vanish. This is exactly the case, if 
the scries is exactlyre-entrant and is nearly the case, if nearly re-entrant. 

The condition is exactly satisfied, if 

27r 
(n, - n,) q - = 2 7  r for diurnal tides, 

nl 

or (n, - n,) q = nlr r for semi-diurnal tides, 
n1 

where r is either a positive or negative integer. 

That is to say, if 

(nl - n,) q = n, r for diurnal tides, 

or (n, - n,) q = 4 n, r for semi-diurnal tides. 

I t  is not worth while attempting to eliminate the effects of the 
semi-diurnal tides on the diurnal tides and vice versa, because the 
periods could only differ by the fraction of a day and owing to the 
incommensurability of the speeds, i t  is impossible to avoid being wrong 
to that amount. 

I t  is of conrse impossible to choose for each tide n,, a period which 
shall minimise thc effects of morc than one of the tides of short-period 
n,, in vitiating tlle values of the mean semi-ranges of the tide n, ; and 
accordingly thc periods have been chosen so as to minimise the effect 
of thc principal solar semi-diurnal tidc S, on the principal lunar semi- 
diurnal tide M,, and of the M2 ti(1c upon tllc otllcr scmi-diurnal tidcs : 
in tllc casc of tlic diurnal tides, t l ~ e  periods are chosen to mini~nive the 
effects of cither 0 or K,. 
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[PABT VI. 

Returning now to the general notation and considering the 24 mean 
values, each pertaining to  the 24 T-hours, it may be supposed that all 
the tides, excepting the T-tide, are adequately eliminated, and, in fact, 
a computation of the necessary corrections for the absence of complete 
elimination, rrllich is given in the Ticlal Report of 1872, of the Tidal 
Committee of the B. A. under the presidency of Sir William Thomson, 
shows that this is the case. 

15. Now it is obvious that any one of the 24 values does not give 

Aogmenting for the true height of the T-tide at that T-hour, 
heights. but gives the average height of the water, as 

due to  the T-tide, estimated over half a T-hour before and half a 
T-hour after that hour. A correction must therefore be determined 
on this account. 

The required expression for the height of the tide at any T-hour is 

h = A, cos 8+B1 s i n e +  &c., &c. + A, cos r e  + B, sin r e  + 
But the results of analysis give instead of this the mean of all the 

a  a  h's between the limits 9 + - and 0  - -. 
2 2 

That is ha = 2 h between these limits 

= kc. + d A, cos r 0  + 2 B, sin r 8 + &c. bctween these limits, 

2 r a  2 T a  or ha = kc. + A,-  sin - cos r e + B ,  -sin - sin r e  +'&co 
r  2 r  2 

r a  . r a  sin - sln - 
2 2 whence h = &c. + - A, cos r 0  + - B, sin r  0 + kc. r a  r a  

Consequently the coefficients that erprcss the oscillation which goes 
through its period r times in  24 T-llours, must be augmentcd by 

2 
factor - to give the true A, and B,. . ra sin - 

2 

Remembering that a  is 1 5 O  and potting for r, I, 2, 3, kc., in .we- 
cession, the augmenting factors for the diurnal, scmi-diur~lal, tcr- 
diurnal osciIln+ions, kc., hccomc 
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Thus, the augmenting factors are :- 

for A,, B, . . . . 1.00286 

Az,B, , . 1.01152 
A3,B3 , , , , 1~02617 

A,, B, . . . I '04720 

A,, B, . . . . 1.11072 

As, B, . . . . 1 *2092o 

In  the reduction of the S-series of tides, the numbers trcated are the 
actual heights of the water exactly at  the S-hours, and therefore no 
augmentil~g factor is requisite. 

16. If  now t denotes T-time expressed in hours and n is 15') the 
height h, as ex$;es~eil by the averaging process 

Determination of A's and B'a. 
explaiaed above, is given by the formula 

whcre t is o, I, 2 . . . . 23. 

Then, if Z is the sum of the series of 24 terms found by giving t its 
24 values, as before shown, 

A, = Xh cos znt ; B, = 122 Xh sin 2nt ; &c., &c. 

Also, since n= I 5 O  and t is an integer, all the cosincs and sines illvolved 
are cqnal to one of the following :- o ; + sin 15' ; + sill 30° ; + sin 45'; 
+ sin 60' ; + sin 75" ; & I .  Thcse are denoted in the computation - 

. f o r m s b y o , S 1 , + S , , + S , , + S , , + S , , + ~ .  

This enables thc forms to bc arrangcd in the ncat tabular form on 
pages I, 2 and 3 of the Analysis of Short-Period Titlcs, a s9ecimen of 
which is givcn in Form No. v ~ ,  whcre the 24 hourly values to be sub- 
mitted to analysis arc writtcn continllo~lsly down coll~lnns I and 11. The 
s~hscc~ucnt operations arc sufficiently iudicatcd by tile headings to the 
columns, a d  i t  will he fouuJ on examination that the results are in 
reality the sums of the several series given above. 
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 COMPUTATION^. [PABT VI. 

Initial 

91 
sa 
94 
96 
98 
p1 
T2 
M, 

Ma 

M3 

4 

I 6  

M8 

K1 

Ka 

Na 
IN, 

Lp 

vg 

0 I 

QI 

JI 

(MB)4 
& o r i b i s  

(aSM), 
I 

( 2 % 1 ~ T c ~ ) 3  

(M,?J), 
BfSf 
Mnl 

Mf 

Se 

See 

L I E T  O F  

Name of tide 

Principal Solar Diurnal 
o ,, Semi-Diurnal 

Principal Solar Series Over-Tidee 

Solar (Declinational) Diurnal 
Larger Solar Elliptic 

Principal Lunar Diurnal 

8 ,  ,, Semi-Diurnal 

I Principal Lunar Seriee Over-Tide0 

Luni-Solar Diurnbl (Deolinational) 

,, ,, Semi-Diurnal ,, 

Larger Lunar Elliptio 
Lunar Elliptic, 2nd order 

Smaller Lunar Elliptio 

Larger Lunar Evectionel 
Lunar (Declinational) ~ i u r n a l  

Larger Lunar Elliptic Diu-mal 
Lunar Elliptic Diurnal 

Compound Tide. i 
Luni-Solar 6ynodic ~ortnightlp 
Lunar IfonLhly 

,, Fortnigl~tlp 

Molar Annual 
,, Somi-Annual 

Speed in eymbols and 

7-'I 

2 ( 7 -7 )  

4(~-77) 
6 (Y -11) 
s(r-77) 
7-2 '1  

2 7 - 3 7  
y - a - w a n d  
y - a + w  

~ ( Y - U )  

3 ( y - 4  
~ ( Y - U )  
6(y-a) 
~ ( Y - u )  
Y 

aY 

l y - j a + w  
z y - q a + 2 m  

~ y - a - v a n d  
z y - a + m  

a y - 3 a - w + r ~  
y - z a  

7-3 + rn 
y + a - w  

4 ~ - 2 a - 2 ~ )  ! 

a y - 4 a + 2 1  
2 y +  a a - 4 1  

3 Y - 2 a 

3 7- 4 6 
47-5 a + =  
za -27  
a - v  

2 u 

rl 

2 s 

in m. e. hours 

1 5 O  

30 
60 

90 
1 2 0  

I 4 ' 95893 14 
29 ' 9 5893 14 
I 4 '49205 2 I 

28 '9841042 

43 '4761563 
57 -9682082 
86 ,9523126 

"5 '9364164 
I 5 ,041 0686 

30 '0821372 

28 -4397296 
27 '8953548 
29 '5284786 

28 5 I 258.30 

13 '9430,156 

1.3 ,3986609 
15 -5854433 

58 '9R41042 
27 '5682084 

.'I ' O1 589S8 
44 -025 1 728 

42 ' 927 1 .198 
57 '4238.338 

I - 0  I 58958 

o .5++37,+7 

I '09803.30 

o -04 I o6R6 
o ~0821g72 
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Initial Argument = Vo + u 

Zero 

91 

ID 

I)  

I )  

-ho+)* 

- (ho-p1) 
(ho- Y) - (so-[) + Q - #T where 

tan Q = ) tan P 
2 (ho-4-2 (so-€) 

3 Arg. M2 
2 Arg. M2 

3 Arg. Mz 
4 Arg. MZ 

ho- v'- f r where 
sin v tan Y' = 

cos v + -464 k 
2 hO- ZY" where 

sin 2v tan zuU = 
COB 2v + -464 k 

Arg. M2 - (so -PO) 
*rg. Nz - (so - PO) 

I f 2  + (so-po) - R + ?r where 
sin 2P tan R -- ' + cota fI- cos 2 P  

Arg. M2+ (so-yo) + 2 ho- 2 so 
(ho-4- 2 ($0-1) +)  * 

*rg. 0 1  - (so -PO) 
(ho-v) + (so-yo)-) n 

Arg. M, 
Arg. M4 

IT- Arg. M,, 
Arg. M2 + Arg. El 
Arg. M4 - Arg. KI 
Arg. Ma + Arg. N, 

2s-Arg. M2 

80 -Po 

a (80-1) 

A" 
a ho 

Factor for reduction = f 
f 

Unity 

I* 

I) 

11 

I* 

J l  

I I 

F ~ C .  0 + J;++COSZP 

cos)wcosf i  1 ( c o s t I  
(Fnc. ~ ~ 1 %  
(Fac. MJ2 
(Fac. M2)3 
(Fw. M2)4 

1*46qog k where k = Jr +in 2+'9281- + sifi2i) 
sin 2 I 

I 46407 k where k = 

,/I + (.46qk)" a928 kcos zv (1-4 sin2i) 
ein2 I 

Fac. M, 
Fac. M2 

Fac. M , + ~ I - ~ a t a n ~ ~ I c o s z P  

Fac. Mz 
ein o cos2 o c0s4 4 i 

sin I cos2 f I 
Fnc. 0, 

ein 2w ( I  -+ sin2i) 
sin 2 I 

Fac. M, 
Fac. M4 
Fac. M2 

Fac. M, x Fac. K, 
Fac. M4 x Fac. K, 
Fac. Mz x Fac. N2 

Fac. BI, 
( ~ - p e i n ~ o )  (I-Qein2i) 

( I  - 4 sin2 I )  
ein2 o, cos4 + i 

sinZ I 
Unit.p 

11 

Initial 

81 
8 2  

a4 

s6 

8~ 
P1 

T2 
M1 

M2 

Ma 
M4 
Me 

Kl 

K2 

N2 
~ N z  

L2 

Q 
0 1  

Q1 

J1 

(Ms)4 
p, or 2MS 

(2sM)z 
("~K~)3 

( ~ M z ~ I ) ,  
("2N)4 

MSf 
Mm 

Mf 

S s  
Ssa 
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I 7 .  The preceding table contains a list of the tides, at present sub- 
jected to  analysis, together with their speeds, 

List of tides. 
arguments and factors for reduction. The 

symbols in  the table have the following meanings :- 

y = earth's angular velocity of rotation. 
a = mean motion of the moon. 
9 = )J J J ,, sun. 
0 = ) )  ' J  ,, lunar perigee. 
h = sun's mean longitude. 
p = mean longitude of the moon's perigee. 
v = right ascension of the 'intersection' or descending node of 

the equator on the lunar orbit. 
s = moon's mean longitude. 
5 = longitude ' in the moon's orbit ' of the ' intersection'. 
I = obliquity of the lunar orbit to the equator. 
0 = J J  ,, ecliptic. 
i = inclination of the moon's orbit to the ecliptic. 
P = longitude of the moon's perigee at  mid-year measured from 

the ' intersection '. 
The letters with the zero subscript represent the values of the cor- 

responding functions at oh of the 1st day of the year of observation. 

18. For the purpose of determining the tides of long period, it is 

Long-period tidee. 
necessary to eliminate the oscillations of water- 
level arising from the tides of short period, 

As the quickest of the tides of long period has a period of many days, 
the height of the water at one instant for each day gives sufficient data. 
Thus there will, in a year's observations, bo 365 heights to be submitted 
to  harmonic analysis. I n  leap-years, the last day's observation must 
be dropped, because the treatment is adapted for analping 365 values. 

I n  finding the value of the height of the water fcr each clay, the 
algehraica,l mean of 24 coi~secutive hourly values, beginning with the 
hei3112 at  noon, is t,aken : the result will the11 n.ppiy to the middle 
instant of the period 0'1 to 23'1, that is to to I 1)' 30" at night. 

19. The formation of a daily mean doe3 not ollliteratc the tidal 
oscillations of slrort period, hccallse nonc of 

Clearance for uhort-period t~dcs. 
the titles, excepting those of the solar - - 

series, have commensurable periods in mean solar time. - 
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A correction, or ‘clep-:ante of the daily mean', should therefore 
be applied for all the impoitznt tides of short period, excepting for the 
solar tides. 

Let R cos(nt- c) be the expression for one of the tides of short 
period, as evaluated by the harmonic analycis for the same year : and 
let a be the value of nt-r at ally noon. Tllell the 24 consecutive 
hourly heights of the water due to this tide, beginning with that noon, 
are :- 

sin I 212 
the sum of these is R cos (a + I I an), so that the ' clearance 

sin &n 
sin I 2n 

of the daily mean ' is - &R --- cos (a + I I an), and is additive. 
sin i n  

I t  has bcen found, practically, that only three tides of short period 
viz., &I,, N, 0, exercise any appreciable effect, so that clearances for 
them have to be applied. It aras formerly the custom to compute the 
clearances for these three tides, for every day in the year, as above and 
to correct the daily means accordingly : but the proceiIul*e now is 
different, and a single correction, for each short-period tide, is applied 
to each of the final equations, instead of to each daily mean. The 
process will be explained more fully below. 

20. The mean of the 36.5 quantities is now taken to give the mean 

Uncleared cquntions. 

- - -  
height of the water for the ycar; and it is evi- 
dent tliat, cven if tlie daily mcans arc uuclcared 

from thc effccts of thc short-pcriod tidcs, as is tlie case in practice, 
this ycarly mean cannot bc scnsibly vitiated. 

The ycarly mcan hcight is ncxt subtractcil from each of thc 365 
daily mcans, and 365 quantitics, ah, arc fuund giving the mean daily 
height of the watcr above tlic mcan yearly Iiciglit. 

Thcsc quantitics arc to bc thc subjcct of harmonic analysis: and 
the tidcs choscn for evaluation arc thosc whicli have been dcnoted 
above as Mm, Mf, MSf, Sa and Ssa. 
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Let 
S h =  Acos(u-m)t +Bsin(u-m)t  

+ C cos 2ut + D sin 2ut 
+ C'cos 2(u-q)t+DJsin 2(u-q)t 
+ E cos qt +F sin qt 
+ G cos 2qt + H sin 27.11, 

where t is time measured from the first I I 3om. 

Then a little manipulation, for which the reader is referred to 
Professor Darwin's Report of 1883, gives the following equations :- 

-- 

8Shx cos ( o - v )  t =  

,. x a i n ( u - v ) t =  

,, x cos a o t  = 

,, x sin lo t = 

,, X COS 2(o-1) t= 

,, x sin a(@-1) t= 

, ,XCOSr)t  = 

, , x a i n q t  = 

, ,XCOS27)t  = 

,, x aln 11, t = 

CoeR1- 
cient of 

A 

+ 183'05 

+ 2-14 

+ 0 7 3  

+ 4-29 

+ 0'79 

+ 5.04 

+ 4'08 

- 0.34 

+ 4.96 

- 0'69 

I 
Coeffi- 

cient of 
B 

+ 2-14 

+ 181qf; 

- 4-15 
I + 1'01 

- 4'90 

+ 1-07 

+ 3 . h  

+ 0'34 

+ 3'83 

+ 0'69 

- 
Coefi- 

cient of 
C 

+ 0'73 

- 4-15 

+ 183'18 

+ 0'88 

+ 0'61 

+ 0'92 

- 1.50 

- 0'10 

- 1'51 

- 0'19 

Coefi- 
cicnt of 

D 

+ 4-29 

+ 1'02 

+ 0.88 

+181'6a 

+ 0'92 

- 0'75 

+ 3'05 

- 0'08 

+ 3'06 

- 0.17 

21. The left-hand sides of these equations must now be cleared from 
Numerical dekrminatlOnof olur- the effects of  the three tides of short ~eriod. 

ances. This is done in the following manner :- 

It has been shown before that the ' clearance' is 

sin I 2n 
- sin 4 1 r  cos (nt - c+ I 1 an). 

The proper clearances therefore to he applied to the left-hand sides 
of the first and second equations will be 

sin I 2n - 2 - i  sin- c o s ( n t - c + ~ ~ i n ) c o s ( c - o ) t ,  

sin 12n 
and - 3, 2 R --7 cos ( n t - c +  I I in) sin (c--)t, 

sin an 

the summation extending over 365 days. 



Writing RcosC= A and RsinC= B, Professor Darwin- in his report 
of 1883 has deduced these clearances in the forms 

X, A + X, B and Y, A + Y2 B, 
ahere the X's apply to the left-hand sides containing a cosine and the 
Y's to those containing a sine, and the A's and B's are taken from the 
analysis of the corresponding short-period tides. Simple formulae are 
also given for computing the X's and Y's ; their values are shown in the 
annexed table, and are to be applied with the signs there given :- 

22. Iiaving now obtaincd tlie ' cleared' values of the left-hand 
sidcs of the equations, the left-hand side of the 

8olution of equationm. 
first equation is diviclcd by the coefficient of A 

in that cqnation, the Icft-llancl sitle of tllc sccond equation by the 
cocfficicnt of B in that eqnation and so on, thc results being approxi- 
mate valucs of A, 13, C, kc. Thcse are now substituted in the tcn 
equations ancl tlle final valucs of A, B, C, kc. deduced. But the initial 
instant of time is thc first 1 1 1 1  3on1 in the year, instead of the first 
noon. Hcnce, if as before, 

Ra = A9+ B2 and tan 3, = B ii' 
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then, in  order to reduce the results to the normal form in which noon 
of the first day is the initial instant of time, the increment of the 
corresponding argument for l lh 3om must be added to 5, to get (, 
Having thus determined R and (, H and IC will be found as before by 
multiplying R by its proper factor of reduction and by adding to fl the 
initial argument. 

23. It may happen from time to time that the tide-gauge breaks 

Interrnption In record. 
down for a few days, from the stoppage of the 
clock, the cholring of the tube, or some other - 

accident and that other readings are not taken during the intenuption. 
I n  this case there will be a hiatus in the values of ah. Now the 
whole process employed depends on the existence of 365 continuous 
values of ah. Unless, therefore, the year's observations are to be 
sacrificed, this hiatus must be filled. If not more than three or four 
days observations are wanting, i t  is best to plot out the values of 6h 
graphically on each side of the hiatus and, filling in the gap with a curve 
drawn by hand, use thc values of 6h given by the conjectural curve. 
If the gap is somewhat longer several plans might be adopted, for ex- 
ample, if there is another station in  the neighbourhood the values of 
ah for that station might be inserted; or, the values of 6h for another 
part of the year, in which the moon's and sun's declinations are as 
nearly as possihlc the same as they were during the gap might be 
used antl, as a matter of fact, these mcthods have been used. When 
the hiatus is of considerable length the preceding methods are inapplic- 
able, and the plan employed is as follows :--The actual 6h's are 
entercrl in thcir propcr places ; then in tile ten final equations all the 
tcrln. wit11 small coefficients are neglected, and in tho terms whoso 
cocficients are approximately 182.5, a coefficient equal to I 82 ' 5  &mi- 
nirllcd by half thc numbcr of days of hiatus, is substituted ; the corn- 
putations are then carried out, as if there was no gap, until the values 
of R and (are ohtainerl for each l ~ n g - ~ e r i o d  tide. Prom tl~esc approxi- 
mate valocs of R and t the 11cight of tach tidc for each day of the gap is 
compntccl from the formula Rcos(nt- (), where t is the number of 
days since the commooccmcnt of the year of observation and TI, tile 
speed of tho particular long-period tido per mean solar day. Tlllls 
five heights, above or below mean-water Icvel, are obtained for each 
(lay of the gap. Thcsc five lrrigllts are added togcther aud the sllm 
is tllc misvi~rg Sh for t h  particular clay.  he gap llaviug bccn tllus 
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filled in with computed 6h9s, the whole computation is repeated with 
the completed series. 

Where a break extends over two or three months in the first half 
of a worlcing year, the observations antecedent to  the break in  that  
half-year are rejected, and the date of tlie working year put forward to  
the date following the end of the break : but if tlie break occurs in  tlie 
second lialf of the working year, that year is considered to end at  tlie 
commencement of the brcak, and to begin 365 days before it. And the 
year following the break will begin a t  the end of the break. 

24. As the determination of each of the ten quantities 26h cos(o - o)t, 
Method of 

adding 

28hsin(c-P) t, &c., by multiplying each of 
cquivalent multipliers. 

the 365 ah's by its proper cosine or sine and 
the results together, would be extremely laborious, the method 

of equivalent multipliers has been devised by Professor Adams. The 
values of the respective cosines and sines are divided into eleven 
groups, according as they fall ncarest to I . o, 9, 8, 7 . . . ' 2, I ,  o. 
Then, as all the values of 6h are to the multiplied by some value of 
the cosine or sine, and that value must fall into one of these groups, 
all the values of ah which belong to one of these groups are collected 
together, summed and the sum multiplied by the correspondirlg mul- 
tiplier. Since there arc as many positivc as negative values of the 
cosine or sine, the signs of half of the ah's must be clianged : this is 
effected mechanically as follows :_.In the spaces in the forms for the 
cntry of the ah's, those 6h's whose signs are to be unchanged are to  
be cntered on the left sidc of the space if positive, and to the right if 
ncgativc. Thus, in tlie column correspon~lii~g to cach multiplier, there 
arc two sub-columns : thcsc arc sel~aratcly summecl ancl thc difference 
of these sums gives the total of the column for the ah's whose signs 
are to be unclzangcd. This proccss is carricd out in the upper half 
of tllc form and the rcsult is callcd a. Exactly thc same course is 

arloptcd in tlic lower half of thc form wit11 the ah's nliosc signs have to  
be changcd, and thc result is deuotcd by 6. Tllc complete sum of the 
Sh's is tluls n - 6, and thc value of a - b i11 each column is multiplied 
by thc multiplier c ~ r r c s ~ ~ o n d i n g  to that colnmn, whcn the sum of the 
prodncts will givc thc rcsult rcquircd. A pair of forms, one for the 
cosinc and the other for the sine series, is of course required for cach 
long-period tide. 
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25 .  From the analysis of the observations at  any port, one value of 

Prc,~.~l'ntioll of dntu for prediction H (the mean semi-range) and one value of t% 

of tidcs. (which may be called the mean epoch) are 
01)tairiccl for each constituent for each year of observation analysed, 
For tlie larger tides M,, S,, K, &c., the values obtained are very ac. 
cordant, but in the smaller tides there are considerable discrepancies 
from year to year. The means of the values of H and K for each tide 
are accepted as the best results. 

Suppose, now, it is required to predict the tides at Karichi for 1891; 
thc values of the R and 5 are computed for oll January 1st) 1891 for 
Karbchi for each of the constituent tides represented on the tide- 
prcclicting machine. The value of R gives the proper throm of the 
corresporlding crank anel 5 the angle at which i t  has to be set in start- 
ing the tide-predicting machine belonging to  the Indian Government at 
prcsent located in the India Store DepOt at  Lambeth. 

The computations of the R's and r s  are carried out in the way 
described in the accourlt of the reductions of the observations, the 
orily diffcrence being that to find R from H and c from K, the formu18 
R = f H and C= K - (V, + u) are used. 

When all the R's and c's have been computed, the results are sent 
to Mr. E. Roberts of the Nautical Almanac Office for employment in 
the tide-prcclicter. 

The depth, also, below mean sea-lcvel of the datum-line of reference 
from which the Iicigllts are estimated is required, in order to enable 
the pen which clraws the datum-linc on the tide-diagram to he set* 
Until lately there was no scientific definition of the usual term " Lor -  
water Ordiriary Spring-Tides ", but, after consultation bctween Pro- 
fessor Darwin, Major Baird arid Captain Wharton, the British Hydro- 
grapher, it was detcrrnined to u s ~  for Indian charts n datum tamed 
the " Indian Low-water Spring-Ticlcs ". This is the depth hc10~  mean 
sea-lcvel of the sum of tlie rncali lunar semi-diurnal, thc mcm solar 
smi-diuriinl, the mcau lllni-solar clillrllal and the mean luiiar diurllal 
tidc, or in tlie riotation usccl in this hanclbook, 

The mnrl~inc is ntnrtccl with tIlr pnlllcr setting of tllc cranks 
the tide-curve for a whole year is aoto~~latically traced on a roll of 
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Prc]1:1mtion 
of tidcs. 

From the analysis of the observations at  any port, one value of 

of for predictioll H (the mean semi-range) and one value of K 

(which may be called the mean epoch) are 
01)tained for each constituent for each year of observation analysed, 
Fur the larger tides M,, S,, K, &c., the values obtained are very ac- 
cordant, but in the smaller tides there are considerable discrepancies 
from year to year. The means of the values of H and K for each tide 

I 
are accepted as the best results. 

Suppose, now, it is required to predict the tides at  KarBchi for 1891; 
thc values of the R ancl are computed for oll January 1st) 1891 for 
Kariichi for each of the constituent tides represented on the tide- 
predicting machine. The value of R gives the proper throw of the 
corresponding crank and 4' the angle at  which it has to be set in start- 
ing the ticle-predicting machine belonging to the Indian Government at 
prcsent located in the India Store Depat at  Lambeth. 

The computations of the R's and r s  are carried out in the way 
described in the nccourlt of the reductions of the observations, the 
only difference being that to find R from H and c from K, the formulae 
R = f H and C= K - (Vg + U) are used. 

When all the R's and r s  have been computed, the results are sent 
to Mr. E. Roberts of the Nautical Almanac Office for employment in 
the tide-prcdicter. 

The depth, also, below mean sea-level of the datum-line of reference 
from which the heights are estimated is required, in order to enable 
thc pen which draws the datum-line on the tide-diagram to be set- 
Until lately there mas no scientific definition of the usual term " Low- 
water Ordinary Spring-Tides ", but, after consultation hetween Pro- 
fcssor Darwill, Major Bainl and Captain Wharton, the British Hydro- 
grapher, i t  mas d~tel.rninerl tn limn $-,, T-;I:--- , 

P A G ~  
232 line 7 from bottom 

" Indian Tnw-wder read " Indinn 'pYing 'OW' 

spring-Tides" water Mark "- 
--A" AU.,'&*l auliLr 

.u . . . . - t t lui~~al ,  LIE rncan illlli-solar (lillrnnl and the mean luuar diurnal 
tidc, or in tlle notatiou used in this handbook, 

The mnrlli~ic is started with thr proppr setting of tllc cranks and 
t l ~  tide-curve fur a wllolc year is nutonlatically traced on a roll of 
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paper in about four hours. The time and height of each high and low 
water are measured, and the tabulated results form the tide-tables for 
the port. 

This is the procedure followed in  regard to open coast stations : the 
riverain stations are treated in  a different may, the observations being 
reduced separately for each month in the year, and the semi-monthly 
curves obtained from the means of the corresponding months through- 
out the total period of the observations. 

26. I n  entering the heights of the water, read off the diagrams, in 
the computation forms, various precautions are 

Forms. 
taken to guard against error. The procedure 

adopted in regard to these forms will now be explained, in  so far as is 
not self-evident from tlie forms themselves. The forms given below 
have for convenience bcen numbered consecutively from I to XI, but 
this is not the case in the actual forms. 

27. After the diagrams have been prepared, the heights are succes- 

Form I. S-Series. 
sively measured and entered in the respective 
hour columns of this form, the first entry being 

that of o1l of the 1st day. The first day is called r in the forms for 
short-pcriod tidcs and o in those for long-period tides. The date for 
each day is generally written in pencil on the left-hand margin. 

Thc mcasurernents are made to l~nndredtlls of a foot, by means of 
a paper scale dividcd illto tcntlis and hundredths in accordance with 
working scale of thc instrument which rcgistcred the diagram under 
trcatmcat. Whcn thc rcader has called out the entry for each ogrd 
hour, the recordcr chccks the record by calling out ' end of the day ' 
and tlicn givcs the datc of tlie nest clay. 

The rcncling and cntry of tlie hcights in the S-Scrios is done in 
dnl)licatc, tllc origillal set bcing gencrnlly mcasurcd by n survcyor and 
thc tln1)lic;ttc by a rlativc computer. Wllilc tllc mcasnremcnt for the 
c1nl)licatc is goii~g on, a sccond clcrk ~ratclics the cntrics in the original 
%ntl if thc reading differs by more t l~ail  0.01, 0.03 or 0'05 of a foot ac- 
cortling as it is tlic natural, half or smaller scalc, that hciglit is at once 
rc~ncnsl~rccl ancl a correct value cntcrcd both in thc original and the 
~lllplicatc. Tllc original and dul,licate arc iiow compared, and if tlicre 
are any discrcyancics larger than those above mentioued, they are 
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noted, remeasured at  the completion of the comparison, and correct 
valucs entered in  both copies. 

28. The heights are next copied from the original of the S-Series 

Form 11, LC, M, LC., Beria. 
into the M-Series, from the M-Series into the 
0-Series, from that into the K-Series and so 

on, the last being now the zMK-Series. 

Where a double dot occurs in the forms, it indicates that two suc- 
cessive hourly values of the S-Series are to be cntered, the first above 
thc second : when a horizontal line takes the place of one of the usual 
dots, it means that no entry is to be made there, but that the next 
entry is to be in the next column to the right. 

A black vertical line means that the solar day divides at the line 
and that the height immediately preceding corresponds to a zgrd solar 
hour. A double dot with a short black vcrtical line opposite the upper 
one, means that the entry made at  the upper dot is the height corre- 
sponding to the 23rd hour of one solar day, and that at the lower dot 
to  the o hour of the next solar day. By these marks, the copyist 
knows that he is at  the end of a mean solar day. 

At the right-hanrl side of all the forms, except the S-form, is a 
column headed S-hour giving the day ancl hour of the S-Serics corre- 
aponding to the ~ 3 r d  hour of the particular day of the serics in ques- 
tion. This is a further check but is rarely used. 

29. When thc 2MK-Serics has bcen copiecl from the MK-Series, it is 

Comparison of entries. 
compared simultaueously with the original and 
duplicate of the S-Scrics, and if it agrecs with 

the original the copying is perfect. The comparison with the duplicate 
guards against gross crrors which may have cscapcd noticc in the corn- 
parison ;£ the original and duplicate: 

Errors found in the zMK-Serics are ,qearchcd for in the othcr serics 
in the reverse ordcr until one is rcaclled in rnllich tllc error docs not 
occur, and corrections arc madc accordingly. 

30. The heights in each column are then added togetl~cr, the units, 

Addition of hourly hclghtr. 
tens and hundreds being separately summed, 
and the sums cntered at the bottom of the page ; 

some weeks afterwards they are verified by fresh computers. 
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Besides this, for the S-Series, the sum of the 24 hourly heights is 
taken for each day and entered in the column ' daily sum ', which, divided 
by 24, gives the quantity in  the column ' daily mean '. 

31. For the S-Series the total of the ' daily sums ' should be equal 
to the total of the horizontal line at the bottom 

Checke. 
of the page in each of the five pages of the form. 

For the other series, for example the M-Series, the total of the 
heights on page I of M should be the total of the heights on page I of 
S, less the sum of the last I 2 hours on page I of S, since the last entiy 
on page I of M corrcsponds to 74% rl' of S. I n  comparing the totals 
after the first page, account must be taken of the number oE entries in 
excess or defect at the beginning as well as at the end of each page, as 
compared with the entries on the corresponding page of S. 

32. This requires no explanation ; but care must be taken that the 

Form V. Summntions end menns. 
number of observations is correct : it should be 
the sum of the five quantities, one on each 

page, at the bottom of the page under the corresponding hour. 

Thc remainder of the forms for short-period tides are self explana- 
tory . 

33. The mean height of the water for each day is talcen from the 
column ' daily means ' in the S-Series, and the 

Form Ig. Long-pcriod tldee. 
mean height of the water for the whole year, 

or A,, is determined in the form for the S-Series which corresponds 
to Form VI. Thc latter mean is subtracted from each of the former 
quantities, giving a number of small positive and negative quantities 
6h, onc for cncli day. These are cntcred in Form IX, of which there 
arc two for cach long-period tide, in the  manner dcscribed in the foot- 
note. 

I n  solving the first eqnntion, the second linc is obtained by intro- 

Fonn XI. 
dncing for 33, C, D, kc., thc first approximate 
valucs obtnincd in thc preceding form. I n  

solvitlg tllc sccond cq~lntion, tho second approximate value of A is 
introdaccd and the first of thc otller qnantitics, C, D, kc., and so on. 

Tllc rcst of thc cornpat,ztions is sufficiently cvident from an inspec- 
tion of tlic forms givcu bclow.. 
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LONG-PERIOD TIDES. [KARACHI, 1883-84. 
- 

FOEM Xu-SUXMATIONS AND EVALUATION O F  LON~-PERIOD TIDES.-CLEAEANCE 
FROM EFFECTS OF TIDES OF SHORT-PERIOD. 

NOTE.-A and B to  be extracted f rom harmonic analysis f o r  Tides of Short-Period. 

Tide Mm or (6-P). Tide Mf or 26. - - 

Cosine Series. Products. Cosine Series. Products. 
A, = - 

multiplier = - 0.0556 multiplier = + 0.0030 
B2 = + 1'098 B2 = + 1,098 

= -0.19 1 1 = - 0.04 
multiplier = - 0'1 704 multiplier = - 0'0.3 j 7 

A = -  0'035 1 = +,-0, A  = - o.o.3.i e-O 'OO 

(multiplier = - 0.0588 ) multiplier = + 0'0.368 
B = + O'j99 

1 
1 = -0.13 

multiplier = - 0.0776 multiplier = - 0'22.34 
A = - 0.382 I = +0'02 A = - 0.382 = -O.OI 

multiplier = - 0.0649 multiplier = + 0.0167 
B - 0'40j B = - 0'405 = +O'l4 

1 
I = + 0.03 

multiplier = - 0.3477 multiplier = - o"o;7c) 

Total + = + 0.29 
Total - = - 0.24 

Total clearance = + 0.05 
Uncleared Zdh cos (a-  ~ ) t  = + 1.29 

Zdhc0s (@-'KT)t= + 1'34 

Divieor I 83.05. 1st npprox. A = + 0,007 

Sinc Series. Products. 
A, = - 2'378 1 , +o.qr 

~nul~ipl ier  = - 0.1 708 

M z  I B2 = + 1.098 1 = + 0.05 
multiplier = + 0'0441 - 

A = - 0.03 j 1 = + 0'00 multipliei. = - 0'0206 

multiulicr = + o' I I 38 

Total + = + 0.03 
Total- = -0.19 

Total clearance = - o* I 6 
Uncleared Zdh cos zat = + 7'10 

z d h  cos 2at = + 6.94 

Divisor 183'18. 1st approx. C = + 0.0.38 
-- 

Sine Serics. Products. 
A2 = - 2'878 

= -o.Io multiplicr = + 0.041 7 
B, = + I ,098 

1 
= + 0'01 multiplier = + 0.0105 

A = -  003.5 1 = +,.,, 
malt,iplier = - 0.1525 j 

= + 0'599 = ' 6 . 0 5  
multiplier = - 0.08 54 

A = - 0.~382 
= - 0.03 multipiier = + 0.0842 

B = - 0'405 1 = - 0'01 luulliplicr = + 0'0338 

Totnl + = + 0.02  

Total - = - 0. I 9 

Tot,nl clcnrn.ncc = + 0.64 
nnclcnrcd Zrllr. sin ((1- w) t  = + .3'80 

Tot,al clenrancc = - 0.1 7 
Unclearcd f dh sin zcrt = + 2 '  I 4 

Divisor 181'95. 1 s t  npprox. B = + 0 . 0 2 1  
-- - 

I d h  sin zat = + 1.97 

Divisor 181.82. 1st approx. D = + 0 . 0 1  I 

Tho 1 s t  npp~.n~in?ntlonq of the ror~qtnnts for the  o t l ~ r r  thrrr tirlrq are rlrducrd in thc  smie mn)', nnd are 
for MSf, ~ f =  -o.oor, -0.009; for Sn, E =  +o.oqg, F=-o-oor ; nud for Ssn, G=-o 003, II= +0'189. 

Cojnputed by . Checked by Cornpared by 
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34. These tables have been constructed to facilitate the computations - 
required for the harmonic analysis of -the tidal 

Auxiliary tablcs. 
observations. The following explanations and 

examples are given to  illustrate the use of the tables. 

35. Tliis table, for converting decimals of a degree into their cor- 

Table I. 
responding values of minutes and seconds of 
arc, enters frequently into tlie computations, 

more especially in taking out the values of tlle trigonometrical func- 
tions from Shortrede's Logarithm Tables. I ts  use hardly requires 
explanation. 

36. This table is the converse of Table I, but had to be made out 
somenrhat differcntly. 'l'he correct value to  

Table 11. 
thrce places of decimals of a degree is all that 

is generally required in tlie coinputntions. This is given in the 4th 
column, and i t  will be observed that the figures in the 4th column 
are arranged micln.ay betwcell those in the 3rd and also midway between 
those in the 5th column, n~here the actual values corresponding to tlie 
angles in tlie 3rd column are given. 

It will also be obscrved that the table is divided into six groups. 
The rcason of this is as follows :-6 minutes = . I of a clcgrce, 1 2  

minlites = 2, I 8 niinutcs = - 3 ,  aiicl so 011. Thercforc, any number 
of sccolids added to 6 miilntcs will gil-c the samc figurcs in t l ~ c  second 
ancl tliird plncc of dccimnls (in tlic cqui\?alc~it vxlnc of a dcgrce cxprcsscd 
in clccinisls), as tlic similar numl~er of scco~ids addcd to I 2 minntcs or 
I 8 niinl~tcs nronld givc. Similarly, I minl~tc, or 7 niinntes, or I 3 
mioutcs, and so mnuy scconds n.oultl cxcli lrn\rc for t l ~ c  sccoritl ailtl tllirtl 
placc of dcci~~inls the same fignrcs in csprcssi~~g t l~cir  corrcsl)ontlil~g 
val~lcs in clecimnls of a dcgrec (tlic first figurc of thc decimals of coursc 
altcrs) . 

To IISC tlic tnl)les, first look for tlle minntcs in onc of tlic gronps 
of colunln I ; opl)ositc it i11 t l ~ c  arlcl colaunn w i l l  1)c fo1111t1 thc first 
figl~rc of tlic cqlliv:~Icnt Y ~ I I I C  in dc(*i~llxls of a clc~g~~ce. Jc~ryii~!y / o  the 
a n n ~ e  growl), loolc in tllc 3rd col~lmn for tlic sccontls (most pro1)xl)ly the 
exact 11l1nll)cr will not l ~ e  follncl), cntcring this column at  t l ~ c  space 
l)ct\vccn tlic 1111nil)cr of sccol~ds ncst lcss slit1 t l ~ e  1l11m1)cr of scconds 
next grcater t11;lu that 1001~ed for, iu the 4th cvZu~~tn opposite this space 



248 IISNDBOOK OF THE TRIGONOIIETRICAL BRANCH. 

the second and third figures of the corresponding value of the decimals 
of a degree will be found. If  the actual number of seconds loolied for 
is found in the third colnmn, then the corresponding value is obtained 
in  column 4 opposite the space in colu~~zn 3 belozo the number of 
seconcls. 

Example.-Required the decimals of a degree corresponding to 
18' 25" : 

Column 1 ,  group I, I 8' . . . . . .  . . .  = - 3  inco1.z 
, 3, ,, I ,  25" (between 23''-4 and 27".o) = - 0 0 7  in col. 4 

- 

Value requircd = 3 0 7  - 
Again :-If the decimals of a degree corresponding to 40' 0'' are 

rcquirccl : then as in the above example, 40' 3" would just equal ,668, 
ant1 anything Icss than 40' 3" must be less than -668. Again, 39' 5yf'.4 
would just cqual '667, and anything greater than 39' 59'"4 must be 
equal to -667 or more. Therefore 40' of' 11-onld equal 667. 

37. Tliis is extracteel and tlccluced from I-Iansen's Tables de la h e j  

T.ible 111. 
pagcs 299 arid 300. T l ~ e  values of p, the mean 
longitude of tlie moon's perigee (or ?r as it is 

written in tlie tidal cornputatio~l forms) is given for what is called 
January o of cacli year ; but ill the Preface to  Mansen's Tnbles it rill  
he folllirl that January o and December the g 1st mean the same date ; 
therefore t l ~ c  values givc~i in tlie tablcs are for 0 hours December 3lst 
of the prccccling ycar. But tllis is not tlia case for leap-years; the 
values givcn in tile tal~lcs as r c g n ~ l s  tllosc years arc for o llours 
oJslluary I st. 

If the value of .rr for o  liours January 1st is required for ;my Year 
n-liich is not leap-year, take thc mlee of 7 given opposite in tlie next 
column, arid adcl orie day's motion (Table v) ; if i t  is leap-year, t l ~ c  olle 
day's motion lins not to be adclcd. 

Example.-Required rr for o liours January 1st) I 891. 
I11 Tahle I r I opposite J Xy I . . . 3 2 8 ° ' ~ ~ 6 3 2  
111 'l'al~le v onc day's motion for rr .. . o ' I  1140 

- -- 

7~ for 0 hours January ~ s t ,  189 r = 328'. J I 7 7 2  
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Again :-Required rr for o hours January 1st) 1892. 

Opposite 1892 in Table 111 is 8'-78020, which is the value required, 
for 1892 being leap-year, the one day's motion is not added. 

38. These tables are to be employed together ; in using Table v great 

Tables IV and V. 
care must be taken that the proper number 
of days from January o is taken by means 

of Table IV. The motion of p or rr is &en for every day from 
I to 366. 

39. This table gives the correction to the value of p or rr on account 
of difference of longitude from Greenwich. 

Table VI. 
The correction is required only to three places 

of decimals of a degree, as far as the tidal computations are concerned, 
and the table is constructed on the principle explained in Table 11. 

Column 3 shomrs the exact correction for the difference of longitude 
given immediately opposite in column I ; and column 2 gives the cor- 
rection which has to be used, for all values occurring between the 
longitudes given in column I. 

Example.-Required correction for rr for 30' 30' E. longitude. By 
Table 11 30' = -500 of a degree. 

From Table v1.-30~~5oo lies between 27O.468 and 3oog;oo in column 
1, and in column 2 opl~ositc the spacc between those two longitudes is 
.oo9, which is the correction required, and the sign is - 

40. This table will be found much more convenient than Cre'lle's 

Table VII.  
for the particular multiylications required, 
and admits of much more raqitl computation. 

The three augmenting factors R , ,  R,, and R, occur so seldom that 
i t  has not been tho~gl l t  necessary to extend the tables on their 
account. 

Tlie usual multiples of the factors are one integer and three placcs 
of decimals, or two figures only preceded by o ;  for instance, 1 - 4 1  2, or 
0'026. Somctimes, however, two integers and three places of decimals 
have to bc multiplied by the augmenting factor. Tlie use of the table 
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- . -  

COMPUTATIONS. [PART VI. 

hardly requires explanation, care being taken to put down the decimal 
point correctly. The values in  the tables are the products of the factors 
by whole numbers. 

41. Tliese tables require no explanation. They give the value of 
S1, S,, S,, and S, multiplied by every number 

Tables VIII, IX, X, and XI. 
between *oar and -999 : from which the pro- 

ducts of these factors with other numbers can be rapidly obtained, 
care being taken about the decimal point. 

42. This table has been made up in order to permit of the natural 
numbers corrcsponding to logarithms, with 

Table XII. 
indices 6, 7, and 8, being taken out much 

more rapidly than conld be done wit11 IIutton's Logarithm Tables. 
The natural number correspolirling to the givcn logaritlim is only 
requircd correct to three places of decimals ; the table has been made 
up on the same principle as explained in Table I I. 

43. This table gives the values of N (longitude of moon's ascend- 

Table XIII. 
ing node) for o January I ,  Greenwich 
mean time, for each year from 1850 up to 

1949. 

44. 'I'his table shows the amount to be subtracted from the values 

Tnble XIV. given in Table XIII ,  to obtain N at any parti- 
cular date. The mean valuc of N to be 

used in the tidal reductions is the value at mid-ycar of the ob- 
scrvations : and as half a year after o hour of the first day under 
analysis falls at midnight, the values in  Table xrv are computed for 
each midnight. 

4.5. Tliis table gives the value of the solar perigee for 0 hollr 
Table SV. January I ,  from 1850 to 19439. 

46. This table shows the increment to bc addctl to thc qnantitics 

Table XVI. given in Tahle xv to ohtain thc value on 
certaiu days of tlic year, as the value of the 

solar perigee ( p , )  is rcquircd for mid-year of the obscrvations. 
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47. This table gives the values of, I (inclination of the lunar orbit 

Table XVII. 
to the eqnator), v (the right ascension of the 
intersection of the lunar orbit and the equator) 

and 5 (the longitude ' in the moon's orbit ' of the intersection) corre- 
sponding to each half degree of N (the longitude of the moon's ascending 
node) from o0 up to I 80'. 

When N is negative I has the same value as when N is positive ; 
;but v and 5 change sign with N. - 

The values of I, v and E corresponding to N at mid-year will be 
easily found by interpolation between the two nearest half degrees. 

48. This table is subdivided into seven parts (I), (2)'  &c., and is 

Table XVIII. 
used for the determination of the factors 11f 
and f required in calculating H £rom R and 

vice versa. The values are given corresponding to each oO.i of I, the 
inclination of the lunar orbit to the equator. The values required in  
the computation are those corresponding to I for mid-ycar; so that I 
is first obtained from Table X ~ I I  to correspond to N at mid-year and 
then the ~ / f  or f will be easily calculated by interpolation from the 
particular part of this table. 

49. This table gives the values of v' corresponding to each o0-r of 
I. The v' is required in computing the values 

Table XIX. 
of h,- v' - 4 T, the initial argument for the 

tide K,. 

50. This table is similar to Table xrx, and gives the value of 2v" 

Table XX. 
employed in detern~ining the initial argument, 
zh, - zv", for the tide K,. 

Attention sllould be paid to the notcs at the foot of tlicse tablcs. 
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TABLE I.-For converting Decimals of a Degree into Mihutes and 
Seconds. 

Example.-Required the value of 0°.8;5 in minutes and seconds : 

From Part 1 . . . -8  = 48' 

,, 2 ... '075 = 4' 30" 

,875 = 52' 30" 
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COYPUTATIOKB. [PABT VI, 

TABLE 111.-Values of p the Mean Longitude of the Moon's 
Perigee (the rr of the computation forms) for every year from 1850 to 
1949. 

TABLE 1V.-Number of Days from January 0. 
-- 

Bfonth 

Janusry o ... 
Fehruary o ,.. 
March o ... 
April o ... 
May o ... 
June o ... 

Theee v a l u e ~  are for January o ( i .  e., noon December 81et of preceding year), except 
in Lhe case of leap-yeare, when the valuee ere for o hour January 1st. 

The valuee given in the above table require 0°.1.36 to be added to give the true valuer 
of p or * (see page 36, Preface to Hansen's Tables), but as the form for the cornputatlop 
of tidal observations hae been constructed showing the constant 0°*1.36 to be added, lt 
har been thought advieeble not to make tbie correction in  the above table. 

p or s 

0 

36'96088 
77'73479 

118'39729 
159'05979 
199'52229 
240.49619 
281.15868 
321.82118 

2'48.367 
43'25756 
83'92004 

1 2 4 ~ j 8 2 5 3  
165.24501 
206.01889 
246'681.37 
287..34.38j 
328.00632 

8.78020 
49'44267 
90.10j14 

1.~0'76;60 
171.54147 
2 12'zo,3gg 
252.U66.39 
293'5288j 

6 

Common 
year 

p or x 

0 

99'72920 
140'39176 
181.16571 
2 2 1  '82826 
262.49081 
jo.zs~53,z6 
343.92731 

2 1 '  58985 
65'252.39 

'05.9 '493 
146.68887 
187.35140 
z28.01,39.3 
268.67646 
309'45040 
350'11292 

30'77545 
71'43797 

I I P * ~ I I ~ C J  

152.87441 
193'53693 
234' 19944 
274'97336 
315'6.3587 
356.29838 

-- -- 

Year 

18jo 
51 
52 
j j  
54 

1855 
56 
57 
58 
59 

I 860 
61 
62 
63 
64 

1865 
66 
67 
68 
69 

1870 
7 
7 
73 
74 

- -- 

Leap-year 11 Month I c o g ~ ~  ( Leap-~oar 

Year 

1900 
I 
2 

3 
4 

190; 
6 
7 
8 
9 

1910 
11 

12  

13 
14 

1915 
16 
17 
18 
19 

1920 
21 

2 2  

23 
24 

Year 

1875 
76 
77 
78 
79 

18Ro 
81 
82 
8.3 
84 

1885 
86 
87 
88 
89 

1890 
91 
92 
93 
94 

1895 
96 
97 
98 
99 

- r 
30 
59 
90 

1 2 0  

15 I 

p or r 

0 

271m42j49 
q12~08810 

. i52'75070 
33'5247' 
74'18731 

114'84990 
155.51250 
196' 28649 
236.94908 
277'61167 
318'27426 
359'04825 
.19'71083 
80.37341 

121'0.3599 
161'80997 
202'47254 
243.13512 
283'79769 
3 2 4 . 5 7 1 ~ ~  

5 ' 23423 
45'89679 
86'559.35 

127'33.332 
167'99588 

p or .~r 

0 

334.19130 
14'85396 
55-51661 
96.17926 

1.36.95331 
177.61596 
218.27861 
258'94125 
299.71529 
340'37793 

21 '04057 
61 '70.120 

102'47fz4 
14.3.13987 
183.802j0 
224'46513 
265.23915 
,305.90178 
346.56440 

2 7 ' 2 2 7 0 2  

6R.00104 
108.66.365 
149.~32626 
189.98888 
230'76289 

July o ,.. 
Auguet o ... 
September o ... 
October o ... 
November o ... 
December o ... 

1 year  

1925 
26 
27 
28 
29 

1930 
31 
32 
33 
34 

1935 
36 
37. 
38 
39 

1940 
41 
42 
43 
44 

1945 
46 
47 
48 
49 
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Days - 

I 
2 

3 
4 
5 
6 
7 
8 
9 

I 0  

11 

12 

1.3 
I4 
I j 
16 
1 7  
18 
19 
2 0  

21  
2 2  

2.3 
24 
2.; 
26 
2 7  
28 
29 
30 

31 
32 
3.3 
-34 
35 
-36 
37 
38 
39 
40 

41 
42 
43 
44 
45 
d 
47 
48 
49 
50 

51 
5 2  

5.3 
54 
5 5  
s6 
57 
58 
S9 

- - 

60 (1.68427 
61 f).;rr)~hR 
-- 

TABLE 

r 

; ' I I I ~ O  

0'22281 
0'33421 
0'44562 
0'55702 
0.66843 
0'7798.3 
0'89124 
1.00264 
1'11405 

1.22545 
1'33685 
1'44826 
1'55966 
1.67107 
1'78247 
1.89388 
2'00j28 
2.11669 
2'22809 

2'33950 
2'4.5090 
2'562.30 
2'67.371 
2.7851 I 
2.89652 
.?'oot92 
3'11933 
3'2,307,3 
3'34214 

3'45354 
3'56495 
.3'676.~5 
.3'78775 
.3.89916 
4.01056 
4'12197 
4.23.3.17 
4'.34478 
4'45618 

4,56759 
4'678g9 
4.79040 
4'90180 
5'01.320 
s.12161 
5'2.3601 
5'34742 
.i.4.;882 
5'5702.3 
5.68163 
5'79.304 
5.90444 
6 01585 
6.1272s 
6'23865 
6..35006 

1(1'46146 
16'5;287 

Days 

62 
6.3 
64 
65 
66 
67 
68 
69 
70 
7 1  

7 2  
7.3 
74 
75 
76 
77 
78 
79 
80 
81 

82 
83 
84 
85 
86 
87 
88 
89 
90 
91 

92 
93 
94 
95 
96 
97 
98 
99 

roo 
101 

1 0 2  

ro.3 
104 
105 
106 
107 
108 
I09 
1 1 0  

I I I  

1 1 2  

I 1.3 

1 

of 

Days 

123 
124 
125 
126 
127 
128 
129 
1-30 
131 
132 

1.3.3 
134 
135 
136 
137 
1.38 
1-39 
140 
141 
142 

14.3 
144 
145 
146 
147 
148 
149 
1 j O  

151 
152 

15.3 
I j4 
155 
156 
157 
158 
159 
160 
161 
162 

16.3 
164 
16; 
166 
167 
168 
169 
1 7 0  
1 7 1  

1 7 2  

17.3 
174 

V.-Value 

?r 

60.90708 
7.01849 
7.12989 
7'241.30 
7'35270 
7'46410 
7'57551 
7.68691 
7'79832 
7'90972 
8.02113 
8 ' 1 3 2 j ~  
8'24394 
~ ' . z s s . z ~  
8'46675 
8.57815 
8.6895.~ 
8.80096 
8.91236 
9.02377 

9'1.351; 
9.24658 
9.35798 
9'46939 
9.58079 
9.69219 
9'80360 
9'91500 

10.02641 
10'1.3781 

10-24922 
10'.36062 
10'47203 
Io'j8.343 
1 0 . 6 9 4 8 ~  
10.80624 
10.91765 
I I .o2905 
I l ' l 40JS  
I 1.25186 

I I .96.326 
11.47467 
11.58607 
11.69i4R 
11'80888 
I 1'92029 
12.0,3169 
12 .14~09  
12.25450 
12.j6590 

12'477.31I 
12.58871 

- 

1 2 1  

rrq 
"5 
116 
"7 
118 

1119 
1 2 0  

Movement 

?r 

1 3 . ~ 0 2 ~ 6  
13'81416 
13.92557 
14.03697 
14'14838 
14.25978 
14'37119 
14.48259 
14'59399 
I4'7Oj4O 
14.81680 
14.92821 
15'0.3961 
15'15102 
15.26242 
15'.3738.3 
15.48523 
15'59664 
15.70804 
15-81944 

15'9.3085 
16'04225 
16.15.366 
16'26506 
16.37647 
16.48787 
16'59928 
16.71068 
16-82209 
16.93349 

17.04489 
17'156.30 
17'26ij.0 
17'.3i91 I 
17.49051 
17.60192 
17.71.3.32 
17'8247.3 
17'9.3613 
18'04754 
18'15894 
18.27034 
18.581;5 
18'49.315, 
18.60456 

of 

Days 

184 
185 
186 
187 
188 
189 
190 
191 
192 
193 

194 
195 
196 
197 
198 
199 
200 

201 

202 

20.3 

204 
205 
206 
207 
208 
209 
210  

211  

2 1 2  

213 

214 
215 
216 
2 1 7  
218 
219 
2 2 0  

2 2 1  

2 2 2  

223 

224 
225 
226 
2 2 7  
238 

120.2i.:6.3 
~0..38;03 

19'49.579 
19.60;20 
19- i186o 
rg.R,3oo1 
19.94141 
20,05282 
20.16422 

1 . ~ . ~ 7 ~ ~ ~ 1  
1 2 2 ~ 1 . q . ~ ~ 1 . ~ ~ !  

1 2 * ; 0 0 1 2  

12.81152 
1 2 . ~ 2 2 ~ ~ ~ '  

13'0.343.3' 
13'14574; 
1.3'25714~ 
1,3.,3685~' 

p or T 

r 

~ 0 0 . ~ ~ 8 ~ ~  
20'60984 
20'72124 
20.83265 
20.94405 
21'05j46 
21'16686 
21'27827 
21.38967 
21'50108 

21,61248 
21';2389 
21.83529 
21'94669 
22'05810 
22.16950 
22-28091 
22'392.11 
22'50.372 
22'61512 

22.72653 
22,83793 
22'9493,3 
23,06074 
23.17214 
23.28.355 
23.3949; 
2.3.506.36 
2,3'61776 
23'72917 

2.3'8405; 
23.95198 
24.06.3.38 
24.17478 
2 4 . 2 8 6 1 ~  
24'39i59 
24*50900 
24'62040 
24't3181 
24'84321 

24,95462 
25.06602 
25'1774.3 
25'2888.4 
25'4002.3 
25.51164 
25.62.304 
25'7.344.i 
25.845Q 
25.95720 
26-oh866 
26.1800; 

--- 
24.3 
244 

236 
2.3; 
2.38 
2.39 
240 
241 
242 

182 
18.3 

17s 
176 
1 7 7  

178 
179 
180 
181 

for 

Days 

24j 
246 
247 
248 
249 
250 
251 
252 
25.3 
254 

255 
256 
257 
258 
259 
260 
261 
262 
26.3 
264 

265 
266 
267 
268 
269 
270 

2 7 1  
2 7 2  

273 
274 

275 
2i6 
2 7 7  

2i8 
279 
280 
281 
282 
283 
284 

285 
286 
287 
288 
289 
290 
291 
'92 
293 
294 

295 
296 

2 7 . 0 7 ~ ~ 0  
2 7 ' 1 R 2 ; l  

2fjn2914i1 
t f~ .40288 ,  
26.5 1428 
~6.62568 
26.73709 
26.84849 
26'9.5990 i 

1 8 . ~ 1 ~ ~ 6 l  
18'827.3~' 
18.~.3877/ 
I ~ * O : O I ~  

1 ~ ' 1 6 1 5 8  

19.27239 
1ge.3Rj.3q 

Days. 

r 

340'08979 
34 '20~19  
34'31260 
3 4 * + + 0 0  
34'53.541 
34'64681 
,34'7j822 
34'86962 
34.981021 
35'0924.3 

35'20383 
35'31524 
35'42664 
33-53805 
35'64945 
35.76086 
35'87226 
.35'98367 
36.09j07 
36.20647 

36.31788 
36.42928 
36.54069 
.~h~65209  
36.76350 
,36.87490 
36.98631 
37'09771 
37'20912 
37'32052 

37'43192 
37'54.333 
.17'65473 
37.76614 
.37'87754 
37'98895 
38'10035 
.~8'21176 
38'32316 
38'43457 

.38'54597 

.38'057.37 

.18'76878 

.3R'88018 
38'99159 
39.10299 
39'21440 
.39'32580 
.39'4.3721 
39'54861 
39'66002 
.39'77142 

I 
~.3.8669R(1 365 
.1,4.978.3RI' ,166 

1 to 366 

2 ; - q 4 1 1  

27.40552 
27'51692 
27'628.33 
27'7.3973 
27.85113 
27'96254 
28.07394 
28'18535 
28'29675 

28'40816 
28.51956 
28.63097 
28'742.3; 
28'85378 
28.96518 
29'07658 
29.18799 
29'299.39 
29.41080 

29.52220 
29.63361 
29'74jOI 
29.85642 
29'96782 
30'0792.3 
,30.1906.3 
.30'30203 
30'41.344 
30'52484 

30'6,1625 
30'7476.i 
.30'8j906 
30.97046 
31 08187 
31'19.327 
31.30468 
, ~ 1  .41608 
.31'52748 
31.63889 

.Z 1 '75029 

.31'86170 
31'97.310 
-32'08451 
32.19591 
.32'/07.?2 
.32'41872 
.32'.i.3012 
.32'64153 
,32'7529.3 

32.86434 
32'97574 

304 
305 

297 
298 
299 
300 
301 

,302 
.ZO.Z 

229 
2.30 
2.31 

2.32 

23.3 

2.34 
2.35 

40.66266 
40 '7740~  

39'88282 
.19'99423 
40'10563 
40'21704 
40'32844 
40.43985 
40'55125 

D&ys 

306 
307 
308 
309 
310 
311 
312 
313 
314 
315 

316 
317 
318 
319 
320 
321 
322 
323 
-324 
325 

326 
.327 
328 
329 
-330 
.3.31 
332 
3,3.3 
334 
335 

.336 
3.37 
338 
3.39 
340 
341 
,342 
,343 
344 
34.5 

346 
347 
-348 
349 
-350 
3.51 
552 
353 
,354 
355 

356 
357 

3.3'08715 
.1.3'19855 
3.3'30996 
33'421.36 
d.3'5.327i 
3.3'6441 i 

358 
3.59 

361 
362 

(36.3 
.3.3.75557 1.364 
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TABLE V1.-Value of the Movement of p or T for differencesof 
Longitude Greenwich. 

- 

Correction for E. Longitude - , for W.  Longitude +. 

Difference 
of 

Longitude 

0 

0'000 

I .616 

4'847 

8'079 
I I '310 

14' 542 

17'773 
21'00j 

24' 236 

27'467 

30'699 

.13'930 
37.162 

40'393 

4.3'625 
46'856 

50'088 

53'319 
56.jj1 

59' 782 
6.3.014 
66.245 

69.477 
72.708 

75 '939 
79-17' 
82 -402 

85 '6.34 
88.865 

-- 

Value of x 

P 

0 

' 000 

'001 

' 002 

003 
-004 

-00; 

006 

so07 

.008 

-009 

-010 

'01 I 

'01 2 

.0'3 
'014 

-015 

-016 

.01; 

,018 

-019 

'020 

'021 

'022 

'023 

,024 

'025 

.026 

-027 

-- 

Actual values 
of r corre- 

sponding to 
Degrees in 
Column I 

0 

' 0000 

• 000 j 

'0015 

,0025 

'00.35 

' 0°4 5 

• 00; 5 
-0065 

'0075 

0085 

'0095 
'0105 

*or15 

-01 25 

'01.35 

'0x4; 

"'155 
-016; 

'Ol75 

'0185 

'0195 
'0205 

.o215 

'0225 

'02.35 

'0245 

'025 j 

-0265 

'0275 

.. - - 

Diff elsence 
of 

Longitude 

0 

88,865 

92'097 

95'328 
98.560 

IOI '791 

10j.023 

108.254 

111'486 

"4'7'7 

117'949 
121.180 - 
124'4II 

127'64.3 

130'874 
1.34' 106 

337'337 

140.569 
143.800 

147'0.32 
1 50 ' 26.3 

153'435 
156.726 

'59'958 
16.3. 189 

166.421 

169.652 

172'884 

176.115 

179'346 
181.578 

-- 

Value of r 

0 

-028 

-029 

'0.30 

,031 

-032 

'0.33 

0.3 4 

'055 

,036 

'0.37 

e038 

' 0.39 
-040 

-041 

,042 

' 043 

'044 

-045 
* 046 

'047 
.048 

' 049 
'050 

-051 

'052 

'05.3 

'054 

'055 
,056 

.- - 

Actual valuee 
of x corre- 

sponding to 
Degrees in 
Column I 

0 

'0275 

' 0285 

'0295 

'0305 

"'315 

'0325 

'0335 

'0345 

'0.355 

'0365 

'0375 

'0385 

'0295 

' 0405 

'0415 

'0425 

'0435 

'0445 

'0455 

'046; 

'0475 

'0485 

'0495 

'0505 

'ojI5 

'0j25 

'05.35 

'0.54; 

'0555 

'0565 

-- 
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CHAP. 111. ]  COMPUTATION^, 

TABLE VI1.-Products of Augmenting Factors R,, R,, and R4 
multiplied by 1 to 99, 
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 COMPUTATION^. [PART VI. 

TABLE VII1.-Products of S, x -001 up to S, x 1.000. 
sin 15O = .25882. 

No. 

'00 

'01 

'02 

'03 
'04 
'Oj 
'06 
'07 
-08 
'09 
'10 

.I I 
I 2 

'13 
'14 
'15 
.16 
'1 7 
.I 8 
'19 
'20 

' I  I 
'22 

'2.3 
'24 
-25 
-26 
'27 
'28 
'29 
'.30 

'31 
'-32 

.,3.3 
'.34 
-35 

'-36 
'.37 
.,38 
.39 
.qo 

'41 
'42 
4 3  
-44 
.45 

-46 
'47 
'48 
'49 
'50 - 

---. 

'000 
--- 

'OOOOOO 

'002588 
'005 I 76 
'007 765 

'012941 

'0181 17 
'020706 
'023294 
'0~j88~ 

'028470 
'0.31058 
'033647 
'036235 
'038823 

'0414 I 1 
'04.3909 
,046588 
,019176 
'051764 

'054.352 

'0595 29 
'0621 17 
'06470j 

'0698H1 

'0750j8 
'077646 
'0802.34 
'082822 
'08541 I 
'0s7999 
'c90j87 

'09.3175 
'095;6,3 
'og8.35 2 
'100940.101 
'10.3528 

'1061 
'108704 
2 

'11.3881 

'121645 
'1 242.34'1 
'I 26822 
' 1  20410 

S, = - ---- 

'003 

'000776 
.00,336; 
'0059.;,3 
'008 j q  

'o1j5~9.015;88'016047.016.306~016564'0168~'01708~'017341 
.o188gj 

.024010 
'0266j8 

029247 
'0.3 18.3 5 
034423 
.o.~;oI r 
'0.39599 

'044776 
-047364 
'049952 

'0522b052540 

.og ;I 

.060.305 

.06289,3 

.068070 

.0;0658 
7~ff3146 
.0;58.34 

078164.078422 

.08 lor I 
~083.i40~08.3599 

-086187 
o8R;7 j 

'09.19 j2 
096540 
,099 I 28 
.101716 

.r0689~3 
'109481 

I 465; 

. I I ~ ~ ~ ~ ' T I ~ . ~ I ~ . I I I ) ~ ~ ~ . I I ~ ~ . ~ ~ . I ~ o o ~ ~ . I ~ o . ~ ~ I  
,122422 
.I 25010 

- - -- 
-004 

-------- 
'001035 
'003623 
'00021 2 
'008800 

' O I O . ~ ~ ~ ' ~ ~ O ~ I ~ ' O I O ~ ~ O ~ O I I I ~ ~ ~ I I ~ ~ ~ ~ ' ~ I I ~ ~ ~ ' ~ I I ~ ~ ~ ' ~ ~ ~ I ~ ~ ~ O ~ ~ ~ ~ ~  

'013976 

.o1g153 
'oz1741 
'024.329 
-02691 7 

'029505 
'032094 
'0.34682 
'0.3i2iO 
'039858 

188.042446 

.- - 
.001 

'000259 
,002847 
-00543 j 
'008023 

~018.3;6 
'020y64 
'02.3 j53 
.026141 

.o28729 
,031.31 7 
'03.390j 
0.36494 
'039082 

,0442 jR 
.o46846 
'0494,35 
'ojZOt.3 

.oj461 I 
'oj6940'Oj719~)'0574j8.0~7717 

.059767 

'06729.3.067552 
.ojo140 

'07247O'o72728.072987 
'075.31 
'0;7905 

'oRo~r).3 
-08.308 I 
085fiO() 
.o88258 
.090846 

09.3434 
oohot 2 
.ooSO r o 

1911 
.10;78; 

16.106375 

I 1 1 1  

'114140.1 

~121904 
24492 

- 1  2;oRr 
' 1  21,669 

- 

905 

'001 294 
'00,3882 
'00647 I 
'009059 

'014235 

,019qra 
' 0 2 2 0 ~ 0  

'024588 
,027176 

.oS32,3j,3 
'034941 
'0.37529 
'0401 q 

.042705 

---. - - 

.OW2 

'000 j I 8 
'ooj 106 
005694 
'008282 

' O I ~ ~ O O ' O I J ~ ~ ~ " O ~ . ~ ~ I ~  

.o186.35 
'02122,3~021482 
'02.381 I 
'026400 

'028988 
'03 1576 
'0.34164 
'0367j~ 
'039.341 

~041670~041929~042 
,0445 17 
'047 103 
.049693 

'054870 

'060046 
'062.3;6.062634 
.064964.065223.065481 

,0678 r I 
'o;o.3gg 

'Oj5575 

.oRo732 

oRg(,zR 
0885 16 
o9110j 

'09.369.3 
'09628 I 
098869 
.io14.i7 

.1066.~4 
'1089f,.3.109222 

14.308'1 
.116469.116;~8.116987~11;24~ 

~12216.3 
'124751 
.127.3.39 
'I 29928 

No. 

'00 

'01 

.02 

'03 
.oj 
'05 

'06 
'0; 
,OR 
'09 
'10 

'I I 
'12 

'13 
'I4 
'15 

-16 

'006 

'001 55.3 
,004 141 
'006729 
'009.3 I 8 

.o19670 
,022259 
'024847 
.02743j 

.a29764.03002.3 
'03261 1 
'035200'0.354j8 
'037788 
'0403;6 

.042964.043223 
'17 
'18 
.I9 
'20: 

'21 
'22 

'23 
'24 
'25 
'26 
'27 
'28 
'29 
'30 

'31 
'.32 

'.?.3 
'34 
'35 

'.16 
'37 
'38 
'39 
'40 

'41 
'42 
'43 
'44 
'45 

'46 
'47 
'48 
'49 
'50 

'04,503 j 
-04762.3 
'0502 I I 
'052;99 

29.055.387 

.o60564 

.06.31 52 

.o68,328 

.o;oo17 
'07.3505 
.07609.3 
078681 

'081 169.08 
.o8.3858 
,086446 
.0890a34 

.09136,3.091622 

'09 42 r o 
.o96;99 
.ogc).387 
.1019i5 

. I O ~ O ~ ~ . I O ~ , ~ O ~ . I O ~ ~ ~ , ~ . I O ~ R ~ ~  

. I O ~ I ; I  

.IOO;~O 
1 1 1 8 1 0 1 1 2 0 6 1 1 2 2 1 1 2 8  

'11491h 
' 1 1  

.122681 

'12;598~~12;85~ 
'1,301801'1~~0445 

'009 

-0ozg29 
-004918 
'007506 
o I 0094 
012682 
'015270 

.02044j 

.ozz3o35 

'02821 I 

.o.z0800 

.os33j88 
'03.i9i6 
.038j64 
. O ~ I  152 

'04.3741 

'007 

'001 81 2 
'004400 
'006988 
'0095 76 

'014494'01475~'01~012 

.o19gzg 
'022517 
'025 106 
.027694.02;9j3 
-0,30282 

'038047 
'0406.3j 

'008 

'00207 I 

'00 4659 
'007247 
'0098,3 j 

.017600'01i8j9 

.o20188 
'0227;6 
'035364'025623 

.o.~oj41 
.032870.0,33129 

'0.35717 
,038305 
'040894 

'04.3482 
'0452')4/'04ij52 
.047882.048141 

'05308 

'055646 
.057976'0582.;5 

40608, I .06.341 I 
~065;40~06599g 

,068587 
,071 1;6 

.076,352 
'o;8940 

I 528 
.o84 r I 7 
-o86;05 
'08929.3 
.091881 

'094469 
.OS) 7058 
-099646 
.1022.34 

.109~99 

115175 

.12j269.125528.125;87 
'1281 16 
.1.30;oq 

0460;0.046.329 
7 

z46.0j150j 
0 0  

'056682 
'0592j0 
06 I 
.o64446 
'0670.34 
0 9  
'07222" 

'074540.074799 
'07 j,zQ 
'07397.5 
,082564 
'0851 52 
,087740 
'090.328 
'092916 

'o9550.i 
'09809.3 
~10068 1 

'10.3269 
1oj599'105857 

'108446 
'1 110.14 

'116210 
'118540.118798 

.l2.3975 
.126.{04.12656.3 

'129r51 
'1,317.39 

'0458 I I 
,048399 
.050988 
0 6 
'056164 

'05849~3'058752'059011 
6 o 

'0665 I 7 

'07 169.3 

'0;9458 
~082.046 

o8;2z2 
.o8g8 I I 

'094987 
.o97575 

.lo2752 
'105.3JO 

.~07410~10;66~.10;928.108187 

.11569.3 

.120045 
'1 

'1.3 12 2 2  

.0504io'.ojo729 
I 7 

-0j5905 

6 I 2 
'06,3670 
.06625R 

.o68846 

.07 1 4  
07,3764~074023~0~4281 

.o;bblr 
'079199 
.o8 178; 
.o8 4,375 
'086ghq 
'oRg55z 
.092 140 

094728 
.og;.3 I 6 
'09f)gO; 
.10249.3 
.rojon~ 

'I 1025; 

.11.;4.74 
j50~~117i6~.1180~~.11R281 

I Z Z ~ ~ O ' I ~ . ~ I ~ ~ . I Z . J J ~ ~  

.I 2R.375 
'13096.3 

'048658.04891 
051 
0 8  

'oj6423 

6 I 9 9  
.06~92g.o64187 

'066716 

~069105.069,364 
.oil952 

.0j68;0.0ji128 
'079717 

082.305 
0846.34.08489.3 

087481 
-090069 

'092399.092658 

,095246 
.oc);R.34 

~100163~100422 
,ro,3oIo 

'110516'110;;5 
1 1 2 8 0 1 1 1 0 1 1 1 1 . 3 6 2 2  

.115951 

- 1 z o 6 1 0 ~ 1 2 0 8 6 9 ~ 1 2 1 1 2 8 ~ 1 ~ 1 ~ 8 ;  
.12.3716 

28634'12R8gz 
'1.3r~Hr 



TIDAL OBSERVATIONS. 25 9 

TABLE VII1.-Products of S, x -001 up to S, x 1-000. 
S, = sin 15' = .25882. 

No. 

'50 
'51 

, '52 
'53 
'54 
'5.5 

'56 
'57 
'58 
'59 
'60 

'61 
'62 
'6.3 
64 
'65 
'66 
'67 
'68 
'69 
'70 
'71 

'72 

'73 
'74 
'75 

'76 
'77 
'78 
'79 
'80 

'81 
'82 
'8.3 
'84 
85 
'86 
'87 
'88 
'89 
'9' 

'91 
'92 
'9.3 
'94 
'95 

'96 
'97 
'98 
'99 

1'00 

.002 
- 

'129928 

'135104 
'1.37692 

'142869 

'145457 
,14804; 

.1j0374'1j06.3,~.150892'151 
'153221 

' 1 6 0 ~ 8 6 ~ 1 6 1 2 4 5  
'16.4574 

'165904.166162 

'173668'17392j 
'176515 
.17910.3 
'181692 

.184280'184;.31~ 

.186868'187127 

.192044 
'1946.3.3'19.+891 
-197221 
. r~ )gRo~)  
.202.397 
204985 

.zo75;4 

'21 

.215.338 
' 2 1  

.zzogr.j 

.22.310,3 
'225691 
'228279 
'2.30867 
'2.3.3450 

,2.36044 
'2.386.42 

Z J . ~ R O R  

'24898; 
'25 1.573 
.z3.1161 
'256;49 

-000 
-- 

'129410 
'1.31998 
.1.34586 
'137175 
'1.3976.3 
'142351 

'144939 
'147j27 
.150116 

'155292 

'1630jj 
,165645 
'1682.33 

'170821 
'173409 
'175998 
'178586 
'181 

.18.4762 

'1889.39 
'191 527 
'1941 15 

'19670.1 
'199291 
'201880 
'204468 
'20705O 

2122.32  

'214821 
'217409 
'21999; 
'222.585 
'2" I 77.1 
'227762 

'2.329.3u 

'2.35526 
'2.181 1 4 
2-lojoi{ 

'24.3201 
'245879 
'248467.248726 
'25105.;. 
'25.3644 
'2562.32'256491 
.258R20 

-001 
- 
-129669 
'1.3225; 
'134845 
'13743.3 
'140022 
'142610 

'145198 
'147786 

'152704'15296.3 
' I555j1  

'160468.160727 
'16.3.315 

'168492.168751 

'1;6256 
'178845 

174'1814.i3 
,184021 

'186.350'18660y 
'189lgi 
'191iS0 
'194.174 
'195962 
'199550 
'2021.3X 
'20472; 
207.315 

' 2 0 9 6 4 4 ~ 2 0 9 9 0 3 ~ 2 1 0 1 6 2 ~ 2 1 0 4 2 1  
212401 

'215070 
'21 7668 
.220250 

'222844 
'2254.32 
'22H020 

'2.Zo.3~0.2.30609 
'2.3.319i 

'2.3578; 
'2.3R.373 
'240061 
'243.550 
'24()1.38.246.397 

'251.314 
'2;.3902 

-003 
- 

'~32516'132775 
'135363 
'1.379jI 

.140z80'1405.~9'140798 
'I43 I 27  

'148.304 

'155810.156068.15632j 

'16.38.3.3 
'166421 

'176774 
.179.362 

'189450.189j15~189974 
'192.30.3 

.zoo068 
m202656 
-2052 44 
*20;8,32 

2750*21,3000 
'215597 

7926'218185'218444 
'22077.3 

.22.3.362 
-225950 
. z z F ~ ~ . ~ R  
m2.31 I 26 
'2.3-17 1 4  

'2.36.10.7 
.z.~8891 

'241220'24147')'241738 
,244067 
'246655 

'249244 
'2518.32 

'~57008 

-007 

'131222 

'136398 
"1.38986 
"1415;s 
.14416j 

'14675 I 

'1 j.1516 
'157104 

'167457 
. I  70045 

'175221 

'185574 
'188162 

'19.3339 
'19.592; 

.198;15 
'201  

.20.3691 
'206280 

~208609~208868~20912; 

*2114~6 .211 ;1s  
.2140-14 
-2166.32 
'219221 

'224,397 

'2295 j j  
'2.32162 
'2.34750 

,239926 
242514 

'24510.3 
,247691 

'250279 
,252867 

.004 ,005 
- 

No. 
- 

-50 
'51 
'52 
'53 
'54 
' 5 j  

'56, 
'57 
'58 
'59 
'60 

'61 
-62 
'63 
'64 
'65 
'66 
'67 
-68 
-69 
'70  
'71 
'72 
'7.3 
'74 
'75 

'76 
'77 
'78 
'79 
'80 

-81 
-82 
'8.3 
'84 
'85 
'86 
'87 
'88 
'89 
'go 

'91 
'92 
'93 
'94 
'95 

'96 
'97 
'98 
'99 

1.00 

-008 

'131481 
' J . z . z ~ ~ ~ ' I . z ~ o ~ ~  

'1.3665 j 
'1.39245 
'x41P.3,; 
'144422 
.14;010 

.149.3.39.14~),i98 
'152186 
'154774 
.157363 

*162280e1625.39 
,165127 
'16771.5 

'175480'1;5 
'177809'1i8068.178.327 

-180656 
. 1 8 2 9 8 6 ' 1 8 ~ ~ 4 5  

-185833 
'188421 

1 0 0 1 1 0 0  

'19.359; 
'196186 

'19877.4 
103.201362 

.20.3950 
'2065.38 

.214.30.3 
,216891 
'219470 
'222068.222326 

.224656 
227244 

.229832 
'2.32420 
'2.3 5009 

'2.37597 
'24018.r 
'2427 7.3 
'245.361 
'24j9.50 

'2505.38 
'25.31 26 
'255714 
'258 302.258 

.006 
- 

1.009 

.1317,39 
'134.zrS 
'136916 
'13');04 
' 14~092  
,144680 

'147269 
'14085; 
'152445 
'IS.~O.Z.Z 
. I  55621 

~160210 
.162;98 
'165386 
-167974 

'1;0304.1;0562 

7.39 

'180915 
'18350.3 
.186092 
'188680 
I 

'19.1856 
'196444 

.1y90.3.3 
'20162 I 
'204209 
,206797 
209385 

'211974 
.214562 
.217 150 
'219738 

'22491.6 
'22750.3 
.230091 
'2.32679 
,235267 

'2.3;856 
'240444 
'24.1032 
,245620 
'248208 

'25079i 
'25.3385 
'255973 

j61 

'130;04~13096~~ 
'1.33531 
-1.361.39 
'138728 
'141310 
'14.3904 

-146492 
'149080 

' 1 5 1 4 1 0 ' 1 5 1 6 6 9 ' 1 5 1 ~ 2 j  
'1542j7 

'156586'156845 

I O I  

'164610.1648O8 

'169;86 

'174962 

~1801jg.180398 

'185.315 
' 1 8 ~ ~ 0 . ~  
0 2  
.19308o 

-198256 
'20084.4 
'20.3 ~~3.3 
'20602 I 

' z I , ~  78s 
'210.374 

~221550.221809 

*2211.38 
-220736.226985 
'229.315 
.2.3190.3 
'2.34491 

.z.3;0;9.2.~7,z.zR 
'2.7966; 
'242256 
'244844 
-2474.32 
'250020 
'252608 
'255197.2s.64.j~ 
'257785.258044 

.1,30186'130445 
.I.~.zo.z.z 
'135622 
'1.38210 

'143386 

.145716-14.j9f4 
'14856.3 

151 
'15.3480'15.37.39 

- 1 5 ~ 8 8 0 ' 1 ~ 8 1 ~ g ~ 1 ~ 8 . ~ ~ ~ . 1 5 8 6 ~ ~ - 1 5 8 9 1 ~ . 1 5 9 1 ; 4 ~ 1 5 9 ~ ~ . ~ ~ 1 5 9 6 9 2 ~ 1 5 ~ ) 9 j 1  
-161504 
'164092 

~169009~169268 

*174186'174445 
'1770.3,? 
,179621 

-181gso.18zzog 

'184;9; 

'192562 
'1951 jt 

'197480*1977.38 
'2ooj27 
'202915 
*20;50.3 
'208091 

-21.3268 
'215856 

'221032 

-22,3620 
-226209 
'228797 
'2.31385 
'2.3.3973 
'2.36561 
'2.31)150 

-244.326 
-246914 

'249502 
'252091 

'254420'254679.254938 
'257267 

--- 

'133291 
'135881 
'138409 
'141057 
'143645 

'1462.33 
'148822 

-15.3998 

'161 76.3 
'164.331 

.166680.1669.~9'167198 
-169j2; 

'171o8o.171.3,3~.171598~1;1856'17~11~*17?.3j4.1726.3~3'172892.17.3151 
'174;OJ 
'177292'1;;551 
' I  79880 
'182468'182727 

'18.jo.jO 
'18;.~8t1'187645 

'19023.7 
'19282 I 

"19j40)'195668 

'19i99;  
.200580 
-20.3 I 7 4  
'205762 
.208.~jo 

~2106;9~2109~38.21119; 
-21.352; 
-2101 I 5 
'218i0.3'218962 
Z 2 2 ~ 2 9 ~  

'22.38;9 
a226408 
-22905O 
'231644 
'2.342.32 
.2.36820 
'2.39409 
'24199; 
'244585 
.24717,3 

-249761 
'252.350 

'257526 
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 COMPUTATION^. [PART VI. 

TABLE 1X.-Products of S, x -001 up to S, x 1.000. 

NO. 

-00 

.or 
-02 

-0.3 
'04 
'05 
'06 
'07 
-08 
'09 
'10 

I I 

'12 

'1.3 
'14 
' I  j 

-16 
' I ;  
.18 
'19 
'20 

'21 
'22 

'2.3 
'2) 

' 2 j  

.26 
'27 
'28 
-29 
'30 

'31 
-32 
'31 
' j 4  
'35 

'36 
'37 
'$3 
'-39 
'40 

'41 
'4a 
'43 
144 
'43 

-46 
'47 
'48 
'49 
'SO - 

'000 

.oooooo 

. o o f o g ~  
'014142'0148jg 
.021213 
.o28284 
'035356 

'04242 7 
'049498 
'oj6569 
.o6364o 
'0707" 

.077782'078489 
'0848 j 3  
'091924 
'09899.i 
'106067~106774 

'I  1.3138'1 
'12ozog 
'127280.127987 
'1.34.3jl 
'141422 

'14849.3 
'155564 
.1626.35 
~169;06~170414 
'176778 

'18.3849 
'190920'1g1627 
'197991 
.to5062 
'2121.3.3 
'219204 
'226275 
'2.33340 
'24041 7 
'247489 

'2616.31 
'268jo2 
'27577.3 
'28~844'28,35 

'28991 5 
'296gRO 
'3e40.57 
'311 118 
'318200 

. . ~ z j a r  I 

's3.32.342 
'3.39413 
'.M6484 
'.3.i3535 

'001 

'ooogop 

.o21920 
'028992 
'03606.3 

'0431.34 
'Ojo2o.i 
'057276 
'064.347 
'og141H 

'085560.08626; 
'0926.3 1 

'099j0.3 

1,3845 
'120916 

'1.3j058 
'1421 29 

'149200'I4990i 
'156271 
'16,3j42 

' 1 ~ ~ 4 8 ~ ~ . 1 ~ ~ 1 ~ 2  

'184s 

.198698 

'21  ggr I 

.226082 
'2.34oj.3 
' 2 4  I I 23 

,262.3.38 
,269409 

j I 

'29 769.3 
'fo4j04 
',11 18.36 
'3 ~Ugoj  

'.?rjg;8 
'3.3.3049 
'3401 
'347101 
'~54262  

S, = 
'003 

' 0 0 2  1 2 1  

'016264.016971 
80223,3,35 
9 ~ . 3 ~ 4 0 6  
'037477 

'044548.045 
05 16 19 

'06j761 
.0;28.32 

.o;ggo3 
086975 
'09404h 
,101 I l i  

'108188 

.I  I j 2 j9  

.122,3.30 
'129401 
'1.36472 
'14,3543 
' I  

'r57686.138.393 
'104757 
.171828 
. I  78899 

'1859;O 
'19.3041 
, 2 0 0 1  I 2 

207 I 83 

.zz1,~25 

.228397 

.2.35408 
'2425,3Y 

-26.3752 
.~7082~?  

.284258.284965.285672 

'002 

'00141 4 

'or j 5 j 6  
.022628 
'029699 
'0.36770 

'04.3841 
'05091 2 

'05798.3~058690 
'065oj4 
'072125 

I '079196 

'09.3.3.31) 
'loo-llo 
'10748' 

, 11459  
'121623 
'128694 
'135i65 
'1428.36 

'156978 
'1640jo 
1 7 1  1 2 1  

j6.18526.3 
.192.3.34 
. I  99405 

.205769.206476 
~21aH40.21.3547 

.220618 
'227689 
.2.14761 
'241 8-32 

~~~~~~~~~~~~~~~~249610 
. '54560.255267.255974.256681 

.26.3045 

.2 ;01  16 
.276480.277187 

.290622.291,329 
.~g8400 
'.305 4 j 2 

'31254.3 
',3196 14 
..326685 
'.1.3.3756 

20.34082; 
..3478g8 
'.354969 

sin 45' 

'004 

'002828 
~007778 '008~83~009~92~009900~010607 '011314~012021  

'024042 
'0431 11.3 
'0.38 184 

25 j 
'0 j2326 
'059.397 
'066468 
'07.3539 
'08061 I 
087682 
'0947 j.3 
'101824 
'108895 

'115966 
.12*3og7 
'1,30108'1,30815 
'1.371;9.137886 
31442j00~44958 

j 0 6 1 ~ ' 1 5 1 , ~ 2 2  

'16j464 
.1725.3; 
-1;9606 

'186677 
.19.3748 
'2008 19 
'207890 

214254.21q961 

.22203.3 

.zzy)ro4.~2g81 
,2361 75 
'24324fl 
'250.31 7 

.264459 
,2715.30 

.2;7894.278601 

'2920.361'292744 
. z I > ~ I o R ' z ~ ~ R I ~  
',306 1 i91.,3~688f) 

= 

'005 

'00.3 j.36 

'017678 
'024749.02~4j6 
'0.3180 
'038891 

'045962 
'0 5.303.3 
'060104 
'0671 7 j 
'074247 
.a81318 
'088,389 
'09 j460 
41025,1 
-109602 

. I  1 6 6  
23744 

* I S ~ I O O  

.166171 

.17,3242 

.180.31.3 

'18738 
'19445; 
, 2 0 1  520 
.zo8ggi 
.21j669 

'222740 
I 

236882 
'24.3953 

.257.388.23809.: 
9 ~ 6 5 ~ G 0  
'2722.3y 
-279.308 

29.345 I 
.,3oo522 

',31.3250'.31395i 
'310,321 

'31j.392 
'3.3446.3 
,3415.34 
..348605 
'35.i676 

'30753.3 
'.314604 
.,3z I 7-15 
~.328806 
'3.3587 j 
,342948 
..qgoorg 
',357091 

'008 

0o05657 
'012728~013435 
'019799'020506 
~026870~027577 
0 1  
'04101 2 

'055 I j5 
-062226 
'069297 
'076368 

'08.3439 
'ogoj r o 
'09758 I 
*104652 
'11 1 7 2  

I 
'125866.126573 

'140008 

I 
4 ~ 6 ~ 2 z ~  
,168292 

'1824.34 

-196577 
*20.3648 

~210012~210719 
.217790 
42z486~ 
'2-319.32 
~ 2 . ~ 9 0 0 , ~  
,246074 
,2531 45 
~260216 
267288 

'2744359 
~ 2 8 0 7 2 , 3 ~ 2 8 1 4 . ~ 0 ~ 2 8 2 ~ . ~ 7  

8 

..30264.1 

' ~ 2  1028 

Z,32R~99 
'.3.~3 1 7 0  

..34rz41 
,349.31 2 
'.356.38.1 

,70711. 

'006 
---Ap---. 

'004243 

'018,385.019092 

0 2 2  

'039 j98 
'046669 
'05.3740 
'06081 r 
~067883~068;go 
'0749j4 
~08202; 
'089096 
'096 167 
.10,32.38 
' I  10.309 

8 0 1 8 0 8  
,124451 
'1,31522 
'138594 
.145663 

2 1 5 2 0 2 1 2 6  
. 1 m 7 . 1 6 0 5 1 4  
'166878 

.18102o 

8 
,195162 
'2022.3,3 
'209.305 

.22.3447 
2.30518 

.2.37581) 
'2,4060 

.251024.2517.31 

.z58802 
,26587  
'272944 
.280010 

~2866380.287087 

.294 
,301 229 

'.3097 14 
',31678.; 
..32.3836 

o j 
'3.17999 
..345070 
..352141 
'.359212 

'007 

.oo4950 

'02616.3 
0 

'04030 j 

'0473f604808 
'054447 
'061 519 

'07j661 

.oRt732 
'08~80.3 
'096874 
'IOs3945 
'11 1010 

'125158 
.1.32230'1~29.37 
4~,39301 
.146372.147079 

I 

,167585 
~ l ~ ~ ~ 9 4 9 ~ 1 7 4 6 5 6 ~ 1 7 ~ ~ ~ 6 , ~ ' 1 ~ 6 0 ~ 0  

'181 7 2 7  

.188ig8.18g505 

.195869 
S 2 ~ 2 9 4 ~  

'216,376.21708.3 

. 2 ~ 4 1 5 4  
2.71 22; 

.2.38296 
245.36 j 

.2524.38 

259509 
2 6 0  
4~7~3632 

' 2 8 7 7  

1jR.294865.295572 
..3019,36 

',30H.300 
'.315.371 
'.322442 

'.3295 I 

..1.36584 

.34.3655 

..350;27 
'3.57798 

,009 

7006364 

'03,648 
'041 719 

0 8  
'055862 
'0629.33 
'O;OOOJ 

'077075 
'084146 
,091 2 I 

'098288 
,105359 
I 

0 2  

'139644 
.I40715 
'147786 

I 
.161928 
'168999 

'18.3141 

'190213 
.19728 
'204.355 
'2 I 1426 
'218497 

'225568 
-2.326.39 
'2.39;lO 
'246781 
'253852 

,260924 
'207995 
.2;5066 

'289208 

'296279 
l,fo,~.~SO 

'.3O?OOj 
..31607R 
'-323 149 

330220 
'.3.37291 
..?44.30.3 
'.35 14-34 
'.3~8jo.i 

No, 

-00 
-01 

'02 

'0.3 
'04 
'05 
.06 
'07 
'08 
'09 
'10 

' I  I 
'12 

'13 
'14 
'15 
-16 
'17  
'18 
'19 
'20 

'21 
'22 

'23 
'24 
'25 
'26 
'27 
'28 
'29 
'30 

'31 
'32 
'33 
'34 
'35 

'36 
'37 
'38 
'39 
'40 

'41 
'42 

'.31042I 
'.317492 
'.324563 

.3316.35 
'33870~ 
'345777 
'352848 
'3599'9 

'4.3 
'44 
'45 

'46 
'47 
'48 
'49 
'so 
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- - 
No. 
- 
'50 

'5 1 
'52 

'5 3 
'54 
'55 

-56 
'5 7 
'58 
'59 
'60 

.6 I 
'6 2 
.6,3 
'64 
'6j 

-66 
'67 
'68 
'69 
'70 

'71 
'72 
'7.3 
'74 
'73 

'76 
'7 5 
*78 
'79 
.80 

.8 I 
*8 2 
.8.3 
'84 
'85 
'86 
'8 7 
'R8 
'89 
'9" 

'91 
'92 
'9.3 
'94 
'9.; 
y6 
'97 
'98 
'99 
1'00 - 

TABLE 1X.-Products of S, x 0001 up to S, x 1'000. 

'000 

'35355.5 

'367697 

~818.~9 
18891 

'395982 
'40.30.i.3 

7195 
'424266 

'4.3 1.337 
'438408 
'445479 
'452550 
,459622 

-46669.3 
'473764 
'4808.35 
'487906 
'494977 

:502048 
'5091 19 

'52,326 I 
'53°.3.33 

'537404 
'544475 
'551.546 
',i5861~ 
'56j688 

'5 72759 
'~i0830 
'~R6901 
'59.3972 
'601044.60175 

,6081 I 5 
'615186 
'62225 j 
629.328 
'6.36.399 

'4.3 
'650541 
'(15761 2 
.664O8j 
(171755 
'678826 
'68.480; 

= -7071 1. 

.001 
--- 

'354262 
..360626.361,3.3.3 

'368404 
'.374i(18'37.547.; 

'38254; 
'389618 

'396689 
'403760 

'41012~'4108.~1 
.41;902 
,424973 

'4.32044 
'4.391 1 i 
'446186 
'45.3258 
'460.329 

'467400 
'474471 
'481542 
'4f38613 
'495684 

'502755 
.so9826 

.523969 
'531040 
'5.38 1 1  1 

'54.5182 
'Sj225.3 
'559.',24 
.566.395 

'573466 
'5805.3i 
,587608 
594680 

I 

'61 5R9.3 
,622964 
.6.300.35 
-6.37 106 

~ ; 0 6 4 4 1 7 ~  
,651 248 
'058.111) 
.665.391 
672462 

.6;9;.3.3 

.680004 
694d82 

.700746.70145,3 
- .--. --.a 

sin 45' 

'004 

6.~56.~8.~ 
.,36.3455 
',370526 
877597 
'384668 
'3917.39 
,398810 
,40588 I 

-42002.3 

,434 166 
'441 237 
.448.308 
'455.379 
'462450 

'469521 
,476592 

.482956.48.366.3 
'490j:i4 
'497805 

'50487; 
.511948 

526090 
'5.13 101 

'5402.32 
'547.~0.~ 
.554.fi4 
'56144.; 
,568516 

'575588 
,582659 
'5893.30 
596801 
.6oj872 

~610236~610943~611650 
.618014 
'62508.; 
.6,~215t1 
,639227 

,646299 
.65.3,370 
,60044 I 
'60;5 I 2 

67:8;6.67458.3 

,69296U 
'~OOO.JC) 
'7071 I0 
-.-- 

- 
No. 

'50 
'51 
'52 
'53 
'54 
'55 

'56 

-005 

'.35709 
'364162 
'37 1 2.33 
'378.304 
'385.375 
192446 

0,3995 I 7 

. -002 
,354969 
'362040 
'-369 1 I 1 

'37618.3 
'38.32 j - ~  
'390.325 

,397390 
404467 
'41 15.38 
418G09 
'42 j680 

'432751 
4.39822 

'45.39"5 
'46 10.30 

,468107 
'475 
,482249 
'489320 
'496.391 

'50.3462 
.5105.3,3 

'524676 
'53 If47 
'5.38818 
'545889 
'552900 
.5600.31 
-567102 

'5 741 5.Z 
581 244 
'gRR.3 10 
'595,38i 
602458.60,3 

608822.6095211 
.616600 
,623671 
,630742 
'6.378 1.3 

644884 
,651955 
.659027 
.660098 
.67.3169 

.6802@ 
6873 I I 

.f11),36;5 

S, = 
.003 

'.3556i6 
'.362747 
,369819 
'.?i6890 
'38.;06 I 

391032 

.398roj 
,405 I 7.1 
'412245 
'419.316 
~ 6 3 8 7  

'43.3458 
'4405.30 

446894.44;601 
,454672 
'461 74.3 

,468814 
178.475885 

'490027 
'497098 

'504169 
. j ~  I 241 

.j2ja383 
'5324j4 

'5.395 2.5 
.540.596 
.55.~[)6i 
.5Oo;38 
.50;809 

,574880 
.581952 
58902.3 
596094 

I 65 

.617~307 
'624378 
26.31449 
.6,38520 

."S~SI 
'65260.3 
.6597.34 
.66h805 

'406,588 
'412952'41,3659'414366 

'4207.30 
'427094.427802 

'43487.3 
'441944 
'44901 5 
'456086 
'46.31 j 
*470228 

-484.370 
'49144 
'49851.3 

'50,<58 
'51 zf15'; 

~~161qo~~168gi.517605.518.~12~519019~519;2O~5204.~.~~5211~0'52184~'522554 

,008 ( -009 
I-- '3.59212 '.359919 

'36628.3 '366990 
'3i.~354~'.37406l 
'.3804251'.3811.32 
'.387496 '.~8820,3 
'3945671'3932i4 
.401038.402.346 

.006 
------ 

'357798 
'364869 
'37 1940 
'37901 1 
'386082 
'29315.3 
0 0 2 2  

-00'7 

'358505 
,365576 
'372647 
'379718 
'386789 
'39.3860 

400931 
'407295 

.4214,38 
8 

'435580 
44265 1 
'4497 22 
'45679.3 
6 8  

'470ga35 
'47Tt99.478006 

4 8 0 7  
'492149 
'499220 
6 
.51.3362 

'408002 

'422145 
6 

'4.36287 
'443,358 
'450429 
'45i.500 
6 7 1 

'471642 
'4787 1.3 
8 8  
'4928jf) 
'499927 

'506998 
'514069 

,4087 10 
'4150i4.415781 

.422852 
2 2  

'4.36994 

.j2821 I 
'5.35282 

'541646'54235, 
'549424 
'556496 
'563567 
'jj06,38 

'5 jSio9 
t584i8 
,59185 1 
'598922 

280~60599.3 

2.357.61.3064 
6201.35 
'627207 

'6.34278 
641.349 

.526;m!stis~4 '74 
'75 

'i6 
'77 
'78 
'79 
'80 

'81 
'82 
'8.3 

'4094 I 
'416488 
'42.3559 
4 0 6 0  

'43iiOl 

.~28918 
'535989 

4 . 3 6  
'5501.32 

'55720.3 
'564274.564981 
.571345 

'5iS416 
4 
'592558 

'5.33868 

'5409.19 

'55.50 

,569224 

' ~ 7 6 2  
'58.3.360 
5904.37 
'~qi~o8 
6045 iq 

,61852 I 

'625792 
fi.3286. 
% 3 9 9  

'5 j 
'58 
'59 
'60 

'61 

529625 
'536696 

4 . 7  
'5508.39 
'557910 

'5720j2 

'57912.3 
.586194 
'593265 

'534575 

'54801ol.54871; 
'555788 

'562152~562860 
4569993~ 

577002 
'58407.~ 
'591 14-1 
'5982 1 i 
,605 

61 
,61942s 
Z62f~499 
6 
6 

647000 
,65407; 
,061 1 48 
,6682 1 
.675290,675997 

'62 
'63 
'64 
'65 
'66 
'67 
.68 
'69 
'70 

'71 

'72 
'73 

1.3'648420"64~12i 
'6.55491 1.656198 
.662562;66j269 
~6606~3,3;6i0~340 
.676704'6i741 I 

,599629 
.606700 

.61,3771 
h2084.3 
627914.628621 
'6.34985 
'6420j6 

'444065~'444772 
'45 1 1.36 '45 184.3 

,6477 
,654784 
'66185: 

(>.66892f1 

'46 j278 

'4j2.349 
4 4  
480492 

'5006.34 

'50j505 
'514776 

' 4 5 8 2 9 4  
'465985 

'47.3057 
,480128 
8 

'49.~563'494270 
'5oI.34I 
'50841 2 
'515483 

6498.34 
.65fi905 
.66,3976 
6 j I 047 
'678118 

.~JOO,Z,Z~I~ '84 

'91 
'92 
'9.3 
'94 
'95 

06~740i 

,614479 
.62 1 5  j0 

'6.35692 
'642 76.3 

'86 
'87 
'88 
'89 
'90 
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 COMPUTATION^. [PART VI. 

TABLE X.-Products of S, x -001 up to S, x 1.000. 
S, = sin 60° = -86603. 

,001 
----- 

,000866 
'009526 
018187 
'026847 
'0.35507 
.o44168 

052828 
.061488 

NO. 

-00 

'01 

'02 

'0.3 

'04 
'oj 
'06 
'07 

'002 

oor 732 
'010392 
0190j.3 
,0277 13 
'03637.3 
'04.5034 

05.3694 
'062354 

'079675 
088.335.089201 

'131637 

'140297 
'148957 
'157617 

'17j~o6'174072'1749.~8~17580~~176670-177~6 

.18.3598 
'192259 
'20091992~1 
'209579.210445 

226034~226900 

'252881 

.270201 

2i8862 

296182 
'30484.3 

'dI.350.3 
322 16.3 
'd.foR2.3 
'3.39484 

..3;6804 
'365465 
'.374125 
.382785 

'400 106 
408766 
'41 
'426087 
,434747 

'000 

'oooooo 
'008660 
017.321 
'025981 
'034G41 
043.302 

'05 1962 
.060622 

* 

-003 

.oo259R 
'01 I 258 
'019919'020785 
'028579 
.0372.39 
'045900 

.o54560 
4~6G322~ 

.oUo~q I 

097861 
'106522 

.13250.3 
'141 16.3 

.I 

.19.31 25 

785 

'218240.219106 

.235560.236426 
244220'245086 

,262407 

271067 
279728 
,288,388 
,297043 
.ZOj;09 

314,369 
'.32.3029 
,331689 
'340.3 jo 

'.348144'349010 

13;;6;0 
'3663.31 
'374991 
..38.365 I 

1446.39231 2 

'4009; 2 
'409(1.{2 

,426953 
.4.356 1 5 

' 0 5  

.oo4,3,30 
01 2990 
'021651 
'030.31 I 
'0.389; I 
'045632 

'06q92 
-07.3613 
'o8227,3 
'0909.33 

~108254.109120 
11691~ 

1~2110'12~9j6.1~.3842.1~4708'12j574.126440.127~6.1281f2.1~908 
,1312.35 

'142895 

j848.~'159.j50~160216'1G1082 

.194857 

.20.3517 
21 2177 
'220838.221 

2.381 58 
19 

'264139 

'272799 

'29010 
'297914.298780.299646 

'30744 1 
,316101 
,324761 
.j.z3422 
'342082 
350742 

358;36.3;9402.360268 
..368063 
.37672.1 
.,38538.3 
'394044 

.qoz7oq 
'41 1364 

'427819.428685 
-4.16479.4.37345 

'008 

'ao6928.007794 
.015589 
'024249'0251 
'032909'033775 
'04 I j69 
050230 

'06 7550 
,0762 I I 
.08487 I 
'os).~ j.31 

'I 10852 

'13h8.33 

-14549.3 
'15415.3 
1 6 8 1 1 6 6 8  
I 

j 6 8 1 8 0 1 1 8 1 0 o o  

I 

-2061 I 
.~13909'214775'~15641 

232096 
2407 
'24941 7 
.258077 

'275.~9R 

2 7  

'.301.378 
'.3 100.39 

.318699 

.337.?;0 

.~.z(Jo~o 
'344680 
'35.3340 
..362001 
.,370661 
.3;9.121 
.38;981 

'595776.396642 

,405302 
'41 3962 

'4.31 28.3 
.439943 

.fXl.6 

003464 
~012124 

-02944j 
'0.38 105 
046766 

.055426.056292 
,064086 
.o72747 
.o8 1407 
-090067 

'098727 
,107388 
,116048 

.133369 
'142029 

149823.150689.151555 

~166278~167144~168010~168876~169742 

~184464~18j33oo186196 
'1!~3991 
,20265 I 
.21131 I 
219972 

.227766.2286.32 
'2.37292 
'245953'2468 

'2.j3747.2g461.3 
.26327.3 

.2719.3,3 

,289254 

..306j75 

'.3152.15 
'32.3895 
'334556 
'.3412 16 
O.349876 

,367 197 
'3758.57 
,3845 I 7 
..3~,.3178 

401 8.18 
'410498 

7426.418292.419'59'420025 

-08 
'09 
'10 

'11 

'12 

'1.3 
'14 
'15 

'16 
'I7 
'18 
'19 
'20 

-21 
'22 

'23 
'24 
'25 

.26 
'27 

'29 
..v 
'.?I 

'32 
.,3.3 
'34 
'35 

'36 
'37 
'38 
'39 
'40 

'41 
'42 
'43 
'44 
'45 

'46 
'47 
'48 
'49 
'do 

.oog I 96 
'0138j6 
'0225 17 
'0.31 I 77 
'0.39837 
'048498.049364 

.oj7158 
,0658 18 
.074479.075345 
.o83 I .39 
'091 

-135101 

-143761 
.I 52421 

8 0  

,187062 
'195723 
,204383 
-213043 

704 

'229498.230364 
'2.39024 
9247685 

.255479.256345 
-265005 

.27,3665 
~280594~281460~282326~28,~192 

0 8  

-.308.307 

-316967 
.325627 
.3.34288 
'342948 
'35 1608 

'.368929 
.3;7589 
386249 
'3()4910 

.40.3570 
'41 
420891 
.429551 
'4.182 I I 

'009 

0164j5 
15 

'0424.35 
'0j 1096 

'059756 
'068416 
07707; 
08 j7.3; 
.o94397 

-111718 

,137699 

'146.359 
'155019 

6 
*198,321 

5.206981 

'22430 

'232962 
56.241622 

'2 j028.Z 
'258943 

'266737.267603 

,276264 
.284058.284924 

2 . 4  
'302244 
'31090L 

..3lr)~h~ 
'32H225 
',336386 
'345.546 
,35420' 
'362867 
-37 1.27 
'3RolRi 
'.388847 
.,397.208 
'406 168 
'414328 

.42262.3.423489 
'4.32149 
'440809 

.w 
.oo6062 
'01472.3 
,02338; 
'03204.3 
~04070.; 

-058024.058890 
'066684 

'084005 
799.092665 

~099~9~~'100~~9~101~26~102192~10,~0j8 
10998h 

.117780.118646~11r)512.1203;8 

.135967 

.144627 
'15.3287 
, 1 6 1 9  
.I 70608 

'187929 
'1965891197455 
'205149 

-222570.22.3436 

'2.31230 
'2.39890 
'248551 
.257z1 1 
-265871 

'274;.32 

I 

-30051 2 
.30()1 7.3 

.3r ;8,1,3 
,326493 
,335 I 54 
3438 14 
'-352474 

RR36~~If5 
..3O()i9j 
..378435. 
.38 j I r 5 

-4044.36 
22,30.41.3006 

'42 I 757 
'4.3041 7 
.4.39077 

'07 7943 
,086603 

'121244 
129905 

'1.38565 
'14722.5 
'155885 
'164j46.165412 

'181866 
'190527 
' 199187 
'207847 
'216508 

.225168 
'23.3828 
'242488 
'251149 
'259809 
'268469 
'277 1.30 

'30.31 1 1 

'31 17i1 
.3204.31 
'.32909l 
'337751 

.355072 
'36.3733 
'37239.3 
'38105.3 

'398374 
'40io34 
'415694 
'424.355 
'4.3.301 5 

No. 

'00 

'01 

'02 

'03 
'04 
'Oj 

'06 
'07 
'08 
'09 
'10 

'11 

'12 

'13 
'I4 
'15 

.16 
'17 
.18 
'19 
'20 

'21 
'22 

'23 
'24 
'25 

'26 
'27 
-28 
'29 
'30 

'3' 
'32 
'33 
'34 
'35 

'.q6 
'37 
'$3 
'39 
'4' 

'41 
'4' 
'43 
'44 
'45 

'q6 
'47 
'4R 
'49 
'5'- 

~ o 6 ~ 2 8 2 ~ ~ 0 ~ 0 1 ~ 8 ~ 0 7 1 0 1 4 ~ 0 ~ 1 8 8 0  
.078809 
087469 

'09j26.3'096129'09699~ 
Io.3924~104790'105656 
'11tj34.11.3150'114316'11518~ 

'130771 

'1394.31 
'148091 
.I 56751 

1827.32 
191.393 
'20005.3 

'2087 13 
'21 7374 

'2.31694 
'24.3354 
'252015 
'260675.261541 

'269335 
'277996 

.285790.286656.287522 
'294450.293316 

'30.19i7 

'31 26-31 
-321 297 
'329957 
338618 

'3464'2'347278 

'.355938 
'.364599 
'373259 
381919 

'339714.390580.39 

'399240 
'407900 
,416560 
'42512 1 
'4.3388 1 
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- - 
No. 

TABLE X.-Products of S, x ,001 up to S, x 1.000. 
S, = sin 60' = -86603. 

-000 

'433015 
'441675 
'450336 
'458996 

'476.31 7 

'484977 
'493637 
'502297 

'519618 

'528278 
'536939 

'562920 

'580240 
'588900 
'597 j61 
'606221 

'614881 
'62,3542 
'6.32202 
'640862 
'64952.3 
'65818.3 

67550.3 
'684164 
'692824 

'io1484 
'71014.5 
'718805 
'727465 
'736126 

'74.4786 
'753446 
'762106 

'773427 
.788087 
'796748 
'805408 
'814068 

R.31389 
'840049 
848709 
,857370 
'8660.30 

- 

-001 

'433881 
'442541 
'451202 
'4j9862 

.4656j6'468522 
'477 183 

'48584.3 
'494503 
'50.3163 

'j20484 

'529144 
'537805 

'545599'546465 
'554259'555125 

-563786 

'571580'572446 
'581 106 
'589766 
'598427 

'63,3068 
'641 
'6j0.389 

'659049 
'66684.3'667709 

'676369 
'68 
'693690 

'71 lor I 
'71967 I 

'728.4.31 
'736991 

'754312 
.;62972 

'780293 

'788gs.z 
'797614 
'80627.4 

'822729'82.3595'824461 

.8.322ss 
'84091.5 
,849575 
8582.36 

'002 
----- 

'434747 
'443407 
'452068 
'460728 
'469388 
'478049 

'486709.4875 
'495369 

'j.30010 
'5.38671 
'5473.31 
'555991 
564652 

'581972 
'590632 
'599293 

'615747.616613 
'624408.625274.626140 

,6339.34 
728.642~94 

'651255 

'659915 
'668575 
.6772,35 

jo30.685896'686762 
'694556 

'702~50.703216~704082 

.7205.37 
'729197 
'7378j8 

.745652.746518 

.76jRm38 
'770767';716.33'7f2499.77.tt365 

,781 159 
.789819.790685 
.798480 
.Ro7 

'814934~815800~816666 

.8.z.z121 
'841 78 I 
850441 
-859102 

'003 

'444273 
'452934 
'461 
'470254'471 
'47891 5 

'496235'497 
'504029'504895 

'521350.522216 

'530876 
'53953; 
'548197 
'5568ji 
'j65518 

573.312.574178.575044 
'j828.38 
'59'498 
600159 

~607087~607953~608819~609685 

'617479 

fi.34800 
'64.3460 
'6521 2 1  

'660781 
'669441 
'678 I O I  

'695422 

.711877.71274.? 
.72 140.3 
'i.3006.3 
.738724 

,747384 
'755178'7560.14 

-764704 

. ; 8 ~ 0 1 j  

'799.446 
140~808006 

825327 

.833987 
,842647 
.8; 1,307 
859908 

'004 

'43561.3'4.36479'437.345 
'4451.39 
'45.3800 

5 9 4 ' 4 6 2 4 6 0 4 6 3 R  
1 2 0  

-479781 

75.488441.489307 
'0' 

.j0j762 

'523082 

5.31742 
'54'340.3 
'549063 
'55772.3 
'566384 

'j8.3704 
'592365 
60102.4 

.62 7006 
,635666 
644326 

.65298j 
661647 
670.307 
.6;8968 
687628 

'704948 

722269 
7.30929 

,739590 

.748250 

-765571 
'7742.31 
' 7 8 2 w  

5 i 9 ~ 5 s  I 
'80021 2 

.808872.80978 
68~75532 
.826193 

.834853 

.8j,zg 1.3 
2174 

'005 

'446005 
'454666 

0 4 7 ~ 9 8 6  
1480647 

'497967 
.so6628 

' j 1 0 9 j 8 . 5 1 1 8 ~ 4 ' 5 1 2 6 9 0 . 5 1 3 5 5 6 . 5 1 q q ~ 2 ~ 5 2 8 8 1 6 1 1 0 0 1 8 8 6 1 8 ~  
' 5 2 3 9 8  
'532608 
.541269 
'549929 
'558589 
'567250 

.5759IO 
' j 8 4 5 0  
'5932.3 
'601891 
1610551 

'618.345.619211 
,627872 
,636532 
'645 192 
'6j3853 
'6625 1.3 
'67 I I 73 
.6798j4 
'688494 

696288.697154 

8 7 ~ 5 8 ~ 4  
.71.3ho9,71+t75.715341 

.72,z 1-35 
'7.31 795 
' 7 4 0 4 5  

07491 16 
'7~6910.757776 

.7664,37 

'783757 

,79241 7 
'801078 

.81R398 
-827059 

.835719 

.844.379.84;245 
85.~040 

~8608j4~861700~862566 

'006 

'4.3821 1 

'446871 
'455532 
6 
8 
4 5 3  

'4901 73 
'498833 
' jot494 

I 

'53.3474 
'542135 
'550795 

'5681 

0.576776 
6 
'594097 
'602757 
-61 141 

6 
6.37398 
'6460j8 
'654719 

'663.379 
.6720.39 
,680700 

'698020.698886 

0 6 6 8 0  

'724001 
'7.32661 
4 . 3  

8 
-758642 
767303 

'78462.3 

'79328.4 
'801944 
8 1 0 6 0  
8 6  
827925 

.8,36585 

.85.390f1'854772 

'007 
------ 

'4.39077 
'447738 
'456398 
0 8  
8 
4 . 3 7 9  

'49'039.49 

'508360 

'534341 
'54.3001 
'5516b1 

'559455.560321 
1 6 ' 5 6 8 9 8  

6 5 7 7 6 4  
586.302 

'594963 
.60362.3 

629604 
'6.38264 
'646324 
'65 j585 

'664245 
'672905.673771 
-681566-6824.32 

~689~60~690226 '691092 

0 4  
'71620; 
.724867 
'7.3.3527 
7 4  

8 
'i59508 
6 8  6 

' 7 7 ~ 0 7 7 7 ~ 3 7 7 9 7 7 7 9 5 7 7 5  

'794150'795016 
' 8 0 ~ 8 1 0  
I I 0 

8 0  
,828791 

.8,37451 
'8461 1 I 

'86.3432 

I No. 

'50 
'57 
'52 
'53 
'54 
'55 

'56 
'57 
' j 8  
' 59  
'60 

'61 
'62 
'63 
'64 
'65 
'66 
'67 
'68 
'69 
-70 

'71 

'72 
'7.3 
'74 
'75 

*56 
'77 
'78 
'79 
'80 

'81 
'82 
'83 
'84 
'85 
'86 
'87 
'89 
'89 
'90 

'91 
'92 
'93 
'94 
'95 

'96 
'97 
'98 
'99 

1'00 

-008 1 -009 
'448604 
'457264 
6 
474584 
4 3  

'905 
'499699.500565 

509226 

6 8 0 6 6 1  

'439943'440809 
'449470 
'458130 
6 6  0 

'475450 
4 4  11 

'49277 1 
55014431 
'510092 

I 
'535207~'53607.3 
'5438671'5447.?.? 
'5525271'553.393 
,561 187i:j62053 
8 8  

5 7 5  
'587168 
'595829 
'604489 

7.61228,3.613149.614~15 

~620077~620~44~621810~622676 
6 3 0 0  
'639 1.30 

'647790 
,65645 1 

'6651 I I 

699 j j 2  

'717073 
'7257.3.3 
'7.34393 
7 4 3 5 4  

7 
R76~0374 
7 6 . 3  

'78j489'786.3j5.787221 

8 .  
8 1  2 . 6  
0 9  
'8296j7 

'8.18.3 7 
'846975 
,855638 
864298.865164 

I 

'579.374 
'5880.34 
'596695 
'605.35 j 

I 

'6.39096 
'648656 
'657.31 7 
'665977 
'674637 
.68.3298 
Z 6 9 ~ 9 5 8  
,700618 

8 . 7  
'717939 
'726599 
'7.3525 
4 3  

7 
4 
9 9  

'795882 
8 - 1 4  
81.3202 
6 
'8.30523 

3 9 . 3  
847843 
'8.56504 
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 COMPUTATION^. [PART VI. 
- . ~ , -  

TABLE XI.-Products of Sg x -001 up to S, x 1.000. 
S, = sin 75' = 

-005 

0048.30 
'014489 
024148 
.0.~3808 
'04.3467 
'Oj3126 

1820.062i8 j 
'072445 
'082104 

'101423 

'11 1082 
120741 

.13o401 
~140o60.141026 
'149719'15068j 

-159.378 
'169038 
'178697 

.207675 
'21 73-34 

'2.36653 
.246312 

j006.25591 
'2656.31 
'275290'2762j6 
.284949.285915 
'294609 
',304268 
.31.392; 
',32358j 
'33.3246 

'352564 
8362~24  
'37 188.3 
',381j42 
. , z ~ I  2 0 2  

'400861 
'410520 
.420180 
'4208.39 
' 4 . 3 9 4  

2 4 ~ 9 ~  
,458817 

478 I 3 
.qR;j~).; 

---- . 

No.1 -000 ,001 

.96593'. 

,006 
- - - - -  

'005 796 
0 1 j 4 i j  
'0251 
'034j7.Z 
0444.33 
'054092 

'06.375 I 
'07,341 I 
083070 
'092729.093695 
'102389 

' I  12048 
'121707 

'1.31366 

.160,344.161310 
'170004'170970 
'15966.3 
~189,322~~90288 

198016.19898t 

.208641 

.z18.300 
2 2 9  j 
'2.37619 
8 

-256937 
'266597 

'295575 

'305234 
,314893 
'324552 
'3.34212 
,343871 

..153530 
6 I 

'372849.373815 
'382508 
.392168 

'40182; 
'41 1486 
I 145 
.4,~0805 
4 

I 2 .  

'459783 
6 
'479101 
'488761 

0 3 2  

,001 g.32 
'01 I j9 l  
'021 2 j 0  
'0.30910 
,040569 
.0j0228 

,059888 
'069547 
'079206~080172 
'088866.0898.3 
'0q8gaj 
'108184 
'11784.3 
'12750.3 

'1.36196.137162 
'146821 

'156481 
j4'166140 

'li5;99.176j65 
'185 

'20477 j 
'214436 
,224096 
.2,Zu37.i5 
'243414244380 

-000966 

'020285 
'039944 
'~.B~o.z 
.049262 

'0.i892 2 

'068 j81 
.o;;a74.0;8a40 

.o8 7900 
'0975 59 
'107218 
'116878 
'1265.37 

'141890'14j8jj  

'155j15 
'16j I 
'1748.3.3 
'18449.3 
'194152 
'20.3R1 I 

'21347 I 
.22.31.30 
'2.32789 
'242448 

'00 "OOOOOO 

'01 O O ~ ~ ~ ~ - O I O ~ Z ~  

- 

-008 

002898 
' 0 ~ 2 j j j  
.0~2216.02~3182 
'03 1876 
'041j.35 
. O j I  

'0608 j~ 

' o j o j  I 3 

I 

'099491 
' 1 0 ~ 1 ~ 0 ' 1 1 0 1 1 6  
.118809 
.128469.129435 
'1381 28 
'147787 

'157447 
'167 

459'186424 
'19j118'196084~19;ojo 

'20574.3 
'215402 
'22 

'2.34721 

'02 

-0.3 
'04 
'05 
'06 
.07 
.08 
.og 
'10 

.I  I 

'12 

1 3  
1 4  
'15 
-16 
I 7 
.18 
'19 
'20 

- 2  I 
' 2 2  

.2.3 

'251 142 '252108 '25,3074'254040 
'2627.3.3 
'272,392 
'282052'28,301 
'29171 I 

'301QjO 
'31 1029.31 
'320689 
.330.348 
'34ooo; 

'349667 

*007 

.006;62 

.016421 

'0,15739 
'04j399 
'05 j0j8 

'0647 I j 
'074377 
'0840.36 

'103355 
'113014 
'122673 
.132322 
'141992.142958 
'1j1651 

a180629 

.199948 

.209605 

.219266 
8 
'238j85 
8 

'26756.3 
' 2 7 7 2 2 2  

,286881 
'296541 
'306200 
'31585q 
'3235 18 
-3.35 I 78 
'344837 

..354496 
6 1  56 

'-38,3474 
R R 3 9 3 ~ 3  

'402793 
'41 2432 
.4221 I I 

'4.31 7 7  I 
.44r~.zo 
4 0  
,460741) 
4 0 0 8  
,480067 
.48972f 

-004 

'30,3864 
01.3j2.3 

0.32842 
'042jol 

I94'0j2160 

'06 
'071479 
.081138 
.ogo79juo9rj63 
'1004j7 

'11977j 

.rS3go94 
'14875.3 

. 1 5 8 4 1 ~  
106.168072 

' 1 7 7 7 p  
'187390.188.356 

'206709 
,216.368 

j062.22602R'2269 
'235687 
.24s5340 

'26,3h99 
'273.358 

j 
,292677 

'302.3.36 
1995 

'3216j j 
' . z . z I . z~~  

'34097.3 

.3;06,3.3 

.,360292 
'36995 1 
' .~j9610 

..398929 
'408j88 
,418248 
'427907 
'4.3 7566 

"45(1885 

R 4 j 6 ~ ~ , 3  

'028078 
'0.386.3i 
.048297 

'05 7956 
.06761.; 

086934 
'09659.3 
1062j2 

- I  15912 
'12.;.;71 

'1352.30 

'1.i4j49 
i'164208 
'17.386i 
'18.3527 
'19.3186 

'20284; 
' 2 1 2  j0.i 
. 2 2  2 164 

-009 

0 0 8 6 ~ 3 ~  

'0,37671 
'047331 
.oj6990 
'066649 
.a76308 
'085968 
'095627 
'105286 

'134264 
'143924 

'172901 
'182561 

15.39 
2221198 
'2~0857 
'240sl7 
0 7  

'26949 
'279154 
.28881.z 
298472 

'308132 
'.z17791 
'-327450 
'3371 10 

'346769 

'356428 
6 6  
'375747 
003854~6 

'404725 
'414,384 
,424043 
'4.3.370.3 
'443.362 

.453021 
'462680 

I 

,481999 
.490642.491658 - 

908 

-007 7 2 7 
017.387.018353 

14~026080~027046~028012 
,036705 
'046.365 
'056024 

,06568.3 
'07 j,34-3 
.085002 
'094661 
'104320 

'113~80'114946 
'12,3639'12460j 
.13.3298 

'152617'153583 

'1622j6.163242 
'171936 
' 1815~5  
'191254.192220 
'200913'201879 

.210j7.3.21 

.2202,32 

.229891 
'2.39551 
2 2 1 0  

.257903.258869.259835 
.268529 
~ j 8 1 8 8  

'28 7847 
,297506 
'307166 
.316825 
'326484 
'336144 
'34580.3 

.355462 
6 2 2  

,374781 
'3844.10 
..z94099.395065 

'40.3759 
'41,3418 
.42.307; 
'4.1 27.37 
'442.396 

2 0  
,461 715 

,481033 
_ . 

025 
,264665 
'274324 
'28398.3 
'29,3643 

..30.3.302 
'312961 
'32262 I 
.3.32280 
'341939.34230; 

,351599 
2236~2 j8  
'.370917 
'380576 

'389270.390236 

'399895 
,409554 
.419214 
'42887.3 
'4.38 j.32 

.448192 
'457851 

. 4 6 6 j 4 4 4 4 6 7 5 ~ ~ 0 4 6 8 4  
,477 169 

'48586.3.486829 
- -  

'24 1:2.3182.~ 
24148.3 

'359.326 
. , ~ 6 8 g 8 ~  
..qi86~5 
388304 

39796.3 
.407622 
.41;282 
'4209.11 
'436600 

'443294.446260.447226 
,455919 
'46557R 
-475238 
'484897 -. 

NO. 

'00 

'01 

'02  

-03 
'04 
'05 

-06 
'07 
'08 
-09 
'10 

'11 
'12 

'13 
'14 
'15 

'16 
'17 
'18 
'19 
'20  

'21 

'22 

'23 
'24 
'25 

'26 
'27 
'28 
'29 
'30 

'31 
'32 
'33 
'34 
'35 

'.q6 
'37 
'38 
'39 
'4O 

'4l 
'42 
'43 
'44 
'45 

'46 
'47 
'48 
'49 
' 5 0 .  
/ 

.358.360 
',368019 
'.3776j9 
'3873.38 

'396997 
'406657 

'4259iS 
'435634 

'45495.3 
'46461 2 

'474272 
-48.39.31 

'37 
'.%8 
'39 
'40 

'41 
'42 
'43 
'44 
'45 

'46 
'47 
'48 
'49 
' 5 0  -. - 

"35 739.1 
'36705.3 
'3i671.3 
'386.372 

'3960.31 
'40j691 
'41.!,.350.416.~1(1 
'425009 
'434669 

'444.328 
'453987 
,463646 
'473.306 
'482065 
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TABLE XI.-Products of S, x ,001 up to S, x 1.000. 
S, = sin 75' = '96593.. 

No. 

'50 
'51 
'52 
'5.3 
'54 
'55 

'56 
'57 
'58 
'59 
-60 

'62 
'6.3 
'64 
'65 
'66 
'67 
'68 
'69 
'70 
'71 
'72 
'73 
'74 
'75 

'j6 
'77 
'78 
'79 
'80 

'81 
'82 
'83 
'84 
'85 
'86 
'87 
'88 
'89 
'90 

'91 
'92 
'93 
'94 
'95 

' ~ 6  
'97 
'gR 
'99 
'00 

'000 
--- 

'482965 
'492624 

'5'1943 
'521602 
'531262 

,540921 

'560239 
'569899 
'579558 

'589217 
'598857 

,618195 
'627855 

'6.37514 
'647 

'676151 

'705129 
'714788 
'724448 

'734107 
'743766 
'75.342.5.754391 
'763085 

'78240.3 
'792063 
'801 7 2 2  

'811381 
,821041 

'8.30700 
'840.359 
'850018 

'&~8.31 5 
,907974 
'91 7634 

'927293 
'9.36952.9.179 
'94661 1 

'95627 I 
'96 j9 30 -_.-- 

'001 

483931 
'49.3590 

'502284.503250 
'512909 
'522568 
532227 

,541887 
'550580'551546 

'j6120j 
'570865 
-580524 

'590183 
,599843 

'608j.36.609502.610468 
619161 
,628820 

-638480 
173'6481.39 

'6771 17 

'706095 
'715754 

,73507.3 

,764051 

'812347 
.822006 

'8.3 
841.325 

859678.860644 

88R656.889622.890587 
,899281 

918599 

'9282.59 
I 8 

,917577 

'002 

'494556 
'504215'505 

'54285.3 
'55251 2 
,562171 
.57 18-31 
'581490 

'591149.5921 
,600808 

629786 

'639446 
'649105 

'666492.667458.668424.669389 
'678083 

'685810~686776~687742.688708 

-707061 
'716720.71 

'725413'726379'727345 

.755.157 

.765017 

-783.369.784.3.35 

.81.3.31j 
'822972 

1666.8.326.32 
.a42291 

850984851950 

'~69.337~87030,3~8;1269~872235~873201 

'87~996~879962~880928~881894~882860 

'900247 
~908940~909906~910872 

'919565 

'929225 
.938884 
'948543 

'9572.37.()58203.5)59168 

'003 

'484897.485863 
'49j522 

181 
'513875.514841 
'52.3534.524jOO 
'533193.514159 

'553478 
'56,3137 

'582456 

15 
,601 
'61 1434 

.620127.621093 
'630752 
-64041 2 

'65007 I 

'695470~696436~697401~698367~699.333~700299 
.to8027 

.7360.39.737005 

.756323 
,765982 

'785301 
.79.3029'793994'794960'795926'796892 
~ 8 0 2 6 8 8 ~ 8 0 3 6 5 4 ~ 8 ~ 4 6 2 0 ~ 8 0 j 5 8 6  

,814279.815245 

'83.3598 

8~2916'8s.3882 
.861610.862575.86,3541 

'89155.3 
213 

.92o.j31 

'9,30191 
.9,39850.9408 
,049509 

.004 

'486829 
'496488 
'506147 
'51 j807 
,525466 
'535125 

'543819.544785 
'554444 
'564103 

'583422 

'59.3081 
774.602740.603706 

'631718 

.641.378 
'6j10.37 

'656832.657798.658764.659730.660696.661662.662628.663594 
'670355 

~679049~680015 

,708993 
7686.718652 

'72831 I 

.73797 1 

.757289 

'772744.773710.774676.775642.776608'777574.778540.779506'78047' 
.786267 

'82.3938.824904~825870 

'8.34564 
.84.q257.84422,3'845 

.892519.89,3485 

.go21 79 
-91 18.38.91 
,921497 

.9.3 1 T57 
I 6 

'?SO475 
.()(,or 

-005 
- -  

'487795 
'497454 
'5071 13 
'j16773 
'j264.32 
'5.36091 

'555410 
56j069 

'572796.573762.574728.575694 
'584388 

'594047 

.612400.613366 
622059.62.3025 

'6,32684 

.652003 

,671321 
-680981 

.689674~690640.691606 

'719618.720584 
'729277 

'7.38936 
'744732'74j698'746664'7476.30'748596'749j62'750528'75I494'752459 

.;58255.759221 
'566948.767914'768880 

,787233 

,806552 
'816211 

'8.45 329 

.us4848 

.864507 
'874167 
-88.3826.884792 

.go3145 
2804 

'922463 

9-32 1 2 2  

,941 782 
'951441 

34.961 I oo 
I 

.006 

'488761 
'498420 
'508075 
'j17738 
'527,398 
'537057 

.545750.j46716.547682 
'556376 
'5660.35 

'j85354 

'59501.3 
'601672 
'614331 
'62.3991 

'642343.643309 
,652969 

672287 

'701 265 
.gogg59.71092q 

'7.19902 

.788199 
'7978 58 
8075 I 7 
.817177 
-82683  

+836495 
189.846155 

855814 
8 6  
,875135'876099 

89445 1 
,9041 10 

.g I .3770.9 
'923429 

'9.3.3088 
,942748 
.952407 
.962066.96.3032 

'007 

'489727 
'499386 
,509045 
'518704 
'j28364 
'53802.3 

'557342 
'567001 

'j86320 

'595979 
'6056.38 
'615297 
'6249j7 

'633650.634616 

-644275 
,653935 

.681947.682913.683878 

-692572 
,702231 
' 7 1  
-72 

'730243'731209'732I7j '733I41 
'740868 

.760187 

.769S46 

.789165 
'798824 
.BoRqSg 
,818143 
8 0  

'837461 
'8471 21 

'856780 
8 

,885758 
'89541 7 
.go5076 

I 4736.91 
'924.395 

'9.34054 
'94.37 14 
'9.5337.3 

-008 

,490692 
'500.352 
'5 1001 I 

'529330 
'538989 

.548648 
'558.308 
'567967 

'576660.575626.578592 
'587285 

'596945 
'606604 
'616263 

-635582 

'645241 
'654901 
-664560 

-673253.674219.675185 

'693538 
,703197 

1890.712856 
1550.722516 

'741834'742800 

'761 153 
'770812 

.790131 
'799790 
809449 
'819109 
8 

'8.38427 
'848087 

'009 
-- 
'491658 
'501318 
'510977 

'519670'520636 
'5.30296 
'539955 

'549614 
'559273 
'568933 

'588251 

'597911 
'607570 
'617229 

'625923.626889 
'636j48 
'646207 
'655866 
-665526 

'684844 

'694504 
'70416.3 
'713822 
'723482 

'7631 19 
'771778 
'78'437 

'791097 
'800756 
'8 1041.5 
'820075 
4 

'8.39.393 
'849052 

No. 

'go 
'51 
'52 
'5.3 
'54 
'55 

'56 
'57 
'58 
'59 
'60 

'62 
-63 
'64 
-65 
'66 
'67 
'68 
-69 
'70  
'71 
'72 
'73 
'74 
'75 

'76 
'77 
'78 
'79 
'80 

'81 
'82 
'83 
'84 
'85 
'86 
'87 
'88 
'89 
'90 

'91 
'92 
'93 
'94 
'95 

'g6 
'97 
'g8 
'99 

1.00 

857746('858712 
7 5  

'89638.3 
'906042 

5702 
'925361 

'935020 

'954.339 
'963998 

3 7  
'877064'8780.30 

'886724.887690 
'897349 
'907008 
'916668 
'926327 

'935986 
'914680'945645 

'9553Oj 
'964964 
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COY PUTATIONB. [PABT VI. 

TABLE XI1.-Natural Numbers to three places of Decimals cor- 
responding to Logarithms with Indices 6, 7 and 8. 

Logarithms with Index 6 or 3. 
Natural No. 
to 3 places Logarithms I No. I of Decimals I 

Logarithms with Index 7 or 3. 
Nat. Xo. 

Net. to 8 place 
No. of Deci- 

mals 

Logarithms with Index 8 or 5. 

Loga- 
rithms 

0000000 

'1760913 
'3979400 
'5440680 
'6532125 

I 

N R ~ .  
No. 

' 004 j 
.OOS j 

fiat. No. 
to 3 places 
of Deci- 

mals 

' 0 °  
'Oo6 

m - - .i 2 o 
6& 
7 % 
*3 d $ 

z.? a -  
.oj9 
.080 
.081 
.082 
.083 
.,*i 
.,g5 
'o" 

.089 

"9' 
"9' 

"93 .094 

096 
'097  
'09' 

.og!, . ,,, 

m C1 

Q o 

Loga- 
rithms 

'6j32125 
'7403627 
.8129134 

Lop- 
rithme 

.aoooooo 
'021 189.3 
'0606978 
-0969100 
' 1303.3.48 
.161g680 
'1903.31i 
'2'748.39 
.24.30.380 
'2671717 
.2goo346 
'31 175.39 
'.3324.385 
'3591825 
. .~i106,9 
'3R91661 
.4065402 
'4232459 
'4.39332; 
-4,548449 
.4698220 
'4842998 
'498,3106, 
~ " ~ ' R . z ~ , ~ ' o ~ s I I  

1 

L o p -  
rithme 

'894R697 
'9°036i1 
,9057959 
.9111576 
'9164539 
-9216865 
9268567 
9,; 19661 

*gg;o161 
.9420081 
.9469133 
.gs18230 
- 9 ~ 6 6 4 8 ~  
-9614211 
.9661417 
. 9 7 0 8 ~ 6  
' 9754.i18 
.98000,34 
.g845273 
. 9 8 9 ~ ~ 4 6  
.99.34dh2 
.99;8231 
'9999999 

- 

ne t .  
NO. 

' 9999999 

Nut. 
No. 

'008j 
'0095 
.0099 

Nat. No. 
to 3 places 
of Deci- 

mals 

.oo9 . .oo65 
,0075 
-0085 

6 6 
z % 

Loge- 
rithms 

'9294189 
'9777'36 

.007 

- -- 

-- 
'O1O0 

'0105 
-01x5 
'0125 
'0'35 
'0145 

"0155 
'0165 
'ol7.i 
'0185 
'0195 
.Oa05 
'0215 
-0aa5 
'0235 
'024 j 
'mS5 
-0265 
-0275 
-028j 
'0"s 
'OJ0S 

'0315 
'0335 

-- 

Loga- 
r i t h m ~  

'51188.34 
.5250++8 
.5378191 
.5502284 
' 5622929 

'5740.31.3 
'5854607 
'5965971 
6o;~;ro  

.6180481 

.628.3889 

.6.z848g.z 
648.36'30 

.6580114 

.h61453o1 

.6766936 

.hR;;41; 
6946052 

. ;0~2914 
j118o;z 

.i20159) 
'728.35.38 
' 7363O65 

Nat. 
No. 

-- 
'05s5 
-0565 
.057s 
'0585 
'0595 
,060j  
'0615 
,0625 
06-35 

.o645 

.0655 

.0665 
0675  
.0685 
.of195 
070s 
. o 7 1 ~  
'0725 
,0735 
'0745 
'075; 
'076s 
'Oi75 
-0785 

Nat. 
NO. 

-- 
'0325 
'0335 
.oar; 
0,355 

'0.~6.i 
'0.375 
'0.~85 
'0395 
.o*oi 
,0415 
.o425 
'043; 
,0445 
'0455 
'046.5 
'04;s 
.0485 
'0495 
-0505 
.0515 
o j l s  
'05.35 
. o ; J ~  

rn 

.O1O 

:'I2 

"13 .o Ik  
.016 
.017 

.o19 ..,, 

. o z l  
- 0 2 2  

. 0 2 3  

.02k 
1::: 
.027 
.028 
'OZ9 

' 030 
.031 

.033 

- 
m - 
i! 

2.a 
6 6 
g - 
G: 
i 2 

H 

a 

'0'4 

' O J 7  

.038 

.o19 

.o;o 

. 

.04' 

.04.' 

.04' 

. 045 

.046 

.04? 

.04' 

.0!9 

'05' 

'OS2  

-05.; 
.054 
'OS5 

Nat. 
No. 

. o i R ~  
'0795 
-080.5 
' 0 ~ ~ 5  
-0825 
-0835 
,0845 
' 0 8 s ~  
.o86; 
,087j  
088; 
.0895 
'0905 
'0915 
-0925 
09.3.: 

0945 
,0955 
.096; 
'og;5 
'0985 
'0995 
'0999 

m - 
cc; 
Y O  
0 .- 
6 - 

4 i :  

i 
H 

PI 

.0j6 

::$ 
.059 
.060 
. ,  
:066 
. 0 4  

065 

.06i . .:;: 

.071 . 

.07' 

,Of.' 

074 

. 

.0Z7 
O i 8  

Loga- 
rithma 

-7442930 
' 7520484 
.75966;8 
'7671559 
'7745170 
-7817554 
.788875l 
'j9,i8800 
.802;7.37 
.809559; 
I 

. R t t R z ~ h  
'82930.38 
8.3.5h906 
8419848 

.8481891 
8543060 
.860.3.380 
.86h28;3 
.R;~1~6.3 
8 779470 
88.466 14 

'889.3017 
-8948697 
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TABLE XIIT.-Values of N (Longitude of Moon's Ascending Node) 
for 0 hour Greenwich Mean Time, January 1. 

Value on o hour Gt. M. T., January lst, 1880 = ~ 8 5 ~ ~ 9 5 6 8 6 3 .  
Motion per Julian year in 1880 = rg0..?qr46z48. 
Motion for 365 days = 19~~32822.387 and for 1 day = oO-052954. 

Year 

1850 
I 

2 

3 
4 

1855 
6 
7 
8 
9 

1860 
1 
2 

3 
4 

1865 
6 
7 
8 
9 

I 8 7 0  

t 
2 

3 
4 

TABLE X1V.-Showing the Decrement of N (Longitude of Moon'r 
Ascending Node) since 0 hour January 1 up to Midnight of each Day 
throughout the Year. 

Daily Motion = Oe.0529541. 
In Leap Yeare for all datee aftor February 28-bft1rrl1 1, use rs mean value between th6 

particular day and t l ~ e  day following. - 
Date 

J A N .  
I -  

2- .7 
3- 
4- 
5- 
6- 
7- 

'0.1 1 
-==z 

N 

146:r74466 
126*846228 
10;'517991 
88.136801 
68'808j65 
49.480329 
30.152094 
10' 770905 

35 1.442671 
3.32' 114437 
312.786204 
293'405017 
274'076784 
254.748553 
2.35.420321 
216.0391.36 
196~710905 
177.382675 
158.054446 
138.673262 
II9'.34.50.34 
100.01680j 
80.688577 
61 '307.396 
41.979169 

N.B.--ln T ~ h l e  X I V  T h e  midrllp of the year of observations will occur a t  noon or midnight according 
t h e  'mtll Frl)runry 1q inclirded in the period of obael.vationa or not. If t h e  midnight falls on a date in .S 

cOm'non Yenr. or hefore the 29th Febriinry in a leap year, tlierl t h e  Decrement for N as fiven in the  Table 18 
correct : If, however, t h e  rnidni,qhf falls after t h e  29th February in a leap year, then  take t h e  value 00 that  
given for the stlcceedi?t.q dote i n  t h e  Tnhle. 

If t h e  noon fulls In n cornluon year or before ?9~11 I+branry in  a lrmp JORI., the value to b e  taken from 

Year 

1925 
6 
7 
8 
9 

19fo 
I 
2 

3 
4 

19.35 
6 
7 
8 
9 

1940 
I 

2 

3 
4 

I945 
6 
7 
8 
9 

N 

1.35'604751 
116.276548 
96'948.346 
77'62014.3 
58'238987 
38.910786 
19.582585 
0.254384 

340'873230 
321'5450.31 
302.216832 
;82.8886,33 
263'507481 
244'179283 
224-851086 
205'522889 
186.141739 
166.813543 , 
347'485347 : 
128'15i15t  
r08 '7760~4 
89.447810 
70~11g616 
50'79142.3 
31'410276 

Date 
--- 

FRB. 
19-20 
20-21 
21-22  

22-2.3 

23-24 
24-25 
25-26 
26-27 
27-28 
28-29 

Decre. 

2.0917 
2.1446 
2.1976 
2.2505 
2',30.35 
2'.3565 
2.4094 
2.4624 
2'515.3 
2'568.3 

1)ecre. 
- -  

20.0265 
0.0794 

40'1.324 
50.1853 
60'2.38.3 
70'291z 
80'.3442 
9oa,3g72 

9-loo'4.501 
o.5o.qr 

N 

2j9: 127704 
239,799490 
220.q71276 
2 0 1  • 14.3062 
181.814849 
I ~ z . ~ , z . z ~ H ~  
143'10j4;O 
123'777258 
104.449046 
85.067881 
65'7.39671 
46.411461 
27'083251 
7.702088 

348'373879 
329.045671 
309'717463 
290 '3.36.302 
271~008095 
251'679888 
2 .32 ' .~51~8~ 
212'97oj2.3 
193'642318 
17-1'.31411.? 
154'985909 

Year 

1875 
6 
7 
8 
9 

1880 
I 

2 

3 
4 

1885 
6 
7 
8 
9 

1890 
1 

2 

3 
4 

189j 
6 
7 
8 
9 

Decre. 

2.6212 
2-6742 
2'72.71 
2.7801 
2'83.30 
2'8860 
2'9390 
2'9919 
3'0449 
3.0978 

N 

22°65~943 
3'3227J7 

343'941537 
.324.61.?.312 
305'28j087 
285'956863 
266.575685 
247.247462 
227'919239 
208.591017 
189'209841 
169.881619 
'50'553398 
131-22cj178 
I I I '844004 
92'515784 
73'187565 
53'850.346 
34'478174 
1 3 '  149956 

355'8217.39 
336.496522 
3'7'112351 
297'784f.35 
278'455920 

Dato 

FED. 
9-10 

10-11 

11-12  

12-13 
1.3-14 
14-15 
15-16 
16-17 
17-18 
18-19 

Year 

1900 
1 

2 

3 
4 

1905 
6 
7 
8 
9 

1910 
I 

2 

3 
4 

1915 
6 
i 
8 
9 

1920 
I 

2 

3 
4 

Dec1.e. 

1,6151 

1.6681 
1 ' 7 2 1 0  

1'7j40 
r .8269 
1 - 8 ~ ~ 9 (  
I .9,lz8 
1.9858 
2.0.387 

Date 1)ecrc. 

A .  1 1 
11-120.5560 
12-1.3'0.60go 
1.3-1~10.661~ 

I 14-15,0.7149 
15.16'0.70;R 
1 6 - 1 ~ / 0 ~ 8 2 0 8  
17-18,0.8;i.37 
18-190 .~267  
19-200'9797 
20-21'1.0.326 -- 

Date 

JAN 
q3~- .3z  
FEB. 

I -  2 

2- .3 
Q -  4 
4- 5 
5- 6 
6- 7 
7- 8 
8- 9 

Date 

311 
2 1 - 2 2  

22-2.3 

2.3-24 

26-27 
27-28 
28-25) 

.q0-~31 

1)ccrc 

1,0856 
I '1.385 
1.1915 

24-251-2444 
25-261'2974 

1 ..350.1 
I-40.3.1 
1.4562 

29-.301'5092 
1.5621 
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TABLE X1V.-Showing the Decrement of N (Longitude of MoonJs 
Ascending Node) since 0 hour January 1 up to Midnight of each 
Day throughout the Year- (Continued). 

Daily Motion = 0°.0529641. 
In Leap 

Date 

MAE. 
I-  2 
2- 
3- 

' 4- 5 
5- 
6- 7 
7- 8 
8- 

10-11 

11-12  
12-13 

14-15 

16-17 

18-19 

22-2.3 

24-25 

26-27 

28 

30*.31 

APE. 
I' 

2- 

3- 
4- 5 
5- 6 
6- 7 
7- 
8- 9 

10-1 I 

12-13 

I4-I.5 
' 5 . 1 ~  
16- l i  

1 8 - ~ 9  

20-21 
21-2a 

the Tnhle 
Febmar~ 

Yeare 

Decre. 

3'1508 
33'20.37 
43.a567 

3'3096 
63.3626 

3.4155 
3.4685 

93'5214 
9-103'.;744 

3.6274 
3'680.3 
3'7333 

1.3-143'7862 
3'8.392 

15-163.892~ 
3'9451 

17-183'9980 
4'0510 

19-204'10.39 
20-214.1569 
21-224.2099 

4'2628 
23-244'3158 

4'3687 
25-264'4217 

4'4746 
27-284'5276 

294'5805 
~ ~ - . z o ~ . ~ . J . z s  

4'6864 
31-324'7.394 

24'792.3 
34'845.3 
44'898.3 

4'9512 
5'0042 
5'0571 

85 '1101 
5'16.30 

9-105'2160 
j. 2689 

II . I25 '32I9 
5'3748 

13-145'427R 
5'4807 
5'53.37 
5'586; 

17-1R5'6.396 
5.6926 

1 9 - 2 0 5 ' 7 4 ~ ~  
5'7985 
5'8514 

is the 
in a leap 

dates 

Decre. 

5.9044 
23-245'957.3 

6.0103 
25-266-06.32 

6'1162 
6 '  1692 
6'2221 

29-306.2751 
6'3280 

6.3810 
6'4.3.39 
6.4869 
6'5.398 

66.5928 
6.6457 

86.6987 
6 -75  16 

9-106.8046 
10-116.8576 

6.9105 
12-1.36'9635 
13-147.0164 

7.0694 
7 '  1223 
7.1753 
7,2282 
7'2812 
7.3341 
7'3871 
7'4401 
7'4930 
7'5460 
7.5989 
7.6519 
7,7048 
7.7578 

28-29;'81oi 
29-307'86,~; 

7.9166 
7.9696 

28'0225 
8'0755 

48'1285 
8.1814 
8'2.444 
8'287.3 

88'340.3 
98'.39.32 

9-108'4462 
8.4991 
8.5521 

between 
the mean 

for all 

Date - 
APE. 
22-23 

24-zj 

26-27 
27-28 
28-29 

30-31 
MAY 

I-  2 

2- 3 
3- 4 
4- 5 
5- 
6- 7 
7- 
8- 9 

11-12 

14-15 
15-16 
16-17 
17-18 
18-19 
19-20 
20-21 

21-22 
22-23 
23-24 
24-25 
25-26 
26-27 
27-28 

30-31 
31-32 
JUNE 

1- 

a- 3 
3- 
4- 5 
5- 6 
6- 7 
7- 
8- 

10.11 
11-12 

mean 
Y ~ B  

the 

after February 28-March 1, use a, mean value between the 
particular 

Date 

JUNE 
12-13 
13-14 
14-15 
15-16 
16-17 
I 7-18 
18-19 
19-20 
20-21 
21-22 

22-23 
23-24 
24-25 
2j-26 
26-27 
27-28 
28-29 
29-30 
.30-.31 
JULY 

I -  2 

2- 3 
3- 4 
4- 5 
5- 6 
6- 7 
7- 8 
8- 9 
9-10 

16-11 

11-12 

12-13 
13-14 
14-15 
15-16 
16-1 j 
17-18 
18-19 
19-20 
20-21 

2 1 - 2 2  
22-23 
2.3-24 
24-25 

Decre. 

16'7600 
16.8129 
16,8659 
16.9188 
16'9718 
11'0247 
17,0777 
17-37 
17.1836 
17.2366 

23-2417'2895 
17'3425 
17'3954 
17.4484 
17'501.3 
17'554.3 
17'6072 
17.6602 

17'713I 
17'7661 
17,819~ 
17.8720 
17'9250 
17'9779 
18'0309 
18'08.18 

9-1018'1368 
18'1897 
18'2427 
1 8 ' 2 9 5 ~  
1 8 ' 3 4 ~ ~  
18'4015 
16'4545 
18'5075 
18.5604 
18.6134 
18'666.~ 
18'7193 
1 1 1 ' 7 7 2 ~  
18.8252 
1 8 . 8 7 ~ '  
18'9n311 
1 8 ' 9 ~ 4 ~  

the day 

Date 

AUQ. 
2- 3 
3-  4 
4- 5 
5- 6 
6- 7 
7- 8 
8- 9 
9-10 

10-11 

11-12 

12-13 
13-14 
14-15 
15-16 
16-17 
17-18 
18-19 
19-20 
20-21 

2 1 - 2 2  

22-23 
23-24 
24-25 
25-26 
26-27 
27-28 
28-29 
29-30 
30-31 
A I - ~ ~ Z  
SRPT. 

I -  z 
2-  -1 
,3- 4 
4- 5 
5- 6 
6- 7 
7- 8 
8- g 
9-10 

10-11 

I 1 - 1 2  

12-1.3 
1.3-14 

day and 

Decre. 

8.6050 
8.6580 
8.7109 
8.76.39 
8.8169 
8.8698 
8.9228 
8.9757 
9.0287 
9.oR16 
9.1346 
9'1875 
9.2405 
9'29.34 
9.3464 
9.3994 
9.452.3 
9'505.3 
9.5582 

9'6112 
9.6641 
9.7171 
9.1700 
9'8230 
9.8759 
9.9289 
9.9818 

10.0.348 
10.0878 
10.1407 
10.1937 
10'2466 
10.2996 
10.3525 
10'4055 
1 0 . j ~ f l 4  
10'5114 
10.564.3 
10.6175 
10.6703 
1oS72,32 
10.7702 
ro 8291 

1 ~ ) ' 0 . 3 7 ~  
1 9 ' 0 9 ~ ~  
19'14fp 
19'1959 

.30-3119'2488 
1 9 . 3 ~ ~ ~  

themth 
t o  be 

following. 

Decre. 
-------- 

11'3057 
11'3587 
11.4116 
11.4646 
11,5175 
I I -5705 
I I '6234 
11.6764 
I I  ,7293 
11,7823 
11.8352 
I 1.8882 
11 '9411 
I I -9941 
12-0471 
12-1000 

12.1530 
12.2059 
12'2589 
12.~31 18 
12.3648 
12.4177 
12.4707 
12.5236 
12.5766 
12.6296 
12.6825 
12.7355 
12.7884 
12.8414 

12.8943 
12-947.3 
1,3-o002 
1.3.05.32 
1.3'1061 
13'1591 
1.3'2120 
1.3'2650 
13-3180 
1.3.3709 
13'4239 
13,4768 
r.3.p981 

Date 

NOV. 
13-14 
14-15 
15-16 
16-17 
17-18 
18-19 
19-20 
20-21 

21-22 
22-23 

24-25 
25-26 
26-27 
27-28 
28-29 
29-30 
.30-,31 
DEC. 

I -  2 

2- 3 
3- 4 
4- 5 
5- 6 
6- 7 
7- 8 
8- 9 

10-11 

11-12 

12-13 
1.3-14 
14-15 
15-16 
16-17 
17-18 
18-19 
19-20 
2 0 - 2 1  

2 1 - 2 2  

22-23 
23-24 
24-25 
25-26 

Date 

SEPT. 
23-24 
24-25 
25-26 
26-27 
27-28 
28-29 
29-30 
30-31 
OCT. 

I -  2 

2- -3 
3- 4 
4- 5 
5 -  6 
6- 7 
7- 8 
8- 9 
9-10 

10-11 

11 -12  

12-13 
13-14 
14-15 
15-16 
16-17 
17.18 
18-19 
19-20 
20-21  
21-22  
22-23 
23-54 
24-25 
25-26 
26-27 
27-28 
28-29 
29--30 
30-31 
.31-.32 
NOV. 

I*  2 

a -  3 
1- 4 

25-26 
26-27 
27-28 
28-23 

30-31 
31-32 
Aua. 

I -  

prcce%ng 
between 

Decre. 

14.ojg3 
14'112.3 
14'16jz 
14-2182 
14'2i11 
14.3241 
14'3770 
14'4300 

14.4829 
14'5.359 
14.5889 
14.6418 
1 4 . 6 9 4  
14.7477 
14.8007 
14.8536 
14.9066 
14'9595 
15.0125 
15.0654 
15'1184 
15*1i1,3 
15,224,~ 
I 5.277,~ 
15.3302 
15'3832 
15'4.361 
15.4891 
15.5420 
15'5950 
15'6479 
15.7009 
15'75.38 
15.8068 
15'859fl 
15.9127 
15.9657 
16.0186 
16.0716 

16.1245 
16.1775 
16.2904 

I 4-15 
18-16 
16-1 j 
17-18 

19-20 
2 0 - 2 1  

21-22 
22-2-3 

#uecsed(ng 
for the two 

10.8821 
ra-9.qso 
ro*g88o 
rI .o jog 

a9-.~011~0939 
11.1468 
r r  *1998 

2,11.2527 

and 
the rsluen 

1.3'58271 
1.3.6,3;; 
1,~.6Rfl6 
ra3.i4r6 

18-191j.79q5 
1.3.8473 
1,3*goog 
13~95.34 
14-0064 

m l d n l ~ h t s ;  
midnights 

a6-27 
27-28 
28-29 
29-.30 

31-32 

h l l 8  8ft.a~ 
( 8  

4- 5 
5- 6 
6- 7 
7 -  8 
8- 
9-10 

10-11 
11-12 
12-1.3 

b u t ; ~  

1 6 . 2 8 ~ 4  
16..3.36.3 
16*.389.3 
16*4422 

916.4952 
16.5482 
16.6011 
16.6541 
16'7070 

t h e  noon 
inmrdiotrlyflfbllowin.(~ 
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CHAP. 111.1  COMPUTATION^. 

TABLE XV.-Values of p, (Mean Longitude of Solar Perigee) for 
0 hour, January 1. 

p1 for 0 hour,, January 1, 1880 = 280°.874802. 
Motion per Julian year=0°.01710693. 

Motion for 865 daye =0°.01709295. 

TABLE XV1.-Increment of p, since 0 hour, January 1, for certain 
Days of the Year. 

Motion for 1 day = 0°.00004683. 

2 

P I 

0 

280.7892 
-806.3 
'82.35 
8406 
'8577 
'8748 
-8920 
'9091 
.9262 
' 943.3 
'9604 
'9775 
' 9946 

Z ~ I - O I I ~  
-0289 
-0460 
06.3 I 
m0802 
'0973 
'1144 
'1315 
.1486 
' 1658 
-1829 
' 2000 

Year 

1875 
76 
7 7 
7 8 
7 9 

I 880 
8 1 
82 
8 3 
84 
8 5 
8 6 
8 7 
88 
89 

1890 
91 
92 
93 
94 
9 5 
96 
97 
98 
99 

Year 

1850 
51 
52 

53 
5 4 
5 5 
56 
57 
58 
59 

1860 
6 I 
62 
63 
64 
65 
66 
67 
68 
69 

1870 
7 1  

72 
7 3 
74 

PI 

0 

280.3614 
'3785 
'3956 
'41 25 
'4299 
' 4470 
'4641 
'4812 
' 498.3 
'5154 
'5325 
'5497 
5668 
'5839 
.6010 
,6181 
'6352 
'6523 
'6694 
-6866 
' 70.3 7 
' 7 208 
' 7379 
' 7550 
'772' 

Date 

Jan. 10 
,, 20 

30 
&b. 9 
,, 19 

Mar. 1 
,, 11 
,, 21 
, 31 

Year 

1900 
I 
2 

3 
4 
5 
6 
7 
8 
9 

1910 
I I 
12 

I3 
14 
15 
16 
17 
I 8 
19 

1920 
2 I 

2 2 

23 
2 4 

Year 

1925 
2 6 
27 
28 
29 

1930 
3 1 
32 
3 3 
3 4 

3 
3 7 
38 
39 

1940 
4 1 
42 
43 
4 4 
45 
46 
47 
48 
49 

PI 

0 

281.2171 
' 2342 
'2513 
2684 
' 2'355 
'3027 
'3198 
' 3.369 
'3540 
'37 1 I 
,3882 
'4054 
4225 
'4396 
'4567 
'4738 
' 4909 
-5081 
'5252 
' 5423 
'5594 
'5766 
' 593 7 
-6108 
'6279 

Increment 

~.ooo4z 
-00089 
'001~6 
.oolR.3 
.oo229 
.ooz;6 
-00.323 
*OO.Z~O 
'00417 

PI 

0 

281-6450 
'6621 
'6792 
'6963 
'7'35 
' 7.306 
' 7477 
' 7648 
'7820 
' 799' 
.a162 
'8333 
-8505 ' 
-8676 
'8847 
-9018 
'9189 
' 9.360 
'9532 
'9703 
'9874 

282'0045 
'0216 
'0387 
'0559 

Increment 

oO.00885 
.oo9.32 
-00979 
0026 
-01072 

.o1119 

.or 166 
'01~1.3 

-01260 

DaLe 

Oct. 7 
,, 17 
,, 27 

Nor. 6 
,, 16 
,, 26 

Dec. 6 
,, 16 
, 26 

Date 

July 9 
,, 19 
,, 29 

A ~ g . 8  
,, 18 
,, 28 

BepL. 7 
,, 17 
,, 27 

D ~ t e  

Apr. 10 
,, 20 

30 
daylo 
, 20 
,, 30 

June 9 
,, 19 
,, 29 

hcremcnt 

~*01.307 

'01.353 
'01400 
-01447 
'01494 
'01541 
-01588 
'016.34 
'01681 

Increment 

oO-00~6~ 
-oojlo 
'00557 
.o0604 
-00651 
moo698 
moo74s 
*oo791 
-008.38 
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and 

- 
0  

5-01 7 
5'095 
5.173 
5.25 I 
5'328 
j.406 
5.482 
5.559 
5.636 
5'7JZ 
5'788 
5.864 
5'9.39 

6'66.36.015323.0 
6.090 
6.164 
6.239 
6.313 
6.387 
6.461 
6.534 
6.608 
6-680 
6.753 
6.825 
6.R97 
6.969 
7.040 
7.1  I I 

7.253 
7.323 
7.392 
7.462 
7'5.31 
7.600 
7.668 
7.736 

- 
0 0 0  

30.5 
31.0 
-31.5 
32'0 
32.5 
3.3'0 
33'5 
34 0 

.34'5 
35'0 
35'5 
36'0 
36.5 

37'5 
38'0 
38.5 
J9.0 
39'; 
40 o 
40 5 
41'0 
41'5 
42'0 
42'5 
13'0 
43.5 
44'0 
44.5 
4 5.0 
45'5 
46'0 
46'5 
47'0 
47'5 
48'0 
48'5 
49'0 
4 9 5  

TABLE c, 
- 

329.5 
329'0 
328'5 
.zzR'c. 
327'5 
327'0 
326.5 
326.0 
325'5 
3 2 j  0 

324.5 
324.0 
323 5 

322.5 
322.0 
321 5 
321.0 
320.5 
320'0 
319'5 
319.0 
318'5 
318 o 
317.5 
31 7.0 
316.5 
316'0 
315 5 

7.182.315.0 
314.5 
3 14.0 
313.5 
313 o 
3 I 2.5 
312.0 
31 1.5 
.31 I .o 
310.5 

N v f N N  - 

0.000 

0.084 

0.253 
0 3.17 
0.42 1 

o.jo6 
0.590 
0.674 
0.758 

1'0.300.926.354 
1'010.3 

1.178 
1.262 
I 

1.5 14 
1.598 
1.681 
1'765 
1'848 

2.015 
2.099 

2.265 
2.348 
2.4.31 
2.514 
2.596 

2'762 
2'844 
2'927 
3.009 
, Z . O ~ I  

3.173 
-3 10.0 

309 5 
.3og.o 
308.5 
.308.0 
.30;~5 
-3oi.o 
;106.5 
,406,o 
.305.5 
.zo;.o 
304.5 
.304.0 
.303'5 
.10.3 o 
302.5 
302.0 
.3or.5 

300.5 
.~OO-O 

1W, v 

of 

- 
28.005 
27.985 
27'965 
27.945 
27'925 
27'904 
27'884 
27.862' 
27'841 
27'819 
27'797 
27'775 
27'752 

37'027'729 
27'706 
27'682 
27'658 
27'6.34 
27'610 
27'585 
27'560 
27'535 
27'510 
27'484 
27'458 
27'432 
27'405 
27'358 
27'351 
27'324 
27'296 
~ ~ ' 2 6 8  
27.240 
27'212 
27'18.3 
27'154 
27'1 25 
27'095 
27266 

XVI1.-Values 

- 

360.0 
359.5 
359.0 
358.5 
.358'0 
,357'5 
357 o 
-356 5 
356.0 
355 5 
355'0 

5 
54'0 

1'094.353'5 
353'0 
.352'5 

346,352'0 
1'4.30351'5 

35 1'0 

.350'5 
350'0 
349'5 
~49.0: 

1'932.348'5 
,348'0 
347'5 
.347'0 
346'5 
346'0 
345'5 
345'0 
344'5 

2.679344'0 
343.j 
34.7'0 
~ 4 2 ' 5  
jqz'o 
341'5 
341.0 

- 
o.ooo 
0'094 
0.1880.169 
0'281 

- 

o o  
0'5 
1.0 

1'5 

50'0 
50 '5  
5 1'0 

51.5 
,2 '0  

52'5 
53'0 
5.3'5 
54'0 
54'5 
55'0 
55'5 
56.0 
56.5 
57.0 
5 7.5 
58.0 
58.5 

59.5 
60.0 

When 

I, v 

- 
0 

5.564 
5'651 
5'736 
5.822 
5'907 
j.992 
6.077 
6.162 
6.246 
6.330 
6'414 
6497 
6.580 

6'745 
6.828 
6.909 
6,991 
7.072 
7-15.? 
7'2.34 
7'314 
7'394 
7'473 
7'55.3 
7'631 
7'710 
7'788 
7.866 
7'943 
8'020 
8'097 
8'17.3 
8.249 
8'324 
8'399 
8'474 
8'548 
862217.804 

- 
0 0 0 0  

28.602 
28.602 
28 601 
28.600 

19'5 
20 '0  

20.5 
2 1 . 0  
21.5 

.ze255 
3'337 
3'418 
3 
1.j8 1 
3.662 
3'74.3 
-3.824 
3'905.3.36 

4.146.3.35 

4'.306 

4.466 
4'545 

4'782 
4 861 
4'939 
8 
are 

V N N V  

2.O 

2'5 
3'0 
-3.5 
4.0 
4'5 
5'0 
5'5 
6.0 
6 . j  
7'0 
7'5 
8'0 
8.5 
9'0 
9'5 

10.0 

10'5 
11.0 

11.5 
12.0 
12.5 
1.3'0 
1.3'5 
14.0 
14.5 
1j .o  
15.5 
16.0 
16'5 
17.0 
17.5 
18 o 
18'5 
19.0 

27'036 
27'006 
26'975 
26'944 
26'91.3 
26'882 
26'85 I 
26'819 
26'787 
26'755 
26'723 
26'6901 
26657 
26'624 
26 591 
26'557 
26'523 
26'489 

59'026.455 
26'421 
26'386 

N is 

corresponding 

~ 6 . ~ 5 1  
26.316 
26.280 
26.245 
26'209 
26.17-3 
26.13; 
26.101 
26.064 
26.027 
25.990 
25.953 
25.916 

025.878 
25 841 
25.803 
25-76; 

69.025.726 
25.688 
25 649 
25.610 
25.571 
25'532 
~5.49~3 
25.453 
25.413 
25.374 
25 334 
25.293 
25.253 
25.213 
25-1 7 2  

25.131 
25.090 
25.049 
~ 5 . 0 0 8  
24.966,12'02 
24'925 
24 883 

340.5 
340'0 
339'5 

5003.39'0 
~ d 8 . 5  
338'0 
337'5 
.3.37'0 

5 
.3'9851.z.z6'0 
4.066~335'5 

o 
4.226334'5 

334 o 
4'386.333'5 

.3.3je0 

.3.32'5 
~&'624.3.32'0 

331 'o  
3.30'5 
3.30'0 

posit,ive. 
~leg~t lve .  

0 0 0  

6oej 
61.0 
61.5 
62.0 
62 5 
6.3'0 
63.5 
64.0 
64'5 
65.0 
655  
66.0 
66.5 
67 
67'5 
68.0 
68-5 

69'5 
70'0 

j0.j 
71.0 
71.5 
72 '0  

72.5 
73.0 
73.5 
74.0 
74.5 
75'0 
75.5 
76.0 
76.5 
7 7 . 0  
77.5 
78.0 
78.5 
79.0 
79.5 

I 

and 

28',356 
28 343 
28 3.10 
28'.317 

128'.3o,Z 

24.841 
24-800 
24.757 
24 715 
24.673 
24'6.1 I 
24.588 
24 545 
24.503 
24.460 
24,417 
24.374 
2+'.3,31 
24.187 
24.244 
24,200 
24,157 
24'1 13 

89024.07012.704 
24.026 
23'982 

are positive: 

80.0 
80.5 
81.0 
81.5 
R2.0 

82.5 
8.3.0 
83.5 
84.0 
84.5 
85.0 
85.5 
86.0 
86.5 
87.0 
117.5 
88 o 
88.5 

89.5 
90.0 

6 

3.6 I 5 
3'705 
3'796 
3'886 
-3.976 

~8 
28'598 
28.596 
28'j940'656 
28 591 
28'583084.3 
28'585 
28.582 
28'578 
28'574 
28'570 
28'563 
28 560 
28.555 
28 549 
28'543 
28'5.37 
28'530 
28.523 
28'516 
28'508 
28.500 
28'492 
'8'48.3 
28'475 
28.465 
28'450 
28'446 
28'4.36 
28.425 
28'414 
28'40.3 
28'392 
28'.380 
28.368 

to 

I ~ I ~ I  

10.194 
10.256 
10'318 
10'379 
10.440 
1o.joo 
10-j6o 
10.619 
10'677 
10'735 
10'793 
10 849 
10.906 
10.961 
11.016 
I 1.070 
'1.124 
I 1.1 7 7  
11'2.30 
I 1'282 
I 1'333 
I 1'383 
11'43.3 
11.482 
I 1.531 
1 1'579 
I 1.626 
I 1.673 
I 1.719 
r 1.764 
I 1.809 
11.852 
I 1.895 
I I .9.38 
I 1.980 

I 

I 2'06 1 

I 2 .100  

4'066 
4'156 

4.335 
4'424 
4'51.3 

4'690 
4.779 
4'867 
4'95 j 
5'04.3 
5'1.30 

280795'2~R4'i0.3.33~.5 
5.305 
5'391 
5'478 
f d w ~  

v and [ 

5991°'375 
0.468 
0'562 

0.749 

0.9360-842 

1'12.3 
1'217 

1.310 
1'403 
1'496 
1.590 
1'68.3 
1'776 
1'869 
1'962 
2'054 
2'147 
2'240 
2.332 
2'q24i2.~R2 
2'5 I 7 
2'609 
2 '701 

2'79.3 
2'885 
2.977 
3'068 
3'160 
3'251 
3.342 
3'43.3 
1.524 

8 695 
8.768 
8 841 
8.913 
8.985 
9.056 
9.1 2 7  
9,197 
9.267 
9'336 
9.405 
9.474 
9.542 
9.609 
9.676 
9.743 
9.8098.897 
9.874 

10'004 
10.068 

22.0 
22.5 
2.3'0 

23.5 
24'0 
24'5 
25'0 
25'5 
26.0 
26 5 
'7'0 
27'5 
28.0 
28'5 
29'0 
29'5 
J0.0 

I 2.139 
12 '177  
12'214 
12.251 
I 2.287 
I 2.322 
I 2..35(1 
I 2.389 
I 2.422 
1 2 454 
12.485 
1 2  51.; 
12,545 
I 2'57.1 
I 2 601 
1 2 628 
1 2  654 
1 2  680 

12.728 
I 2.75 1 

when 

7.87 I 
7.938 
8-005 
8,071 
8.1-37 
8.20,3 
8.268 
8 .3,3,3 
8.397 
8.46 I 
R.52: 
8 588 
8.651 
8.713 
8.77.6 
8.836 

8.9gR 
99399~018301~0 

9.078 
9*137 

28'289 
28'275 
28'2604.245 
28'245 
28'2.30 
28'215 
28'1994.602 
,28'1R.q 
28.166 
28'149 
28'132 
28 115 
28.097 

'8'061 
28'043 
28'024 

N. 

between O0 and 1IT.Be-r is 
1B(r and .w, 

I N  --- 

9'255 
9'313298 
9.370 
9'427 
gm484 

I 1'084 
11'121 

I 1'157 
I I 192 
I 1.227 

I 1.261 
r I '194 
I 1.326 
I 1.358 
1 1'389 
r 1'419 
I 1'449 
I 1'478 
r 1'506 
I 1'53.3 
I 1'560 
r r'g8(1 
I 1.61 1 

11'6.35 
I 1,659 
I 1.68 1 

N is 

29995 
299.0 

5 
298.0 
297.5 
297.0 

280'0 
279'5 
279'0 
278'5 
278'0 
277'1) 
2 7 7  0 

276'5 
276.O 
275'5 
275O 
274'5 
274.O 
273'5 
273.O 
272'5 
2 7 2 ' 0  

271'5 
2 7 1 ' 0  

2 7 0  5 
27o.O 

between 

9'759 
9'812 
9'865 
9'918293.0 
9.970 

10.021 

294.5 
294'0 
293.5 

292.5 
292.0 

ro 072 291'5 
10.tz~12~1.0 
10.1 73 
10 222  
io'zjl 
1o'.319 
10.366 
10414 
10.460 
10.506 
10.551 
10.596 
10'6jo 
10.684 
10.726 
10.769 
10.811 
10'852 
10.892 
10'9.32 
1o.971 
I I .oo9 
I 1.017 

290'5 
290.0 
289.5 
289'0 
288.5 
288'0 
287'5 
287.0 
286.5 
286 0 

285'5 
285.0 
284'5 
284 0 

283'5 
283'0 
282'5 
282'0 
281'5 
281'0 
280.5 
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TABLE XVI1.-Values of I, v and E, corresponding to N-(Continued). 

0 0 0 0 0 0 0 0 0  0 

90.5 23.938 1 2 ~ ~ ~ 2  I 1.704 269.5 120.5 2 1.283 12.295 I 1 ~ ~ ~ 8  
91.0 
91.5 
92.0 
92-5 
93'0 
93.5 
94.0 
94'5 
9j.o 
95.5 
96 o 
96.5 
97.0 
97 5 
98.0 
98.5 
99.0 
99.5 

loo o 
100.5 
I O I . O  

1o1.5 
102.0 

102 5 
1 0 j m O  

103.5 
104.0 
104.5 
105.0 
105.5 
106.0 
106.5 
1 0 7 . 0  

107'5 
108.0 
108.5 
109.0 
109 5 
110.0 

110'5 
I I 1.0 

Ir1.5 
112.0 

112.5 
I 1.3'0 
11.3.5 
114'0 
114'5,2 
1 15.012 

23'894 
2,3'8j0 
23.806 
23.761 
23.717 
23.673 
23.628 
23.jB-l 
23'539 
23.495 
2.3'450 
23.406 
23,361 
2.3'316 
23.271 
2.3-227 
23.182 
2.3'1.37 
2.3 092 
2.1'047 
23 00.3 
22.958 
2 2  913 
22'868 
22.823 
22'778 
22.734 
2 2  089 
22.644 
22'599 
22.554 
22'510 
22.465 
22.420 
22.,376 
22.,3.31 
22.287 
22.242 
22'198 
22'153 
22.109 
22.065 
2 2 ' 0 2 1  

21.976 
21.932 
2 1.888 
21.845 

1.801 
1.757 

12'793 
12.814 
I 2'833 
12,851 
12.869 
12'886 
I 2.901 
12.916 
12'930 
1 2  943 
12'955 
12.966 
12 976 
12.985 
12'994 
13.001 
13.007 
13013  
13.01 7 
1.3'021 
1.3.023 
13.024 
13.025 
1.3'024 
1.3'023 
1,3*020 
13.01 7 
13'01 2 
1.3.006 
r.3'000 
I 2.992 
I 2.98.3 
12.974 
12.96-3 
12-951 
I 2'9.38 
I 2'924 
12'909 
I 2 892 
I 2,875 
12.857 
1 2  8.37 
12.817 
12.795 
I 2.772 
I 2.748 
12.72.3 
I 2.697 
I 2.670 

115'512 1 71.1 
I 16.0~21 670 

12.642 
I 2.612 
12.58 I 
I 2.550 
12.517 
12'48.3 
12'44j 
12.411 
12.373 
12.~3~35 _- 

elwnye 
and 5 nrc 

116'5 
117.0 
IIt ' . ;  

11-72 j 

I 1'745 
I 1.765 
1 1 . 7 8 ~  
I I .802 
I 1'819 
1 I ,835 
11.85 I 
r 1'866 
I 1.880 
I 1'893 
I 1.905 
I 1.916 
11,927 
I 1'936 
I 1,945 
I I .95.3 
11.960 
I I ,966 
11.971 
11.975 
I 1.979 
11.981 
I 1,983 
11'98.3 
I I ,983 
I I -982 
I 1.979 
I 1.976 
I 1.972 
I I ,967 
I I ,961 
11.954 
I 1.946 
I 1.937 
I 1.927 
I 1 .916 
I 1.904 
I 1.891 
I 1.877 
r 1.862 
I 1 .846~248~5 
11.829 

2 I ,627 
21.583 
21'540 

1180~2r.40;  
116.;21.454 

I 1 ' 6 8 1 ; 2 ~ ~ ' 5  
I I 655 244.0 
r I '629243.5 
I I 601 243.0 
1 I 572 242.5 
11.543 242.0 
11..512241.5 
1 I . J R O  241 o 
I I ,447 240.5 
1 1.41.3 240.0 

positire. \\'l~cn 
negative. 

119'021'41 I 
I 19'5 2 1..z6R 
120'o!21.~.6 
. .- -~.- --  

2V.R.--I Is 
lROo and 360°, v 

269 0 

268'5 
268.0 
267.5 
267.0 
266.5 
266.0 
265.5 
265'0 
264 5 
264.0 
263.5 
265.0 
262.5 
262.0 
261.5 
201.0 
260.5 
260.0 
259.5 
259.0 
258'5 
258.0 
257.5 
257'0 
256.5 
256'0 
255'3 
255.0 
254'5 
254.0 
25.3'5 
253.0 
252'5 
252.0 
25 1'5 
251'0 
250'5 
250.0 
249.5 
249'0 

~ ~ 8 . 0  
I 1.81 11247'5 

I I .  792 247.0 
I 1 ~ 7 ~ 2 ~ 2 4 6  5 
I 1.750 246.0 
I 1.728,245.5 
I 1.io.i 245'0 

I 45.5 
146.0 
146.5 
147.0 
147.5 
r48.0 

149.0 
I 49.5 
150.0 

N is 

121 '0  

121'5 
122'0 

122.5 
I 23'0 
I 2.3'5 
124.0 
124.j 
1 2  5.0 
125'5 
126.0 
126.5 
I 2 7 ' 0  

127'5 
I 28 o 
128.5 
I 29'0 
129.6 
1-30 o 
I.zo'.~ 
1.31.0 
1.31'5 
132'0 
132'5 
1.3.3'0 
I 33.5 
134.0 
1.34'5 
1.35'0 
135'5 
1.36'0 
1.36'5 
1.37'0 
1.37'5 
1.38'0 
I -38.5 
1.19'0 
1.39'f; 
I 40.0 
I 40.5 
141'0 
141.5 
142.0 
I 42.5 
14.3.0 
14.3.5 
144.0 
144.5 
145'0 

19.421 
19.~391 
19.361 
19.,3.32 
19 ,302 
19'27.7 

148.519.245 
19.217 
19.189 
1 ~ 1 6 2  

between 

21'241 
21'199 
21'157 
21'115 
21'07.3 
21'032 
20.990 
20.949 
20'908 
20.867 
20.826 
20.786 
20.746 
20'705 
20 666 
20.626 
20.586 
2 0  547 
20.508 
20.469 
20.430 
20.392 
20.353 
20'3 15 
20'278 
20.240 
20'203 
20'166 
2 0 ' 1  29 
20'092 
20.056 
20.020 
1 9 . ~ 8 4  
19'949 
19'913 
19-878 
19'844 
19'809 
19,775 
19'742 
19.708 
19'675 
19 642 
19 610 
19,577 
19,545 
19 5 1 4  
19.483 
19.452 

8.790 
8.690 
8.589 
8.487 
8.384 
8.280 
8 . 1 ~ ~ 1  
8 0 6 ~ '  

12'254 
12'211 

12.168 
12'123 
I 2.078 
12'031 
I I ,983 
I 1.93.3 
I 1'88.3 
11,831 
1 1'778 
1 I 724 
I I 669 
11.612 
I I ' j55 
I 1'496 
I I ,436 
11374  
I 1.312 
11 248 
11.184 
I 1.1 18 
11 050 
10'982 
10'912 
10.841 
10  769 
10'696 
10.622 
10.546 
10'469 
10.391 
10.312 
10.2.32 
10'150 
10.068 
9.984 
9'899 
9'819 
9.725 
9.637 
9'547 
9.457 
9.965 
9 2 7 2  

9.177 
9 082' 
8.986 
8.888 

8.189 
8 097 
8.004 
7.910 
7,814 
7.718 
7.621 
7.523 

7.962 7.424 
7854) - 7.324 -. 
-- --- - 
O0 nnd 180°, 

1 1'342 
I 1'304 
I 1.266 
11.226 
11'186 
I 1'144 
I 1.101 

I 1.057 
I 1.01 2 

10.965 
10'918 
10.869 
10.820 
10.769232'~ 
10'717 
10'664 
10.610 
10.554 
10.498 
10.440 
10.~382 
10'.322 
10.261 
10'199 
10'1,35 
10.07 I 
l o  005 
9 9.49 
9871 
9'802 
9 732 
9 660 
9'588 
9'515 
9'440 
9'.364 
9,287 
9'209 
9'1.30 
9.050 
8.969 
8'887 
8.80.3 
8719  
8.6,q.q 
8.546 
8'458 
8..3;0 
8.280 

214'5 
214'0 
2 1.1'5 
213 o 
2 1 2  5 
212 '0  

211'5 
211.0 
210'5 
210% ~. 

v end 

238.5 
2.38'0 
237.5 
237.0 
236'5 
236.0 
2.35'5 
235.0 
234.5 
234'0 
233.5 
23.3'0 

232'0 
2.31'5 
231'0 
230.5 
2.30'0 

229.5 
229'0 
228.5 
228'0 
227.5 
227'0 
226.5 
226'0 
225'5 
225'0 
224'5 
224'0 
22.3 5 
223'0 
222'5 
2 2 2 ' 0  

221  '5 
2 2 1 ' 0  

220'5 
2 2 0 ' 0  

219'; 
219'0 
218'5 
218'0 
217.5 
2 1 7 ' 0  

216.5 
216'0 
215'5 
215'0 

1 

151'5 19.082 7'523'7'017 208'5 
I j2.0 19.056 7'41 1;6 913 208'0 

175'5 
176.0 
I 76'5 
177'0 
177.5 
178.0 
1785 
1 7 ~  o 

1'282 
1.140 
0'998 
0.8560 
0'71.7 

571 
18.3110'4280'401 
18..309o.zU60.267 

18'328 
18 ,424 
18'320 
18'317 
18'.?15 
18 3120 

1 6 1 ~ 0 ' 1 8 ~ 6 6 0 ~ ~ 2 , ~ ~  
1 6 1 . ~ ~ 1 8 ' 6 ~ 2  
1 6 2 . 0 ' 1 8 ' 6 2 ~ ~ - ~ 8 0  
162.5 18'607 
163'0 18.591 
16,z'5118'575 
164'0 18'559 I 

172.5 
r 73.0 
173.5 
174'0 
174 5 
I 75.0 

5.109 

4'850 

4.588 
4.456 
4'32.3 
4.190 
4'056 
3.922 
.3'787 
3.651 
-3.515 

3.242 
.3'104 
2.966 
2'828 
2.689 
2'550 

1R~,3802.4102~254 
2 ' 2 7 0  

2'1.30 
1'989 
1.848 
1 '707  
1'566 
1'424 

1,199 
1.067 
0 9.34 

801 
0 667 
0'534 

164'5 
I 65'0 
165.5 
I 66'0 
166'5 
167.0 
167'5 
168.0 
168'5 
169'0 
169.5 
170 '0  

170.5 
I 71'0 
171.5 
172 o 

18364 
18'.357 
18'.350 
18 344 
1 8  3.38 
18'3.3.3 

I 79.5 
180'0 

arc 

0'14.3 
0000 

wlrcn 

184'5 
184.0 
18.3'5 
18.3'0 
182'5 
182'0 
181'5 
181.0 

18'544 
18'529 
18.515 
I 8.501 
18.487 
18,475 
18 462 
18.450 
18'4.39 
18.428 
18.417 
18 407 
18,398 
18'.388 

18'372 

18'309 
18.708 

-...- 

yoaitive; 

4.892 
4.77.3 
4 652 
4'53 I 

4'719,+'409 
4 287 
,+ 164 
4.040 
3.916 
3'791 
3,665 
-3 5-39 
.3'413 
.3.286 

3'379.3'158 
.j.os3o 
2 902 
2'77.3 
2'644 
2 514 
2,384 

2 12.4 

1992 
1.860 
1'729 
1'597 
1.464 
1'.3.32 

199.0 
1 ~ 8 . 5  
198.0 
197.5 
197'0 
1 ~ 6 . 5  
196'0 
195'5 
195.0 
194'5 
I 94'0 
193'5 
193'0 
192.5 
192'0 
191 '5 
191'0 
190 5 
190'0 
189'5 
189.0 
188'5 
188.0 
187.5 
187'0 
186 5 
186 0 

18.5'5 
185 0 

o'1.3.3 
0 0OU 

h' 18 

180.5 
180.0 

bCtwWD 
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- [PABT VI. 

TABLE XVIII. (1)-Values of l/f and f corresponding to various 
values of I, to be used in computing H and R for the Tides hI,, N, 2N, 
v, MS, 2SM and Luni-Solar fortnightly. 

Cos4 f o C0s4 + i Argument 11' = 
Cos4 t I 

Veluea of 
I 

18" 18' 30" 
18.4 

'5 
- 6  
' 7  
- 8  
'9 

19.0 
' I  

* a  
'3  
'4  
'5 
- 6  
" 7  
* 8  
'9  

20.0 
' I  

' 2  

' .z 
' 4  
'5 
- 6  
'7 
.8 
'9 

21 '0 

' I  

' 2  

' 3  
' 4  
' 5  
- 6  
' 7  
.8  
'9 

2 2 ' 0  

' I  

- a  
'3  
'4  
' 5  
- 6  
'7 
'8 
' 9  

2.3 '0 
' I  
a 

'3 
4 

'5 

m r n h  m ' Y  
'=cu :+ 
;; O values of :% 

llf 53 f 2 "  I llf 2- f g: 
!zO %: 
n$ Q S  - 

0.96354 1.03784 2.3". 5 
'9640.3 '0.3731 

S9 
- 6  

'96438 ' 7  
- 8  

'0.3553 '9  
-966 24 '03191 2: 24 '0 

'O.3434 6. ' I  

'O3.374 61 ' 2  

'96793 '0.3.Z13 57 61 ' 3 
-96850 '0.3252 b1 ' 4  
-96908 '0.3111 b2 '5 
'g6g65 58 

'O3I29 
(jl 

- 6  
'9702.3 59 

-03068 62 ' 7  -9708 2 e03006 - 8  
59 63 .9 '97'4' '02943 58 6I  

'97199 60 '02882 
63 

25 '0 

'97259 59 
-02819 

6.3 
' I  

'97318 '02756 - 2  br  
'97.379 6, '02692 
'974.39 6, 
'9750° b1 ' 0 2 5 ~ 4  
'97561 61 '02500 64 
'97622 62 '02436 

b5 '97684 h 2  '02.371 65 - 8  
'97746 62 '02306 '9  
'97808 '02241 26 .o 

63 '97871 64 
'02175 66 ' I  

'979.35 '02109 ' 2  64 '97999 63 
'02042 

' 98062 e01976 
65 '98127 '01909 67 .5  
64 -98191 '01842 67 - 6  

67 . 7  -96256 65 '01775 
68 

'98,321 42 ' 0 1 7 0 7  
- 8  

'98.387 66 '016.39 
'g8453 66 '01572 

6,, '9R519 
(j7 

'0150.z h9 
' I  

'98586 
67 'Ol4.34 

69 
' 2  

'98653 ' 0 ' 3 ~ 5  '3 68 -98721 
'5 

'98857 (,g .or087 i0 ' 7  
- 8  

'00945 ' 9  
'00875 70 28 .o  '99133 

'99203 '00803 7 2  
7o 71  

' I  

'99'73 7, '007.32 
71  

' 2  

'99344 71 
- 0066 I 

7 3 
' 3 

'9941 5 00589 '4  
'99486 71 .oo516 73 ' 5  
'99558 7 2  .6  

7a 
7 2  '00444 

'996.30 '0037' 73 28O 36' 6" 
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TABLE XVIII. (2)-Values of l/f and f corresponding to various 
values of I, to be used in computing H and R for the 'l'ides O and Q. 
Also used in determiniiig l/f for the Tide M,. 

Sin o Cos2 + o Cos4 + i 
Argument l/f = 

Sin I Cos2 + I 
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COMPUTATIONS. , [ P A ~ T  VI. 

TABLE XVIII. (3)-T'alnes of l/f and f corresponding to various 
values of I, to be used in computing H and R for the Tide J ; and for 
determining k,, used in the preparation of Table XVIII. (6).  

Sin o Cos o (1 - f Sin2 i), 
Argument l/f = 

Sin I Cos I 
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TABLE XVIII. (4)-Values of l/f and f corresponding to various 
values of I, to be used in computing H and R for the Tide Mf. 

Sin* o Cos4 + i 
Argument l/f - ---- . Bin2 I 
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COMPUTATIONS. [PART VI. 

- 

TABLE XVIII.  (5)-Values of l/f and f corresponding to various 
values of I, to be used in computing H and R for the Tide Mm. 

(1 - % Sin2 o) (1 - $ Sin2 i) 
Argument llf = 

1 - + Sin2 I 
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CHAP. 111.1 COMPUTATIONS. 

TABLE XVIII. (6)-Values of l/f and f corresponding to various 
values of I, to be used in computing H and R for the Tide K,. 

1'46407 r: kl  Sin w Cos w (1 - + Sin") 
Argument ly= 

{ 1 + (0.46407 x k1)2 + 0.92814 k1 cos v 1 + ~ l l e r e k , =  S i n ~ c o s 1  



278 BANDBOOK OF THE TRIGONOMETRIUAL BRANCH. 

 COMPUTATION^. [PABT VI. 

TABLE XVIII. (7)-Values of l/f and f corresponding to various 
values of I, to be used in computing H and R for the Tide K,. 

1.46407 x k2 Sin2 w (1 - + Sins4 
Argument IF= + where k, = Binz 1. 

(1 + (0.46107 x k d 2  + 092814k2~os2v) 
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TABLE X1X.-Values of v' corresponding to I, to determine initial 
argument of Tide K1. 

Sin v Sin w COB w (1 - + Sin") Tan v' = where kl = 
Cos v + 0 46407 x k, Sin I Coe I 

8.B.-In t l ~ c  nbove tnble v1 I s  positive when N is between 0" nnd 180°, nnd negative when Nia between 180. 
rind 300"; thus i t  ia necessnry to observe what l a  the vnlue of N, beccn~se 1 i a  nln.n).% positive. 
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TABLE XX.-Values of 2v" corresponding to I, to determine initial argu- 
ment of Tide K,. 

Sin 2v Sin2 w (1 - $ Sin2 i )  
Tan 2vN = whero k2 = 

COB 2v + 0.46.1.07 x k2 Sin2 I 

N.B.-I? the above tahle 2"" ie positive when N is het~vren O0 and lAOO, nnd negative when N ir bemaen law 
rnd 360' ; thus ~t 1s necemnry to observe what la the value of If, because I i s  a lwqa  positive. 
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' -  PART VII. 

Levelling Operations. 

I.  The lines of levels executed by the Trigonometrical Branch of 

Introduction. 
the Survey of India Department are generally 
of very great length, and the only independent 

- - - 

means of verifying their accuracy is by comparison with the sea-level a t  
their extremities : consequently, i t  is of the utmost importance that 
errors of every description be eliminated, continually, during the pro- 
gress of the levelling, a matter which cannot be too strongly impressed 
on any one undertaking the work. 

2. The levels which have hitherto been used on the main lines are 
Levels. of three distinct patterns, viz :- 

A Rectangular level by Troughton and Simms. 

Three Cylindrical levels by Troughton and Simms. 

A Gushing's Reversible level by Cooke and Sons. 

3. The telescope in  the rectangular level has a total length of 24 

Rectangular level. 
inches. The object-glass has an effective 
diameter of 24 inches and a focal length of 21  

inches. There are two eye-pieces of powers 39 and 50 respectively. 

I n  order to secure rigidity the telescope is enclosed in a prism, the 
transverse section of which is a square of 3-inch side. 

There are two levels mounted on the prism, each having an effective 
length of 9 inches : the value of one division of the level-scale of A is 
0". 960663, ancl of B I".  04347 : from the latter a subtense table has been 
constructed on the basis that i division = 00033388 feet a t  a distance 
of one chain. Level A has never been used, as it is considered sufficient 
to depend on the reaclings of B. To enable the observer to read A, if 
required, without shifting his position, a couplc of upright sockets are 
fixed to the top of the prism between the two levels ; on each of these 
a swinging mirror can be placed, capable of adjustment to any 
angle required for giving, by reflection, the readings of the ends of the 
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bubble. This instrument has a much higher magnifying power than 
any of the others and, uncler exceptional circumstances, it may be used 
to  read the ordinary staff at  a distance of 20 chains. 

4. The cylindrical levels are numbered 1,3, and 4, and are all alike in 

Cylindrical levels.' 
general construction, each hatring a clamp and 
tangent-screw fixed to the boss of the tribrach. 

The telescope has a to t a l  length of zq inches. The object-glass 
has an effective diameter of 26 inches and a focal length of 21 inches. 
There are two eye-pieces with each instrument, giving a power of about 
35. The effective length of the level tube which in Nos. 1 and 4 is 
protected by an outside glass case, is 11; inclles. 

The value of one division of the level-scale is for 
No. 1. No. 3. No. 4. 

3". 0,534 : 1"-70915 : I".OI 728, 

and from these values, tables of subtenses have been prepared on the 
basis that I division at  I chain distance = 0.0009770 feet for No. 1 ; 
o.oooj46889 for No. 3 ;  and 0.0003255 for No. 4. 

5. The telescope in Cushing's reversible level has a total length of 23 

inches. The object-glass has an effective 
Cushing's Reversible 1evel.t 

diametcr of 2 inches and a focal length of 
I I .  Tliere are twoeye-pieces with an arrangement forpusl~ing 
forwarcl a dark glass when required : the magnifying power of these is 
lioncver low, being only about 25 .  The effective length of the level 
tnhc is 6 s  inches, ancl the value of I division of the level-scale is 
5'"0j25, from which a subtense table has been prepared on the basis 
tha t  I division = 0" '00161~ fect at I chnil~ clistancc. The object and 
c~-c-c~l(!.: o f  the telescope are iqcadily iutcrcllangca1)lc by ~ n c a l ~ s  of the 
foll(ii:.i~~g arrangement :-To the intcrual tube of thc telescope is fixed 
:I gt::1-1llctsl socket, turned and ground with a short conical fitting and 

- 

n-itlc flnlrge to receive the eye-end wit11 its eye-piece mcl dinpl~ragm. 
0 1 1  t l l c ~  opposite end of the outer tube CL precisely similar fitting reccivcs 
the ( ~ 1 1  containing the object-glass, both of the ends being identical as 
regartls the fitting. The cye-picce is attachcd to the telescope by two 
screws placed I 80' apart in the flange of the soclret : these screws are 

Rle  > f ~ t h r m n t i r e l  In9trllment 0filc.e Descriptive Catalogno, flg. 1.71. 
t The dcecrlytiuu is taken from R paper .'l)n (:uslllngPa Rereralble Level" by Major E. 8. CourtoeJ, l3.E. 
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not intended to be taken out, but corresponding holes in  the flange of 
the eye-end allow the latter to be inserted in  the socket, when a short 
rotatory motion from left to right will bring i t  into its proper position 
against a stop. The object-glass has precisely the same kind of attach- 
ment, and mill, like the eye-end, fit the socket a t  either end of 'the 
telescope. 

Instead of threads, lines are finely engraved on a glass disc which 
fits into a sliding diaphragm. The horizontal plate and tribrach are 
both cast hollow underneath, securing maximum strength and rigidity 
with minimum weight. A new feature is introduced in the attachment 
of the supports of tlie telescope: the support ncarest the object-end 
is in contact with the plate, but is capable of a slight rocking 
motion in the direction of the axis of the telescope, so as to admit of 
the second adjustment (hereafter described), whilst the other support is 
provided with two large nuts for clamping and permanently securing 
the telescope to the plate when this adjustment has been performed. 

6. The adjustments of these levels before commencing work are per- 
of cylindricel and formed as follows :-The instrument is levelled 

rectangular levels.-Dub ble. very carefully by means of the foot-screws, 
so that the one end of the level reads the same while the instrument 
makes a complete rotation round the vertical axis ; then by means of the 
adjusting screTjrs of the level itself, the bubble is brought as nearly as 
possible into the centre of its scale, care being taken that the edge of 
the scale corresponds with the longitudinal axis of the bubble. 

7 .  If the staves are set lip at exactly equal distances from the 
instrument, all errors arising from imperfect 

Telescope. 
adjustlncnt of t l ~ c  lcvel to the optical axis of 

the telescope, are cancelled. But altliougli this is the case, it  is still 
VCI-y important tliat the telescope sllonld bc, as nearly as possiblc, truly 
adjusted. Thcsc: aclj~istmcnts arc two-fold :- 

Firstly. To brillg the liorizontal wirc of the diaphragm into the 
visual axis of the telescope. 

The instrument is set up at C, 

Fig. I .  
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exactly mid-way and in  a line with two staves at  A and B, distant two or 
three chains from each other, carefully levelled and the difference of 
readings, x, of the staves at  A and B found : this is the true value, not- 
withstanding the errors of adjustment, since C is the middle point of 
AB. The instrument is then shifted to a point D near A, say chain 
off, and so placed that both staves are simultaneously in the field of the 
telescope. I t  is carefully levelled and the difference of readings, y, of 
the staves at  A and B found. If x is equal to y, the horizontal wire is 
in the visual axis of the telescope, but if not the difference y -x will be 
equal to  by in Fig. 2, 

where Db is the apparent line of sight and DB the true line. The 
point B on the staff is determined from the formula 

Fig. 2. 

and the horizontal wire brought opposite the point B by means of the 
diaphragm screws, the instrument being kept level. The horizontal 
wire will then be in the visual axis of the telescope. 

a 
/ 

Secondly. To make the visual axis of the telescope perpendicular to 
the axis of rotation :- 

b 

The instrument is set 11p at E, Fig. 3, between the staves, but much 
nearer to A than to B. It is carefully levelled and the difference of 
readings, z, of the staves at A and B found. If z is equal to x, the 
visual axis of the telescope is perpendicular to the axis of rotation, but 
if not z- x is equal to bh in Fig 3.  

D A /L7 B 

Fig. 3. 
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The point B is determined from the equation 

and the horizontal wire is made to intersect B by means of the adjusting 
screws under and near each extremity of the horizontal plate. This, of 
course, disturbs the bubble of the level : it  must now be corrected by 
its own screws, and the whole operation repeated. 

The rectangular level has no horizontal plate with adjusting screws : 
its visual axis must be set at right angles to the axis of; rotation by 
moving the screws of the diaphragm; as the first adjustment cannot 
be made, the greatest care must be taken to have the instrument at 
equal distances from the staves during field worlr. 

8. The adjustment of the bubble is the same as described in para. 6, 
and there are three other adjustments for this 

Adjustment of Cushing's level. 
instrument :7first?y, to eliminate vertical col- 

limation; secondly, to make the line of collimation perpendicular to  
the vertical axis ; and thirdly, to make the bubble tube parallel to the 
line of collimation. These are effected as follows :- 

Firstly. The instrument is set up on its stand, with one foot-screw 
under the telescope. The small fixing-screw at the top of the object- 
glass cell is talcen out and the cross lines focused; the telescope is then 
directed on any convenient object, c.g. a small circular dot on a sheet 
of paper placed about 20 feet from the instrument, the object focused 
and bisected with the horizontal wire. The eye-end is then carefully 
turncd in its soclret, from right to left, until thc holes in the flange of 
thc eye-end are opposite the heads of the screws in the socket and 
removcd. I t  is replacccl again but in an invertcd position, care being 
taken to turn i t  from left to right until it  comes to a stop, when the 
diaphragm will be in its proper ~osit ion.  If the point is still bisected 
the collimation is perfect, but if not half the deviation from horizontal 
line is corrected by thc foot-screw under the telescope, and half by the 
two screws that give vcrtical motion to the diaphragm. This procesa 
is rcpeated till the adjustment is perfect. 

Secondly. The object being now l~isected and all parallax eliminated, 
the eye-end and the object-glass cells are removed from their respec- 
tive sockets and placed in the opposite ends of the telescope. If the 
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object is still bisected on turning the telescope half round, the line of 
collimation is perpendicular to the vertical axis ; but if not, half the 
error is corrected by the large clamping nuts at one end of the hori- 
zontal limb, and the other half by the foot-screw under the telescope. As 
soon as it is found that the object and eye-ends can be reversed without 
any apparent change in the position of the object intersected, the 
small fixing screw should be returned and the object cell made secure; 
It is important in changing the object-glass from end to end to keep 
that part of the cell which has the small screw hole i n  it, always upper- 
most. 

Thirdly. The instrument stand is levelled approximately by the legs, 
the telescope turned so that its axis is parallel to a line joining two foot- 
screws, and the bubble brought by motion of the latter to the centre of 
its run. If i t  remains so on turning the telescope half round, the level 
is correct; but if not, the bubble is brought half may back by the foot- 
screws over wl~ich it stands, and the other half by the two opposing 
nuts at the eye-end of the bubble-tube. The levelling is completed by 
turning the telescope a quarter round, so that one end of the level is 
over the third foot-screw by which the bubble must be brought to the 
centre of its run. The bubble should now remain in the centre during 
a complete revolution, and the small cross-level can then be adjusted. 

9. The staves are graduated on both sides, one face being painted 
white with black divisions and graduated to 

Staveu. 
hundredths of a foot from o to ~ o ~ o o  feet, the 

other face being black, with white divisions, similarly divided from 
5 .  jj to 15.55 feet. They are both shod and capped with brass, the 
extreme graduations being laic1 off on the brass. T l~ev  are supplied 
with plummets let into their sides and visil~le throilgh glass doors, so 
that they may he adjusted to within an inch or two of thc  true per- 
pendicular, and they are held in position by ropes attacherl to a swivel 
on their summits. 

The units of the levelling staves must be determined in terms of the 
10-foot standard of the G. T. Survcy. For this purpose a portable metal 
bar, on which the length of the stanclard bar has been laid off, is takcn 
with each party of levellers. The staves should be compared with it at 
least twice during the course of the season, viz., at the beginning and 
end of the season's work. I t  is also advisable that adclitional comparisons 
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be made every six weeks or two months, especially if the rise or fall 
is great, and the value of the work likely to  be affected by the slight 
variations in length to which the staves are liable. As the wood of 
the staves has a tendency to shrink, a partial separation from the brass 
at the ends may be caused. I n  this case an exact foot should be taken 
off, with a beam compass, from any of the intermediate feet ( I  to 9) 
all of which are defined by dots on brass pins let into the staff and 
the spot where one end of the compass falls on the brass should be 
marked, the other end being on the nearest foot. The mark will 
indicate the true position of the zero before separation, and if it is 
referred to when the staff is compared with tlie portable standard, no 
corrections for the separation will be required. 

I n  choosing staves, at the commencement of the field operations, 
the observer must be careful to examine the differences between the 
zeros of the black and white faces of each staff. I n  most staves 
it is 5-55 but in some i t  is 5 - 6 0  feet; both of a pair sliould have 
the same difference in common, otherwise the observer will be per- 
plexed and delayed by troublesome discrepancies between the results 
from black and white faces. 

lo. The comparison of staves is generally done by two observers 

Comp~rison of stevee. 
who make independent measures of tlie differ- 
ence in length between the standad bar and 

l o  feet of the staff by means of a &ely gradua,ted scale, the tempera- 
ture being noted at the time of observ R t '  1011. 

Tlle following table shows how tlie comparison is conducted and 
needs no remark except that it is the mean of the two observations 
which is entered in the fifth column :- 
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I I .  The best way of determining the run of a level is by means of 

Run of a level. 
an instrument, called a ' bubble-tester,' specially 
constructed for tlie purpose. One of these is 

kept in the Mathematical Instrument Office, Calcutta, and another in 
the Trigonometrical Branch Office, Dehra D6n. 

Another simple way is by attaching the level to the vertical circle 
of an alt-azimuth instrument or a theodolite ; the readings of the ends 
of the bubble and of the micrometers or verniers are then taken in  
different positions of tlie bubble along its scale, and the number of 
divisions of tlie level-scale compared with angle given by the circle, 
in each of the different positions, are used to obtain a series of values 
of one division of the level-scale in terms of seconds of arc. The mean 
of these will give the run of the level. 

I 2. When the run of a level is Itnown, i t  is easy to ascertain the 

Subtense table. 
correction to a staff reading for any amount of 
dislevelment within the range of the bubble 

of the level. Suppose, for example, that the value of I division of 
the scale is equal to 1''. 709, then tlie amount subtended by an angular 
deflcction mcasured by tlic: movement of the bubble through I division 
will be equal to I ' 709 times the amount subtended by an angle of 
I" at the givcn distance. At a distance of 10 chains or 660 feet from 
the instrurncnt, the maximum distance at nrhicli the staff is usually 
set up, the subtense for I division of tlie level will be 

= I -709 x sin I" x 660 feet 
= l s j 0 9  x .ooooo~848 I x 660 feet 
- - -0054684 feet. 

With such a clatum, it is necessary to construct a table of subtenses 
for varying amounts of dislevelment and ranges of distances. A s  the 
stavcs arc tlividctl into tenths and h~~ndretltlis and the readings are 
estimated to the t l~o~lsai l~l t l~s  of a foot, the subtenses must also be ex- 
pressed in thousandths of a foot as follows :- 



%go HANDBOOK OF THE TRIQONOMETRICAL BRANCH. 

INSTBUMENTB AND TEEIB ADJUSTMENTS. [PABT VII. 

TABLE OF SUBTENSES. 

Distance in chains 

' O W  '000 

'001 '001 

'001 '001 

'001 '001 

'001 '002 

'002 '002 

'002 '002 

-002 '003 
ooz ' 003 

-003 '003 
. 003 00.3 

00) ' 004 
.004 '004 
-004 004 
004 .OOS 

'005 'OOj 

.005 .oo,j 
so05 ' 006 - 005 .006 

.oo; '007 

-005 -007 

-006 -008 

-006 -008 
.006 .ooR 
- 006 009 
.oop .oo9 
-007 ,009 
.oo7 ,010 

'007 '010 

-008 -010 

-008 -010 

'009 'or I 
-009 .or I 
-009 '01 I 

-209 '012 

'010 '012 

'010 '012 

. o ~ o  -013 

.0l0 '01.3 

.or r '013 
'01 l .01.3 
.OIZ '014 
'01 2 '014 
.or 2 -014 
-012 '015 

-01.3 '015 
.or.z '015 
.olj -016 
.o1,3 a 0 1 6  
'or4 .016 
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If, however, neither bubble-tester, alt-azimuth instrument nor a 
well graduated theodolite is available, a subtense table may be made 
by directing the levelling instrument on a staff set up at any conv.enient 
distance at which it can be read with accuracy, taking a series of staff 
readings and comparing their difference with the differences of the 
corresponding readings of the bubble. The observations should be 
taken in the morning before the atmosphere is agitated by the sun's 
rays, or in the afternoon a couple of hours before sunset, and a cloudy 
day is preferable to one of bright sunshine for the purpose. Suppose 
that the staff is set up at 10, 8 and 5 chains from the instrument, and 
that the means of 20 observations at each distance are for I division of 
the level-scale equal respectively to 0057 feet, -0042 feet and 0028 
feet. Then the value to be adopted for the subtense of r division at a 
distance of ro chains 

I 0  I 0  = (*ooS7 + - x -0042 +- x *ooz8) = *oos5 feet, 
8 5 

and the subtense table will be computed in the same form as before by 
simple proportion. 

13. The dislevelment must be deduced from the readings of the 
bubble and may be expressed in terms of the 

Dblevelmmt. 
divisions of the scale. As the numbering of 

the divisions is carried from the centre outwards, the readings of the 
ends are identical when the bubble is exactly in the middle of its tube; 
hence it is evident, that if the level were truly adjusted to the visual 
axis of the telescope, the instrument would be in a truly horizontal 
position when the readings of the two ends of the bubble were identi- 
cal, and that when the readings were not identical, half their differences 
would indicate the amount of deflection of the instrument from 
horizontality. As however there is no certainty that the level is in 
exact adjustment to the visual axis of the telescope, it is necessary after 
having taken a pair of readings of the bubble to turn the instrument 
through an exact semi-revolution and take a fresh pair of readings : the 
four readings must then be combined together in such a manner as to 
eliminate the effect of the error of adjustment, in deducing the amount 
of dislevelment. In  practice it is not necessary to reverse the instru- 
mcnt and take two pairs of readiugs for the mcre elimination of the 
errors of the adjustment of the level to the visual axis of the telescope, 
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au this purpose is answered by the readings which are taken when the 
telescope is pointed in succession to  the back and forward staves. 

If the telescope has been pointed to the back staff in the first 
instance, and db and df be the readings of the ends of the level to- 
wards the back and forward ends respectively, and if when the telescope 
is pointed to the forward staff d'b and d'f be the readings towards the 
back and forward ends respectively, then the amount of dislevelment 
expressed in divisions of the scale will be 

if this is positive, the end of the instrument towards the back staff will 
he above the horizontal plane passing through the centre of the 
instrument. 

The effect of this instrumental dislevelment on the rise or fall 
deduced from the staff readings will evidently be equal to the sum of 
the subtense on the back and forward staves, or twice the value given by 
the subtense table. Hence in practice half the expression within the 
brackets is taken, instead of one quarter, as the quantity with which 
to  enter the subtense table. 

The ahove argument is only strictly true when the instrument is in 
ri line with the staves. I f  the instrument is on either side of this line, 
one end of the level is towards the staff on which the telescope is 
pointed, and the other is towards the opposite direction and not to- 
wards the other staff. I n  this case twice the difference between the 
respective amounts of dislevelment in two vertical planes passing 
th1.0agh the instrument and the staves is determined, and this is all 
that is required for the correction of the ohservations, provided that 
the essential condition of setting up the instrument at equal distances 
from the staves has been fulfilled. 

1.  The chief cause of the inaccuracies so frequently found at the 

Errors In atail rerdlngs. 
close of a line of levels is due to errors of staff 
readings. Even when an obscrver is careful to 

repeat the reading. at each station, before proceeding to the next, he 
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may occasionally make a mistake without finding it out. It is to  
guard against this class of error that the staves are graduated differently 
on the two faces, so that if an observer malte a mistake in one reading 
he is not likely to make a similar mistake in the reading on the opposite 
face, and the error will be shown up imilicdiatelg by the different 
results from the black and white faces, if tlie computation has been 
correctly performed. 

2. Errors of reading are, however, of such an uncommon occur- 
rence, and the results from black and white 

Errors in writing down results. 
faces so constantly coincide, that the recorder 

in taking out the second result immediately under the first is liable 
to be biassed by it and to fancy that they coincide, when in reality 
there is a difference. If only one observer was ~vorlting, such a mis- 
take would probably not be found out until the preparation of the 
duplicate records some months afterwards, and it could not then be 
rectified. To remove this source of error, a second observer follows 
tlie first over the line, station by station, with an independent set of 
instruments. 

3. Errors of permanent instrumental adjustments, as well as those 
which might be caused by normal atmospheric 

Instrnmental errora. 
refraction and the earth's curvature, are wholly 

eliminated when the staves are at equal distances from the instrument. 
Errors caused by instrumental deflection from horizontality are 
obviated by reading the ends of the level, and applying a correction for 
dislevelment to the difference of the staff readings. 

4. The instrument generally stands at such a height that i t  is 
irnpossiblc for the observer to look down on it. 

Errors In reedlng tho level. 
From above, the bubble is seen to be sharply 

defined and the scale can be read with great accuracy, but the ohserver 
us~lally stands wit11 his eye nearly on a level with the instrument, in  
which position the rim round the bubble, caused by the adhesion of 
t l ~ e  liquid to the sides of the glass tube, becomes so prominent that, 
in certain lights, its cxtremitics may be taken for the true ends of the 
bl~bble. Whetl light falls obliquely on tlie instrument, the outer edge 
of thc rim, being towards the light, is more clearly defined than the 
inner edgc, while at the opposite end of the bubble, the inner edge 
or true end is most clearly defined. Hence there is a liability to read . 
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one end erroneously, and thus introduce one or two divisions of level 
error. This must be most carefully guarded against, and the observer 
should take as many opportunities as he can of reading the bubble 
with his eye above the instrument, and again with his eye on the same 
level, until he is satisfied that his readings are correct. 

5. Cumulative errors are caused by the constant recurrence of - 

Ctunnlative errors. 
small errors, either personal, instrumental or 
atmospheric ; and, though too small to attract 

attention at any one station, become manifest when the results of 
different observers on the same line of levels are compared, or those 
of a single observer returning station by station over a line from ter- 
minus to origin. 

Small errors recurring in a constant order-such as might be caused 
by a uniformly rising or sinking refraction, or by a tendency in the 
instrument to settle on its axis more one way than another on being set 
up for observation-may be cancelled by alternating the order of obser- 
vation to the back and forward staves, at the successive stations, i.e., by 
observing the back staff first at one station, and the forward staff first 
at the next. This method might be still further amplified by the follow- 
ing circuit system, by which an observer working only in one direction 
has a means of finding out whether there are such errors in his work, 
by comparing the differences between the respective reductions to origin 
from black and white faces, one pair of which may be treated so t~ to 
give the result8 of an ' up line ' and the other of a ' down line ' :- 

[Forward Staff 1 
1 White Face Down Line. 

Back J , 
Odd stations 

" j Black ,, Up ) P 

Forward ,, 

B1acL ,, Up 1, 

Forward ,, 
Even stations 

Forward ,, j White ,, Down ,, 
I )  

This amplification is however seldom carried out in practice. 
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Errors recurring in a constant order might be caused by an irregu- 
larity in  the socket of the axis, if the instrument be invariably set 
up in the same direction with regard to the line followed. This can be 
obviated by marking one of the legs of the tripod stand, or of the 
instrument, and directing it back and forward at  alternate stations. 

6. The circuit system which requires an observer to close on his 

Circuit eystem. 
origin is thdoretically the best; but a circuit, 
when levelled by a single observer, is exposed 

to a greater chance of accidental error than a single line executed by two 
levellers consecutively and independently. For both observers to work 
twice over the same line would more than double the time and cost 
of the undertaking, as they would never be able to increase the dis- 
tance between the staves, when favoured by clear weather, except a t  
the cost of losing all intermediate comparisons, but would be com- 
pelled to adopt short unvarying distances. If, however, an amount of 
extra trouble, equivalent to both observers marching over the whole line 
once, be accepted, all the advantages of closing on an origin may be 
obtained by the simple expedient of dividing the line into as nearly as 
possible equal sections and both observers working alternate sections in  
opposite directions. The sections should be so arranged that the sum 
of the forward ones is equal to that of the back ones. If, as is usual, 
the sections are each a day's work-in good ground 4 or 5 miles-and 
circumstances will permit of encamping near their extremities, it is 
easy to walk the 4 or 5 miles to the commencement of a section, 
without fatigue, in the early morning before sunrise and then level 
back to camp ; in this way the delay of extra marching is avoided and 
steady progress made at a rapid rate. This section system has appa- 
rently contrihnted, more than anything else, to reduce cumulative 
errors in the operations, and should invariably be adopted. 

7 .  A tendency is sometimes observed, in a long line of levels, for 

Cumulative level errors. 
the negative level corrections to exceed the 
positive ones or vice versa. It is of impor- 

- - 
tancc that they should cancel each other, as any error in the deter- 
mination of tlie runs of the levels is thus eliminated. The observer 
must thcrcfore be prepared to prevent a preponderance in any direc- 
tion by setting up his iustrument with a slight tilt iu the opposite 
direction. 
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8. It has also been found that the sun exercises a constant dis- 
Cumnl,,tirs caused by the levelling effect on instruments, tending to 

run. raise the end towards itself and lower the 
opposite end. This is shown by the excess of negative corrections 
for level errors in lines worked from south to north and of positive 
corrections in  the opposite lines. Tlius an error in the adopted value 
of the run of the level would affect the results by the same fraction 
of the accumulated correction that i t  is of the run. I n  practice this 
may be cancelled by matching the signs of the correction and occasion- 
ally tilting the instrument to  counteract the dispositon to rise towards 
the sun. 

There is however another order of error which no modus operandi 
will wholly cancel; for, however carefully the instrument may be 
shaded, the action of the sun tends to cause a constantly recurring 
displacement in the level in the interim between the reading of the 
staff and that of the bubble ends : tliese readings should be strictly 
simultaneous in order to compare with each other, but they are neces- 
sarily consecutive; and short as the interval betwcen them may be, 
it is enough to cause slight error, of a cumulative nature, which may 
amount to a large quantity at the end of a lorig line of levels. It 
would be maximum on a meridional line, but would not affect a line 
carried from east to west or vice versa". This error is of a class which 
cannot be eliminated by morltirig in a circuit: so long as the cause 
remains constant, the efyec't is the same in botli up and down opera- 
tions; thus the opposite points of a circuit, which closes without 
apparent error, may yet be considerably erroneous. 

Leaving this class of error out of consideration, atmospheric in- 
fluences must tcncl to cancel each other, on a long line of operations, 
except under the following circumstanccs :- 

g.  First/~--when more station3 are ohservcd before than after- 
noon : doring the forenoon the refraction will 

Error due to refraction. 
generally he sinlririg and rising in thc after- 

noon, consequently the first of a pair of staff readings will have a 
tendency to be more refracted than the second, thus introducing cumu- 
lative error unless the precaution is taken to alternate tlie order of 
ohsenation by taking the back staff first at onc station and the forward 
rtaff first at the next. 
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I o. Secondly-when operations are carried over a line of country 
which slopes uniformly in one direction, as i n  

Error due to slope of ground. 
proceeding from the sea to the foot of a range 

of mountains, the rays of light from the up-staff to  the observer are 
generally nearer to  the ground than those from the down-staff, and 
they must therefore be more subject to  extremes of refraction. The 
influence of this source of error will vary with the seasons, and it b 
evidently beyond the control of the observer. 

1 1 .  The sinking of a peg that supports a staff, in  the interval 
between its being the forward end of one sec- 

Error due to sinking of peg. 
tion and the back end of the next, has often 

been suggested as a cause of error. But there appears to be as much 
reason for a firmly driven peg to be raised by the reaction of the ground 
as to be lowered by the weight of the staff, and there are nearly as 
many instances in which the signs of the errors indicate the possibility 
of the one event having happened as the other. 

12. On the whole, then, when the precautions mhicli are taken to 

Conclusions. 
guard against accideutal gross errors, such as 
misreadings the feet and tenths, mistaking 

the identity of tlie pegs on the line, or confounding one bench-mark 
with anotllcr, are such as to preclude the possibility of any error aris- 
ing from these causes, certain other precautions must still be taken 
against the accumulation of minute errors which may arise ( I )  from 
instrumental defccts, (2) from the rising of the pegs on hard ground 
or their sinliing on soft ground, (3) from rising or sinking refraction, 
(4) from persorlal bias, ( 5 )  from tlic effect of the sun iu  distllrbillg tlie 
llorizontality of the instrument in tlie interval between tlze staff and 
level readings, (6) from unequal illuminatio~i of the ends of the bubble, 
(7 )  from \~-\-orlting continuously ovcr n long slopc, on wllicll tllc average 
Iieiglit above thc s~lrface of the ground will be sensibly different for 
up- and down rays. 

The altcrilation of thc order of observation of tlle hack and forward 
staves s110nld cliniinatc all error arising from the first three sources. 
Tllose which cannot hc elirninntcd by this nletliorl may be met to some 
extent by multiplyiiig the number of obser\rers, in order to diminish 
tlic effect of individual bias, and by working under every possible 
variation of climate. 
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CIIAPTER 111. PROCEDURE IN THE FIELD. 

I. Every main line of levels is executed by two observers, each 
working with his own instrument quite inde- 

Inatructloas to obaervsrs. 
pendently of the other, one being a station in 

advance of the other. 

Before beginning work, each observer must be careful to see that 
the instruments RTC in perfect adjustment. 

2. Tllese ncljustments arc as follows :-The stmd must be rigid, - 
and therc must be no play between it ai~d the 

Atuostnrents. Stnud. 
telescope. I n  soft or sandy ground, the feet of 

the stt~tld should rost on wooden pegs firmly driven. 

3. The tclescopc most br at1 jtlstcd so that, f i t l y ,  the horizontal 
wire oE the dinphmgm is in the visual axis of 
the tclcscopc, rind, secondly, the visual axis 

of the telcscopc is prrpcildiculnr to tllc nsis of rotation. For the 
methods of cffcCtiag ttlkcse ndj~atslcats, see page 283  for the cyli~ldricJ 
lcrcla nlld the rectnnglllnr levrl, nnd page 2 8 j for Coshiog's reversible 
lcvel. 

J. When tlic instnlrneilt is l m l ,  the b ~ ~ h b l c  should be adjusted 

Rubble. so as to IN- irk thc cciltrc of its run and sllollld 
lw biscctrtl crosswise by the edge of the scale; 

it should ~ rmnin  thus in nlrg position of thc iustrument. 

5. The stnvcs must bc rompnrrtl wit], a s t n n d a ~ l  10-foot bar at the 

star#. 
brpinninp nlld cncl of tllr srnson's work 
nlso (laring t l ~ c  ficltl sc;won as often as is con- 

vcuicnt, acc page 286. 

rllockqi~rp n pair o f  stnvcs tlrc obscrvcr mnst cnrcfnll~ ew1ni]le 
thnt tlit; tliffc.rcrrvc 1,t.t wtrn tlrc xt-ms of tllc \,I:,ck anti white face9 of 
cnch s ta f f  i s  t llv snulr, scr pngr 2 8 ; .  



7. Before beginning work, the observer slionld determine tlie value 
of the level-scale and prepare a subtense table, 

Level-scale. 
giving tlie value in feet of one division of the 

level-scale at  various distances, see page 289. 

8. The staves must invariably rest on wooden pins driven very 
firmly into the ground. -4 hemispherical brass 

Support for staves. 
brad should also be let into the head of each 

pin after it is driven, to offer a point instead of a11 uncertain surface, 
for tlie staves to stand on, and so that they may be rotated freely to 
present each face in succession to  the observer. The brad also affords 
a common point of reference for the successive observers, whose results 
may thus be compared rigorously station by station. 

g. The staves must be set up at  equal distances from the instru- 
ment; if  the ground will not permit of the 

Distance between staves. 
latter being set up midway on the line between 

the staves, then by shifting the positions of the instrument and of the 
forward staff some point can al\vays be found where the inst~ument 
will occupy the vertex of an isosceles triangle of ~~rllich the linc be- 
tmecn the staves is the base. Unequal clistaiices should always be- 

- . ,I -- - ----.--n Pn-. t f 1 1 0 1 ~  o v ~ ~ i > t i i ~ o -  OYI l ln l l s l la~~v  rough 
201 lost sentence but one ,, On a good day . . . . , On a good day the maxi- of para. 9 . . . to 10 o'clock mum distance between 

the stavee is about 16 
chains in the early 
morning and about 12 
chains up to 10 o'clock. 

uls,,iLuuGs J l l v u l ~  ~ t :  C ~ L ~ ~ I U I I Y  measured with a cllaln. 

10. When the difference of level is small and a staff has once been 
set up and ol~served, it sllould not be re- 
acljustecl if it has to be observcd at  the next 

station, bccause then any error cnusccl at tlie first station by dcflection 
of thc staff will in a great mcasilrc be cancelled at tlie next. But 
the staff should bc carcflilly rc-ndjustcd n~licncvcr, Iiaving been read 
ncar the bottom at one station, it is liable to be read ncar the top at 
the next. 

I I .  The instrument bcing sct up at the same distance from the two 
staves, must 11c careflilly levelled. The white 
face of the back staff shoul(1 then be intersected 

and thc rcading taken to three clecimnl placcs : \vlien the starcs are very 
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7 .  Before beginning work, the observer sliould determine tlie value 
of the level-scale and prepare a subtense table, 

Level-scale. 
giving the value in feet of one division of the 

level-scale at various distances, see page 289. 

8. The staves must invariably rest on wooden pins driven very 

Support for staves. 
firmly into the ground. A hemispherical brass 
brad should also be let into the head of each 

pin after it is driven, to offer a point instead of an uncertain surface, 
for tlie staves to stand on, and so that they may be rotated freely to 
present each face in succession to  the observer. The brad also affords 
a common point of reference for the successive observers, whose results 
may thus be compared rigorously station by station. 

g. The staves must be set up at  equal distances from the instru- 
ment; if the ground will not permit of the 

Distance between staves. 
latter being set up midway on the line between 

the staves, then by shifting the positions of the instrument and of the 
forward staff some point can always be found where the instrument 
will occupy the vertex of an isosceles triangle of which the line be- 
tmecn the staves is the base. Uncqual distances should always be. 
avoided: there is no cscuse for tllenz cxccpting on unusually rough 
ground when the observer is prcssed for time and then the distances 
should be madc as short as possiblc. On a good day the maximum 
distance between the instrurncnt 2nd the staves is from 16  to 20 chains 
in thc early morning and about 8 chains up to 10 o'clock. The 
distances should be carefully measured with a chain. 

lo. When the difference of level is small and a staff has once been 

Re-ndJustment of staves. 
set up and observed, it sl~ould not be re- 
ndjustecl if it has to be observcd at  the next 

station, bccause then any error cnnsccl at tlic first station by clcflection 
of the staff will in a grcnt mcnsllrc bc cnnccllctl at the next. But 
tlie staff sllonld 11c cnrcfully rc-ncljl~stctl mhcilcrcr, Iiaring been read 
ncar thc bottom at one station, it is liablc to be read m a r  the top at  
thc ncst. 

I J .  Tllc instrument bcing set up at the same distance from thc two 
staves, illlist be carefully lcvcllcd. The white 

R e a t l i ~ ~ ~ s .  
face of thc back staff shonlcl then bc intersected 

and thc rcading taken to threc clccimal placcs : wl~cn the stayes are very 
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close a fourth place of decimals might be estimated, but this is so 
seldom the case that i t  may be treated as exceptional. The ends of 
the bubble must then be read with great care, as quiclcly as possible 
after the staff reading, see page 293. The white face of the forward 
staff must nest be intersected and the level readings talcen: after this 
the process must be repeated on the black faces of the staves., The 
observations of the back and forward staves should follow each other 
as quickly as possible, consistently with accuracy, in order that they 
may be strictly differential. If the differences of height deduced from 
thc white and black faces agree within 'oog, and the observer is other- 
wise satisfied with them, he should proceed to the next station. 
Should they differ by a greater amount, they must be repeated once 
or twice according to discretion. If the differences are very large and 
obviously due to grazing rays, the station should be rejected and a 
better one selected if possible. 

After finishing the first station, the observer must leave his for- 
ward staff as i t  was, so that i t  may become the back staff at the second 
station and its zero error be eliminated. I n  observing at the second 
station the forward staff shoulcl first be read and then the back one, 
and so on alternately, see page 294: this is not apparent from the 
field books which are arranged to facilitate computation, but it must 
be attended to. 

I 2. The observer in  setting up the instrument ought to mark one of 

Position of instrument. 
the legs of the tripod, or of the instrument, and 
always point the marked leg to the same staff- 

holder throughout a section, see page 295. 

13. Proceeding in this way, the observer should finish the first day's 

Flrst dny's work. 
work of say 4 miles, if in good ground, be- 
tween day ligllt and 10 o'clock, and his camp 

ought to  be waiting for him at tlie end of his work. 

14. As the day's work will necessarily close more frequently on 

Relevelling cloeing station. 
temporary pins, over which the line of levels is 
carried, than on permanent bench-marks, the - 

closirlg station of the previous day must be rclevelled next morning to 
test the permanence of the pins, before carrying on operations beyond 
them. 



15. The next morning before day brealr, the observer should march 
out to the end oE his second section and level 

Second day's worlc. back into camp, see page 295, afterward relevel- 
ling his closing station of the previols day. 

16. In consequence of alternating the direction of operations, the 

to be token at the verification is made in  tlle opposite direction to  
end of a section. the first measurement, consequently the two 

results have opposite signs : they cannot be collveniently combined to- 
gether and the mean employed, as when the work is carried only in one 
direction, and there is a liability to  confusion at  the time, and subse- 
quent misapprehension if the results are brought up by any one but 
the leveller himself. This should be carefully guarded agrtiust by the 
method of recording the repetition in the Field 13001~. A clear space of 
two inches should be left between tlle record of the extreme station of 
the section in progress and that of the repeated station of the adjacent 
section, and the reduction to the origin of the section in progress sliol~ld 
be entered above the record of the repetition. Opposite the repetition 
a remark should be made as follows :- 

... By up line fall ... ... 2'327 

By down line rise ... ... 2.331 
The terminal pins should be large and strong, firmly driven and 

covered over with thorns for protection. A trench should be cut 
across the line at the extremity of each section to guard against the 
possibility of introducing into one section the stations of another. 

17 .  The obscrver should proceed thus levelling in opposite direc- 
tions on alternate days till the line is finished, 

Level error to bo guarded ngainst. 
and during the whole work he must be care- 

ful to prevent a preponderance of level error as described on page 295. 

I 8. The rcsults as deduced by each observer from the white and 

Agreement of resrilts. 
black faces of the staves must agree within 
-005, and tlle mean of these as determined by 

each observer must also agree within . oo j, otherwise the observations 
at the 1)artic~lar station must be rcpcated. 

I 9. At intervals of every i o or I 2 miles an ' embedded' bench-mark 
should be laid down. A stone I 8 x I z x I 2 

inches is generally built into a block of maaony 



302 HANDBOOK OF THE TRIQONOMETRICAL BRANCH. 

PBOCEDURE I N  THE FIELD. [PART FII. 

from about 3 to 4 feet cube, with the upper surface of the stone flush 
mith the upper surEace of the masonry which is about 6 inches below 
the ground level, and the whole block covered mith earth. A small 
hollow square, a quarter of an inch deep and 5 inches square, is cut 
in the upper surface of the stone for the foot of the levelling staff to 
rest in. The letters G.T.S. B.M. and the date A.D. 18 . are also cut 
on the bench-mark. These bench-marlis are as a rule laid down 
in the vicinity of masonry buildings, and to mark the spot the lctters 
B.M. are cut somewhere on the building close by so that identification 
is unmistakeable. Occasionally, bench-marks are placed in the veran- 
dah floors of travellers' bungalows and in other such places; in these 
cases the stone is placed flush with the floor level. 

'Inscribed' bench-marks should be placed on such points as the 
copir~gs of railway platforms, parapets of bridges, kc. The letters 
G.T.S. 33.31. ancl a small circle should be cut deep into the masonry, the 
circle showing the position which the bottom of the staff occupied. I n  
the neigl~bourhood of tidal observatories, pairs of test bench-marks 
shonltl be laid down for the detection of secular changes of relative 
level between the land and the sea. They should be placed some 
8 or I o miles inland, and connected very carefully with the tide-gauge : 
suitable embcdded bench-marlis on the line of levels will of course 
answer this purpose. 

20. Each embedded bench-mark must be transferred for safe cus- 
tody to the care of responsible railway or civil 

Protection of bench-mark. 
authorities. The transfer papers are in tripli- 

cate : one copy is kept for record in  the office of the Tidal and Levelling 
Party, the sccond by the responsible authority and the t l~ird by the 
individnal elitrusted by the reponsiblc autllority with t11c actual care of 
the bench-mark. The papcrs arc sigrlctl by the last mentionccl iilclivi- 
dual and by the officer in charge of the Levclli~lg Opcr x t '  ions. 

21. If possible, all principal stations of the Grcxt Trigonometrical 
Survey, in thc neigl~l)ourl~oocl of a line of lcvels, 

Connection with triangulation. 
should be coni~ected by bra~lcll lines. 

22. There are a few cases which require exceptional trcatrnent. Thus 

Exr.,,tionR, caqes. Levelling supposillg the height of a tower station has to 
tower  ntntron. be determined, firstly when thc foot call bc 
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levelled up to, and secondly when i t  cannot be reached. I n  the first 
case the levelling should be carried up to a peg or mark at  the foot of 
the tower and a tape suspended from a staff laid horizontally on the 
summit of the tower and levelled by means of a spirit-level placed upon 
it. By this means a direct measurement of the difference of height 
between the summit of the tower slid the mark levelled to, is obtained. 
I n  the second case a levelling staff should be erected on the summit of 
the tower and the angular elevation of two divisions, near the top and 
bottom of the staff, measured with a small theodolite centered ovcr the 
last point levelled. The height of tlie summit of tlic tower above the 
eye of the observer and consequently above the levelled point can then 
be readily deduced. 

23. Again supposing a great length of steep ground intervenes 
bet~~reen the summit of a hill station and the 

Levelling up steep ground. 
last point levelled to. I n  this case a staff 

should be crected over the last point and a secoiid staff laid trans- 
versely with one end resting on a convenient spot on the side of the 
slope while the other is supportcd by a man and raised or lowered till 
the indicatioiis of a small bubble placeci on it show that i t  is hori- 
zontal: the rcading on the vcrtical staff corresponding to the lower 
edgc of the transverse staff should thcn be talien several times and tlie 
diffcrcllce of level dcduced. I n  this way by a succession of measure- 
mcnts, tlie top of the hill will be rcaclied and the difference of level found. 

24. Again su1q10sing thc levels have to be carried across a river 
or crcelc wllosc width is too great to aclmit of 

lev ell in^ across n river or crcck. 
thc ordinary staves beilig read. I n  this case 

stnvcs of Strau~gc's pattern graduated to tentlis alicl subdivided to 
t11.o-liundrcdths of a foot arc uscd : they can bc rend pretty fairly with 
thc rcctangnlnr lcvcl at 50 or 60 chains, and sevcral measurements 
slloul(i hc taltcn on two or morc days at the most favourable time so as 
to rctlucc tlic cliariccs oE crror to a minimum. 

If howcvcr tllc river or creck is too aide to admit of cven this alterna- 
tivc, two stavcs sl~oulti be cmheclded on opposite sidcs of the watcr and 
as iicarly as posaiblc at riglit angles to tllc direction of thc current and 
a Iargc n l~ml~cr ,  sny 2 or .?oo, of sirnultancous readings of the height of 
tlic water on t l ~ c  stnvcs taken at intervals of 5 minutcs or so, and the 
diffcrcncc of licight on tllc two sides deduced from these. 



3O4 HANDBOOK OF THE TRIGONOMETRICAL BRANCH. 

PROCEDU~E IN THE FIELD. [PART BII, 
- - 

25. The following is a specimen of the Field Book used in the level- 
ling operations of the Trigonometrical Branch 

Field Book. 
of the Survey of India Department. The 1 s t  

column gives the number of the station and indicates the horizontal 
lines on which the observations to the respective staves are entered; 
six of these lines are required to each station, three for observa- 
tions to  the black faces and their reduction, and three for the 
white faces. The 2nd column gives the distances and bearings of 
the staves from the instrument, the latter being necessary to enable the 
line of levels to  be protracted. The 3rd and 4th columns give tlie 
back and forward end readings of the bubble, the 5th and 6th the cal- 
culations of dislevelment and the 7th the corresponding correction 
obtained from tlie subtense table, expressed in thousandths of a foot, 
omitting decimal points and cyphers. The 8th column gives the staff 
readings; the 9th and r 0th the approximate results deduced by sub- 
tracting the reading of the forward from that of the back staff, one 
column being allotted to  rises and the other to falls. The 11th 
and r zth columns give the true differences of level, i .e. ,  the approxi- 
mate values of the 9th and 10th columns corrected for dislevelment; 
in  these columns the mean of the results from blaclr and white faces 
is also entered. The 13th column gives the reduction of the levels 
to  the origin of the line, which should be deduced station by station 
and checked by summing up the rises and falls at the foot of the page 
as indicated. The I 4th column is reserved for remarks and clcscrip- 
tions of the bench-marlrs: tlie latter should be sufficieiltly lucid to 
enable any person who may have occasion to visit a bench-mark, cither 
for the purpose of conlnlcncing or closing a new line of levcls, to 
asccrtai~l the exact position of the mark without the slightest doubt; 
drawings of the hench-marks should also be given with their distances 
and hcarings from any promineilt bnil(lings in the neighbourlio~d. 
The remaining cohlmns on the right hand side are rcclnired for the 
entry of details regarding the sm:~11 cumulative errors described in 
pages 29.5 and 296. Thc level and staff readings arc rccordetl by a natil-e 
assistant who calculates the reslllts bcfore Ilandir~g the Ficld Book ovcr 
to the ol~server, by whom they arc clrecked before proceeding to the 
next station. The heaclings, remarks and descriptio~is of stations 
should invariably be written by the observer. 
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CHAPTER IV. DUTIES IN RECELIB. 

I. I t  is a practice in the Levelling Party to prepare duplicates of 

Duplicate fleld book. 
the field books. This is done by transcribing 
from the original, the observations only, that 

is the entries in columns I to 4, 8 and 14, see pages 306 and 307. The 
remaining columns of the form are next filled in from computation 
made quite independently, and compared with the original. The ad- 
vantage of this method is that errors of calculation are often brought 
to light and corrected in the original. 

2. The next step is the preparation of the abstract of which a 

Preparation of sbntract. 
sample is here given. As all the necessary 
information is contained in the headings of the 

form, it needs no further explanation. The abstract should first be 
made out for the sectional points of the main line, next for the inter- 
mediate points, and lastly for points on the several branch lines. The 
abstract is also prepared in duplicate by two computers working 
independently. 

3. The press copy of pamphlets of heights is also prepared in the 
Press cop, of spirit-leve"sd office of the Levelling Party, a copy of which 

heights. is given in the original field book. In  addition 
to the descriptions and heights above sea level, &c., of the bench-marks, 
exhibited in a tabular form, section by section, there is added an 
introduction giving a brief account of the operations, mentioning the 
names of the observers and the instruments employed, also the error 
generated in the course of the work. 

4. A skeleton chart is also prepared by the field party showing the 
C M ,  oeason's operations. 
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PART VIII. 

Pendulums. 

I t  is altogether beyond the province of this Handbook to enter 
upon the details of such an extensive and difficult subject as the 
swinging of pendulums to determine variations of the force of gravity; 
more especially as there is no immediate probability of any such work 
being again undertaken in India. I t  is, however, such an .important 
factor in a geodetic survey that it cannot be entirely passed over with- 
out reference ; but i t  will be sufficient for the purposes of this Hand- 
book if a list of the standard works on the subject is brought within 
the reach of the reader to enable him to master the details, should he 
ever be called upon to take part in such operations. 

I t  fortunately happens that Colonel Herschel, R.E., the officer to 
whom the writing of the Volume of the G. T. Survey of India (Vol. V) 
on Penclulums, was entrusted, has made a particular study of the 
bibliography of Pendulums, and has added to that volume an appendix 
containing a list of nearly three hundred books and papers on this 
subject. I n  addition to the list the volume gives a detailed account of 
the instruments used, and the whole procedure adopted in India, and 
the reader is referred thereto as a trustworthy guide, if at any time 
observations of the same kind should be again required. 

- -- - 

P A R T  IX. 

IUiacellaneous Subjects. 

I. The operations of the Trigonometrical Branch are so varied in 
General remarkr their - character, that it is almost impossible to 

porta. lay down exact rules by which all Executive 
Officers may be guided in the preparation of their annual reports. 

Executive Officers must always keep in mind that the object of 
theee reports ie to enable the authorities to know exactly what is done 
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from year to year; they must therefore so draw them up, that all who 
are interested in such matters will have sufficient details available to 
enable them to see and judge for themselves of the progress and quality 
of the work tu;.lrsd out. 

2. I n  all cases the dates of going to, and returning from, the field 

General remarka on annual re- must be shown, the strength of the establish- 
ports. ment, and the duties allottzd to each member 

of it. The amount of work done and the programme for the ensuing 
field season, as well as a report on the conduct and efficiency of the 
subordinates attached to the party, must be given. To this extent 
the circumstances of all the parties are nearly similar. For details 
executive officers may with advantage consult the published annual 
reports of the Survey of India Department which will give them a 
clear idea of what it is advisable to insert. 

3. For instance, an officer engaged upon Triangulation may with 
report of a tdmguletion propriety describe the country over which his 

party. work extends; and if it is a more or less un- 
known district, he should make the best use he can of his opportunities 
for collecting notes about the inhabitants, their manners, customs, 
language, &c., for insertion in his report. He should also discuss any 
peculiarities of his instrument, noting any weak points in it, and de- 
scribing any precautions taken to guard against any evil effects there- 
from; he should state his average triangular error, the number of 
azimuths observed, giviug also a general description of the stations, 
and the precautions taken for their protection. Any political difficulties 
met with in the past, or anticipated in the future, should also be 
touched upon. 

Annanl 
party. 

liariti 

An officer employed upon Latitude observations should describe in 

report of latitude detail the programme of star observations at each 
station, the instrument he used, and any pecu- 

es noticed in i t ;  also any remedies he devised to cancel them. 
Hc should also draw up a tabular statement giving the values of the 
latit~ldcs obscrvcd, with their probable errors, the number of stars from 
which they were deduced and the differences between the astronomic 
and geodctic latitltdcs of the stations occupied. Any hints for future 
ohscrvers deduced from his own experience may properly find a place 
in his report. 
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5. A report on Electro-Telegraphic Longitude Operations should 

Annual report of a longitude contain a list of the arcs measured with the 
party. name of the observer at  each station, in the order 

of measurement. A discussion of any peculiarities or abnormal re- 
sults met with should follow, with suggestions for future avoidance. 
The method adopted for ascertaining the observer's personal equations 
is important, and must be described, and a statement of the results at 
each determination must be prepared. 

The values of the several arcs, as determined astronomically, and 
geodetically, must be compared, and the circuit errors presented in a 
convenient form. The form of battery used, and the number of cells 
in circuit, may be added with advantage. 

6. The reports 
Annual report of B Tidal 

Levelling party. 

of the Tidal and Levelling party are somewhat 
,,, voluminous. They should contain a brief ac- 

count of the working of all the instruments 
at  each tidal observatory, specifying the date of inspection, and the 
steps taken to remedy any defects found. Statements must also be 
furnished showing the tidal constants both for short-period, and long- 
period tides at  all the observatories, also tabular statements showing :- 

( I )  Percentage and amount of errors in predicted times of high water 
(2) ,, J ,  9 ,  low ,, 
(3)  )) 9 1 heights of high ,, 
(4) 9 ,  ,J J , low ,, 
(5) Table of average errors in predicted times and heights of high 

and low water. The progress and present state of the tide tables, as 
worked out by the Tide Predictor, must also be noticed. 

The lines of levels completed should be specified, and the errors in 
closing on bench-marks noted, as well as any discrepancies found be- 
tween the heights of principal stations as determined by triangulating, 
ant1 by levelling, respectively. New bench-marks must also be noticed, 
when they are in connection with tidal stations. 

7. I n  addition to the annual reports explained above it is necessay 

Precis of annual report. 
for every Executive Officer in charge of a party 
to submit a precis of his report. This precie 

mllst he a brief account of the operations of the party, so written as 
to he as far as possible intelligible to a non-professional reader, and 
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. . -  

free from technicalities. I ts  object is to  enable a Secretary to  Govern- 
ment, or other persons not conversant with scientific details, to gain a 
fair idea of the progress and state of the morlr : it should be written 
in  the third person, and tlie services of the individual members of the 
party should not be alluded to, unless they are particularly praise- 
worthy, when they may be mentioned in  a footnote. 

As this precis is intended to be inserted verbatim in Part I1 of 
the Annual Reports of the Survey of India, i t  saves a great deal of 
trouble in compiling these reports if attention is paid to malting the form 
and wording of the precis suitable for this purpose, so as to avoid as far  
as possible the necessity of subsequent alteration in tlie Deputy Surveyor 
General's Office. Specimens may be found in the Annual Reporte 
of each year, which may be taken as guides to the Executive Officer. 
When Indian terms are used a translation of them should be given. 

8. All reports on survey operations or on any other kindred subd 
jccts, beyond the limits of British India, and 
of the feudatory Native states, are to be conb 

sidered in the first instance as strictly confidential. 

9. Officers of tlie senior division must consider it part of their duty 
n,u to other Fnrvey omeel in during recess to visit the offices of any other 

the same station. survey parties that may be recessing in the same 
station. I t  frequently llappens that tlic procedure of different parties 
varies in some particulars, and mutual visits between the officers 
concerned tends to utilize to tlie utmost tlieir varied expcriences. 

10. Officers of both divisions visiting the presidency should, unless 
- 

Visits to Hend-Qnnrtcrs offlcee. 
incapacitated by ill-licaltli, be officially con- 
ductccl tlirough the offices of t,lle Survey of - 

India ; and be mndc acquainted as far as plssible nritl? the procedure of 
tlic Draving, Engraving, il9atllematical Instru1nellt, Pliotograpl~ic and 
Litl~ograpliic otficcs. Advantage sliould be talten by officers passing 
tllrougll Dchra of the opportunity to pay an official visit to the offices 
of thc Trigonomctrical Branch, after having obtained permission from 

- 

tllc Deputy Survcyor General. 

11 .  Officcrs and surveyors of d l  grades will in future not only 
Arr iv~ , s  t o  be reported to senior report in  person their arrival at  the Head- 

survey of8cor. Quarters of the Survey of India at Calcutta and 
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Dehra, but at all stations where an office of the Survey ofIndia is 
established, they will visit that office, and intimate their addresses to 
the officer in  charge. I n  the case of a station where there are several 
parties quartered together, the visit will be made to the senior officer 
present. 

I. Although in  general the occupation of a surveyor may be 

General remarks. 
reckoned more healthy than any other mode 
of life in India, on account of the fresh air, 

constant exercise, and interesting nature of the employment, still there 
are some tracts of country in which trigonometricnl survey parties are 
exposed to considerable risk from jungle fever ancl other diseases which 
prevail with greater or less virnlcncc for several months in the year. 

2. As these parts of the country must, however, be surveyed it be- 
comes an important matter to consider the best sanitary arrangements 
for the protection of survey parties, from junglc fever in tlic first 
instance ; and secondly, thc proper treatment arid line of conduct to be 
pursued in the event of the discase breaking out as an-epidemic in camps. 

3. That i t  is practicable, hy judicious sanitary arrangements, to 
carry on operations wit11 comparative safctg for several months in 
such tracts, has been provecl by the esperic~lce of the Survcy Depart- 
ment in all parts of Iuclia ; while it has also been demonstratecl that 
by proper mcc\ical trcatment, disaster may be prevented, and 
establishment rcstorccl to efficiency after being attacltecl by jungle fever. 

4. Altllough it may, at first, appear to be beyond the province of a 
non-meclical pcrson to cnter on a subject of this nature, still surveyors 
are of necessity tliromn upon tlicir own resources, and compelled to 
qualify thcrnselves, as well as they can, to perform this work of huma- 
nity, in addition to tlicir own all-al~sorl~iu;: dutics. Fortunately, the 
treatment of jangle fcrer, if taker1 in halirl on the first appearance of 
premonitory symgtoma, nnrl the patient he not unnecessarily C X ~ O S ~ ~  

to  nggravatiug circumstnnccs, is sufficiently simplc to he learncd by any 

This eection is reprinted from an F,xtrnct from Remarks on the Rnnltary nrrnnuements of Sllrvey 
parties in the j l l n ~ l y  tract8 of India, by Colonel Sir Andrew Scott Waugh, Surveyor General of India; Dehre 
D6n. October 1861. 



MISCELLANEOUS SUBJECTS. 3 I 5  

C ~ A P .  IT.] MANAGEMENT OF THE HEALTB OF A PARTY. 

person of common sagacity, and will prove successful in nineteen cases 
out of twenty ; thongli, if once the disease be alloscd to gain head, i t  will 
require tlie utmost skill and refinement of the physician's science to 
reduce it. 

5. Whatever rules are here given have been derived, in  the 
first instance, from the advice of medical friends ; tliey have been tested 
by experience, and are believed to be consistent with modern practice, as 
far as they go. When once a moderate degree of skill is acquired by 
experience, combined with the advice which medical officers are always 
willing to afford, it mill be found that a clegree of confidence will be 
inspired among all parties in camp,-a feeling indispensable to success 
in  all arduous undertakings. 

6. Althougli several cases of failure have occurred in the progress 
of the Indian surveys, owing to the disastrous effects of jungle fever, 
these have generally happened from the want o f  experience; and in- 
stances are numerous where the work has been carried out with success, 
notwithstanding the prevalence of this disease. There are even in- 
stances where one portioii of a party has escaped on tlle same tract in 
which another portion has suffered, merely owing to the difference of 
habit and treatment. 

7 .  The benefit of brealifasting the whole party before starting 

Long fasts to be avoided. 
has been proved by the practice of a number 
of officers ; and to this, as well as to the supe- 

rior stamina derived from good living, nlny be attributed the circum- 
stance, that Afnssalinans are less sul~jcct to the influence of miasma 
than Hindus, wllo cannot conveniently cook oftcuer than once a day. 
Ncvcrthclcss, thc latter class of people sliol~ld be induced to eat parched 
grain or somctlii~ig similar to break their fast, or be compelled to cook 
a rcg~llnr mcal in tlie early morning, i f  employed in very insalubrious 
places. 

8. Early in the season, when marching to the field of survey, and 
afterwards on returning to quarters, when the wcather is very hot, i t  is 
nsl~al to movc at night, to save the men from exposure to sun. I t  is 
impossiblc so far to brcalc up cstablishctl Iiabits as to breakfast in the 
mitldlc of the niglit ; but it is usual for officers to talce a cup of coffee 
and a biscuit; and as a furtlicr precaution, if likely to be detained 
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out long, it is a good plan to  fill the pockets with biscuits, ginger- 
bread-nuts, or something of that sort, and carry a bottle of cold tea 
or cold weak coffee without milk.* 

9. I n  the survey season, surveyors are liable to  be out all day, 
from morning till night. I n  such circumstances it is desirable to be 
accompanied with a basket containing sandwiches, &c. ; for the great 
object is to avoid having to  labour under a feeling of exhaustion aris- 
ing from mere want of food-a state in which the human frame is 
peculiarly susceptible to  malarious influences. For this reason the 
men should have a lunch of parched grain and sugar, when out at work 
through tlie whole day. 

10. Now, it may be remarked that most officers talte these precau- 
Predisposing causes in case of tions for themselves : they also sleep under 

nntlvc establishment. canvas, protected from the dew, ancl upon beds 
raised above the exhalations of the ground. But the experience of 
the Department shows that a large proportion of the native establish- 
ment and servants may be laid up with fever and brought to the verge 
of death, without the officer in charge or assistants being affected in the 
smallest degree. This will always be the case, unless tlie Europeans 
are of m-enlily constitution, peculiarly susceptible to fever, or neglect- 
ful of their comforts. 

I I. It is difficult in the case of Hindus to  get them to cook their - 

Proper protection st  night. 
meals at proper times, but as far as possible it 
should he clone ; ancl all surveyors who are care- 

ful of their men are sedulous to protect them from dew at night, and 
to furnish them with straw to sleep on. The use of camel carriage in 
Upper India renclers it easy to carry charpoys for some of the upper 
servants ; and when men are dctached to show siguals from hill sta- 
tions, they are always directed to hut themselves, which can easily be 
effected in the jungles at the expense of two or three rupees. I n  the 
case of a party recently employed in malarioua tracts in the Ccntrd 
Provinces, the executive officer has furnished his men with tca, blarll~ets 
and filters. The effects have been so to iucrcasc thc:ir efficiency that 
the cost of these comforts has been abundantly repaid by increased 
outturn of work. 

' Make coffee ns ~ ~ s t ~ a l  and pour into FI bottle till helf full, Al l  up with hot water end add amgar nccord- 
ing to b t e  : a man c m  work all day on thin beverage, 
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12. I n  addition to  the ordinary precautions above directed, i t  is 
usual in the case of persons very susceptible of 

Quinine as a preventive. 
fever to fortify themselves by talring quinine 

while they are employed in unhealthy localities; and this certainly 
has a good preventive effect. 

13. I n  order to avoid the particular spots which are unhealthy, all 

of open camping due enquiry should be made of the indigenous 
grounds and good water. inhabitants, with whom relations of amity 

should be maintained. The cleared and inhabited parts should be 
preferred for camping on, or high open spots, and the vicinity of 
rivers avoided, as well as closely wooded places, where there is no 
circulation of air or sunshine on the ground. Every enquiry should 
also be made for good drinking water ; when i t  is liltely to be 
scarce, it should always be carried on from the last stage, in order 
that time may be given to find out the best water at  the new encamp- 
ment : many persons use boiled water-a precaution which even the 
native inhabitants practise in some parts. I n  some parts of India well 
water is considered the most wholesome, while that frcm streams is 
reckoned deleterious. I n  other places well water is considered to occa- 
sion fluxes, but this is only where the soil is impregnated with saline 
substances. As a general rule, in all tracts much covered with vegeta- 
tion, river water is dangerous, and resort should be had to wells. But 
i t  must be recollected that the water in old wells not in daily use, and 
filled with rubbish, is always stagnant, putrid, and more dangerous than 
any other water. 

14. Survey parties are usually attended by hospital assistants, who 

Hospitnl Assistants. 
compollrlcl the mediciiles and act accorcling to  
the orders of the officcr in charge. Tliese 

men are very useful in attendance on the sick, in general arrange- 
ment and hospital duties, and sorne are pretty sliilhll in the use of 
mcdicincs ; hilt., as a gcncrnl nllc, thcy are wanting i l l  n strong mind to 
fall bnclr on f o r  ntl\.icc in times of difficnlty and clanger, being either 
disl'osc(1 to act wit11 timidity or rasllncss. Be this as it may, the 
attcntlnncc of tlie officer on the sick prcvcnts neglect, ant1 cheers the 
poor mcrl in tlicir illisfort~~nes. I t  sometimes Ilapl~ens, however, that 
thc hospital assistant rcqnires to 1)e leEt at sonic distance, while observa- 
tions are being taken on hill tops, moreover it usually happens that some 
of the subordinates bciilg detached are unable to avail themselves of the 
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hospital assistant's services. Under such conditions in  order to avoid 
the weighing and mixing of medicines which is not a very pleasant 
busitless at any time, and particularly irksome to a man fagged by a 
hard day's survey work, it is a good plan to furnish each person with a 
set of medicines prepared and weighed out beforehand, whereby all 
trouble mill be saved. 

15. It may be said that the sedulous attention here recommended 
Folly of neglecting reasonable to ensure the comfort of every individual in 

precautions. camp would substitute, for the ancient hardy 
habits of the Inclian surveyors, a sybaritic regard for luxury, in- 
consistent mith the nature of the duties. I t  may look much more 
manly to be able to brave malaria on an empty stomach : but what 
is the use of hardy habits and contempt for comfort if 110 work is 
done? I t  is a very good thing to be able to brave an Indian sun with 
impunity ; but it will be found that an umbrella will enable any man to 
accomplish more survey work than he coulcl without that protection. 
The quantity of worlr is the only criterion of good habit and arrange- 
ment, ant1 all other experience shows that, unless a party talre the field 
well equipped mith tents aud other comforts, health is endangered, and 
the interests of Government are sacrificed. 

16. The number of diseases to which a party under canvas are exposed 
are comparatively few, provided the health of 

Haalthincss of camp life. 
the persons composillg the party was good at 

starting, that the coolies &;., are well provided with \;arm blankets 
during the cold season, aud that every care is taken to keep the camp 
clean, dry, and within easy reach of a supply of good drinking 
water. 

17.  Most of the diseases to which survey parties are liable are 
treatecl of at considerable length in Moore's Family Mcclicinc for India, 
a booli which all European mernl~crs o f  a Srlrvcy party shoultl carry 
wlth them. The price of tliis worlr is Its. 3 to all government officials 
receiving less than Rs. 500 per mensem, and Rs. 4 to all others, and 
to  the public at large. A certificate cleclaring that tllc boolr is to he 
purchased only for the personal use of the officer is neccasary for the 
lower rate. I t  may be convenieut liowevcr to givc here a brief de- 
scription of the .symptoms and treatment of the comlnollcr forms of 
sickness prevalent in survey camps. 
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18. Malarious fevers are beyond question the diseases which most 
tend to interfere v i th  the progress of Survey 

Fever. parties i n  India; and a clear conception as 
to how they should be treated in  a general way in cases of emergency 
is of very great value to every person liable to  exposure to malarial 
influences. The fevers are referred to under various designations in  
this country, such as Fever and Ague, Terai fever, Marsh fever, Hengal 
fever, Jungle fever, 4c.  The affections commonly referred to by tliese 
names correspond to what medical men describe as Internzittent and 
Remittent forms of malarious fevers. By intermittent fever is meant 
that form of fever which, whilst recurring daily, on alternate days, or  
every third day, leaves the patient fever-free in the intervals ; there is 
an intermission of feverish symptoms-in the first case of one day, in 
the second of two, and in the last of three, more or less, clear days. 
I n  tlie case of remittent fever, however, the fevel.ishness does not com- 
pletely disappear between paroxysms, there is simply a clin~inution- a 
remission of the attack. I t  is the severer attacks of this latter form 
of malarious disease that is usually meant when the terms jungle and 
terai fever are used, whilst tlie former is commonly referred to as 
ague. 

I t  is, however, frequently difficult, even for the experienced physi- 
cian, to decide definitely mrl~etllcr a person is suffering from tlle 
intermittent or tlie remittent form of the malatly, as tlie symptoms 
of ten ' slladc off ' one into auotllcr- the fever bcing intermittent for 
a few clays, tlicil remittent, ~ U C I  again, perhaps, intermittent. 

Fortunately the general line of trcatmcnt to be adopted is the same 
in  both forms, and it will l~rol)al)ly be found that when working in  
some malarious localitics, the two forms of the disease may' prevail 
simultaneously. 

19. Wllcn i t  has been decitled to visit a locality lrnown to b6 pro- 

Prophylnctic rneaeorcs. 
ductirc of f c ~ e r ,  it  should be laid down as a 
general rule that evcry member of the party 

should rcccive small doscs of sonic: c i~~choua  preparation during a few 
clays prcviol~sly, and twicc daily tll~ring tlie stay in  tlie locality. Two 
to t11r.e~ grains of rlnini~ic slionld hc taken morning and evening, or, 
wliat is cqllnlly eflicacious and very much cheaper, the same quantity 
of the Cinchonn febrifuge, prepared at the Government cinchona 
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plantation. The expense of a prophylactic measure of this kind would 
be very trifling, especially if the febrzjzcge be resorted to. 

20. An attack of ague consists of three more or less distinctly 

Intermittent fever. 
marked stages : a cold stage, often not well 
marked, but it may be severe and last from one to 

four hours ; a hot stage, which may last from three to six hours-seldom 
more than twelve ; and a sweating stage, which terminates in a couple 
of hours, and is followed by complete relief. The average duration of 
the attack is from five to six hours. 

21. When the slightest symptoms exist of an impending attack of 
fever, the condition of the bowels should be 

Treatment Intermittent fever. 
attended to, and if any tendency to constipation - 

exist, a mild purgative may be administered-a small dose of castor oil 
being the safest. Should i t  be considered atlvisable to administer a 
purgative, wait for an hour after its administration, and then give ro to 
I 5 grains of quinine [or an equivalent dose of the cinchona febrifuge], 
and repeat the dose in about six hours. Early and vigorous treatment 
of this Itind, if not always successful in warding off the attack alto- 
gether, tends greatly to diminish its severity. 

Should the symptoms continue, and shivering set in, marking the 
advent of the cold stage, the patient should be well wrapped in 
blankets; hot bottles, or hot bricks wrapped in flannel, should be applied 
to  the feet, and warm tea, toast and water, or some such simple fluid 
given him to drink. Should constipation have existed which the castor 
oil had not relieved, a mild purgative may again be administered during 
this stage. Say a drachm of compbund jalap powder in a nine-glassful 
of water, or a podophyllin pill. 

Should, however, there be only slight constipation, await the ad- 
vent of the hot stage, and administer two teaspoonfuls of granular 
citrate of magnesia or a laxative dose of pyretic saline in half a 
tumbler of water. Half a teaspooriful of this granular preparation, 
addccl, as required, to a little sweete~ied water, and administered every 
hour or so, mill form a pleasant effervescing febrifuge. If, however, 
the bowels are relaxed, i t  will he better to keep to cold tea or toast and 
water, according to the patient's inclination. The bed clothes may be 
gradually lessened as the hot stage progresses, and attempts rhould be 
made to relieve headache by applying wet cloths to the head, 
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As soon as the sweating stage sets in, 10 grains of quinine [or an  
equivalent quantity of the Cinchona febrifuge] should be given every 
eight hours or so during the internzission. The quinine (or the cinchona 
febrifuge) may either be taken in powder, or dissolved by means of half 
a teaspoonful of the juice of a lime, and taken in a wine-glassful of 
water. Care should be taken to avoid a chill during the hot and sweat- 
ing stages. Should diarrhoea be present, a dose of chlorodyne may be 
administered during the intermission, and each dose of quinine com- 
bined with 3 grains of Dover's powder. 

22. The general rules thus laid down for the treatment of intermit- 

Remittent,or tent fever are equally applicable to the treatment 
fever. of the generally more serious form of malari- 

ous disease called jungle fever. The premonitory symptoms should be 
treated on precisely similar principles, with the addition that i t  is more 
advisable to abstain from partaking solid food shortly before an attack 
is anticipated, as vomiting, which is a prominent symptom here, is apt 
to  be more aggravated than when the stomach is empty. 

Should the mild purgative and preliminary doses of quinine not 
have sufficed to ward off an attack, the cold stage will be nshcl.ed in by 
more or less distinctly marked shivers ; but i t  will be fountl ihat, as a 
rule, this stage is less marked here than in an ordinary atta.ck of ague ; 
the succeeding or hot stage, however, is moie prolonged, and generally 
more severe. The temperature runs high, the pulse is very quick, often 
bilious vomiting of a very obstinate character occurs ; the tongue is 
furred, and sometimes jaundice sets in. The patient is very restless, 
and his remarlts often incoherent. 

This stage may last from six to eight hours or longer, and, instead 
of terminating in severe sweating, followed by complete relief froin all 
painful sensations, as in intermittent fever, there is only a subsidence 
in thc severity of the symptoms-a remission, not a cessation, of the 
fcvcr. Tlle dnration of the paroxysm is uncertain-may last from 
6 to 24 hours, and an attack may recur daily for a week, 10 days, or 
evcn longer. 

Wlien the cold stage has passed away, and the pulse becomes full 
and the face fluslicd, administcr frequcnt small doses of the granular 
citratc of magnesia as al~ove directed, and apply cold to the head : 
avoid stimulants of all kinds, hut attempts should be constantly made 
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to  get the patient to  partake of beef tea, Liebig's extractum carnis, 
and such like nutritious food in a liquid form. 

If the patient becomes delirious, the lower part of the back of the 
head should be shaved, and a blister (about 2 inches x 3 inches) raised, 
by means of blistering fluid, across the nape of the neck. If this be 
of no avail, and the pulse continues full and bounding, and the patient 
be a strong man, four to six leeches may be applied to the temples- 
the bleeding being arrested when the leeches have dropped off. I t  is 
advisable to defer giving quinine until the remission sets in. This will 
be known by the diminution in the temperature, and the appearance of 
a gentle perspiration, together with, probably, the disappearance of 
the head symptoms. Five grains of quiuine may mom be given every 
three hours in  the form of a mixture, or dissolved in the juice of a 
lime with water. Nourishing food should be given, with a very little 
stimulant, if desired. Should the patient suffer from diarrhea also, the 
5 grain quinine doses given during the remission may be combined with 
3 grains of Dover's powder. If the head symptoms have been severe, it 
will perhaps be advisable to keep to quinine, but otherwise an equivalent 
close of the cinchona febrifuge may be safely substituted for it. 

If the attack has been severe, have the patient removed, if practi- 
cable, as quietly and as expeditiously as possible, to the nearest station 
where medical aid can be procured. This is especially desirable, if the 
disease has recurred two or three times without any appreciable dimi- 
nution in the aggravation of the successive attacks. 

23. Diarrhea and dysentery sometimes appear suddenly in a camp, 
Treatment diarrhaa end ant1 in aggravated forms, and require prompt 

dysentery. attention, especially as the former is very apt to 
pass into the latter in malarious districts. 

The first precaution to be taken on the advent of diarrhea is 
abstinence from solid food ; nutritious food in a liquid, or semi-solid 
form should be substitntecl, and cold drinks shonld be avoided. Should 
the diarrhea have been imniediately preceded l ~ y  constipation, a small 
dose of castor oil should be taken, and possihly after this has acted, 
the bowels may return to tlieir ordinary condition. 

If, however, the diarrhcpa has not been preceded by constipation, -30 
dropa of chlorodyne may he taken in half a wine-glassfit1 of lukewnrm 
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water. Should there be pain in  the bowels, warm water fomen- 
tations should be applied to the stomach, and a flannel belt tightly 
drawn round. Three or four hours after taking the chlorodyne, 5 
grains of quinine, or 5 grains of the cinchona febrifuge should be 
talcen in combination with 5 grains of Dover's powder, and the patient 
sent to bed. I t  is probable that after prompt action of this kind, the 
patient may find himself perfectly well by the next morning: if  not, 
let the chlorodyne be repeated, follon-ed by the quinine and Dover's 
powder, twice daily, for a day or two, or until perfect recovery. 

Should the cliarrhaea pass on to dysentery, which may be infer- 
red if irregular attacks of griping pain in the abdomen persist with 
increasing tendency to strain at  stool, the condition of the stools 
tlremselves should be carefully noted, and if traces of blood or fleshy 
shreds be observed, i t  is absolutely necessary that complete rest sllould 
be enjoined. The patient should be given a grain of opium, or 30 
drops of chlorodyne in a little water, to be followed in about quarter 
of an hour by 20 grair~s of ipecacuanha powder in half a wine-glassful 
of water, or the powder may be given as a bolus. This medicine will 
probably be succeeded by nausea, but every attempt should be made to  
keep i t  down. This is best done by the patient remaining on his back; 
indeed throughout the attack the patient should be made to lie down. 
Repeat the ipecacuanha powder in about three hours, and continue the 
dose twice a day for two or three days, or until the disease stops. Hot 
bran or linseed meal poultices should be applied constantly to the 
stomach; and should there be severe pain, apply a turpentine stupe 
(made by pouring about a tal~lespoonful of turpentine on a piece of 
flannel wrung out of hot water) over the painful part. 

If the patient does not recover in about a week after a fair trial of 
this treatment, he should be carried to the nearest station where medical 
aid may be procured. 

24. When cholera brealcs ollt in a camp, the first step to be taken is, 
to shift the tents to some considerable distance ; 

Cholera. 
and if this does not suffice, shift again, across 

a river if practicable : of course tlie greatcst possible attention should 
be paid to the sanitary state of the camp, and especial care talcen 
during periods of this kind in particular to avoid unwholesome food 
and impure water. 



324 HANDBOOK 05' THE TRIQONOllfETRICAL BRANCH. 

MANAGEMENT OF THE HEALTH OF A PARTY. [PART IX. 

25. Unfortunately no very certain remedy is known for this 

Treatmentof cholera. 
disease, but much may be done by early 
treatment. The premonitory diarrhea, if 

present, should be treated with 30 drops of chlorodyne every three 
or four hours, and complete rest enjoined. Should, however, the 
stools become watery in appearance and mixed with bran-like 
flocculi, the pulse become small and thready, the skin blue and 
pinched, and the voice husky, 10 drops, of the ' Cholera drops,' sup- 
plied by the Medical Stores Department, should be given every half an 
hour in a tablespoonful of water. Or, if this medicine be not at  hand, 
15 drops of sal volatile should be given instead, in  half a wine-glass- 
ful of water. 

When severe cramps of the limbs or of the muscles of the chest 
come on, the painful parts should be sedulously rubbed with a mixture 
of ginger (or mustard) powder and linseed meal, easily obtainable in 
any bazaar, ancl colcl clrinlts (soda water and the lilte) given when desired 
to  quench the great thirst, from which the patient will in  all probability 
suffer. 

As soon as reaction sets in, the pulse regain its strength, and the 
unexposccl parts of the body become warmer to the applied hand, the 
stimulating medicine (whether ' cholera drops ' or ammonia) should be 
discontinued. Attempts should he made to get the patient to sm,zllow 
a little beef tea, Liebig's extracturn carnis, or such other nutritious 
food a* may be available of an allied character. Occasionally, small 
effeAave~cing draughts, made by adcling half a teaspoonful of citrate 
of mapes ia  to a little sweetened water may be given. Should the 
urinajly functions not have hecome restored towards the end of the 
second irav, the loins should 11c well fomented with warm water, £01- 
lowed Ly a turpentine stupe applied over the Lidneys, with a linseed 
or hin~n poultice over the bladder. Should indications of stupor be 
obse;.veil, ancl the tongue becomc clry, the hack of the head should he 
shaved, the nape of the neck painted two or three times with 
blistei~iilg fluic?. As a rule, when the urinary secrction becomes re- 
established, convalescence is rapid. 

26. The Europeans of a party are more liable to suffer from sun-stroke 
than the natives, and it not uncommonly hap- 

Bun-atroke. 
pens that when one attack has occurred, it is 
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followed during the next few days by others. It is therefore especially 
necessary that the tents should be pitched in shaded positions, and that 
great care should be taken to avoid unnecessary exposure to the sun's 
influence for some days after a case of this kind has occurred. 

No very clear description can be given of the symptoms which 
precede an attack, and very frequently none whatever are observed : a 
person may become suddenly faint, and fall without having given any 
previous intimation of his state. 

27. The treatment for such a case is, to  lay the patient on his back 
in the shade, have his - limbs well rubbed, and 

Treatment  of aun-stroke. 
a dose of sal volatile (40 drops) in  water 

administered, or, if ammonia be not at hand, a little brandy and water 
may be substituted. 

Should, however, the face get flushed, the pulse full, and the heat 
of the body to the applied hand very great, wi.th stertorous respiration, 
the bhisties should be called and directed to  pour a continuous stream 
of cold water from their ?nussucks upon the patient's head for several 
minutes, the head being, meanwhile, kept well'elevated. Should this 
procedure not prove successful in improving the patient's condition, 
the back of his head should be shaved, and blistering fluid painted over 
the part, so as to raise a blister about the size of a man's hand. 

Two drachlus of compound jalap powder should be administered in 
a wine-glassful of water, followed in the course of half an hour by 
20 grains of quinine, in solution if possible. Attempts should also 
be madc to clear the bowels by mcans of warm water enemata, if 
practicable. During recovery absolute rest must be insisted on, nou- 
rishing food should be given, with only a minimum of stimulants, and 
the patient not allowed to resume work in tlie sun for some weeks. 

28. A short list is appended of tlie medicines which would be 

Bup,,,y for dctnc,,ed found useful in cases of emcrgency of the kind 
pa~ties. referred to nl~ove. 0111~ thc simpler kind of 

rcmcclics have l~cen mcntioncd, as it wol~ld bc nseless to do more than 
suggcst the gcllcrnl line of trentmcrlt wliicll mccts with'the approval 
oE tllc majority of thc profcssion. VSTcrc mom than this done, i t  would 
tend to confuse non-profcssionnl persolls, and an clnborate list of re- 
medies would imply a great addition to the weight to be carried. 
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4 oz. 
2 02. 

I 02. 

2 02. 

2 02. 

8 oz. 
8 02. 

8 oz. 
2 OZ. 

I oz. 

25 

50 

I oz. 
I 02. 

Sulphate of Quinin.e. 
' Cincltona Febrvuge ' or ' Mixed Cinchona Alltaloids.' 
Chlorodyne. 
' Cholera Drops,' as issued by Medical Stores Department. 

01. Anisi, 01. Cajeput, 01. Juniper, each ?j ounce, 
B t h e r  4 ounce; Liquor Acid. Halleri 4 ounce; Tinct. 
Cinnam. 2 ounces; mix. . Useful as a stimulant in 
the cold stage of cholera, and in other cases where a 
stimulant is desirable : lo to 15 drops in water for a dose. 

Sal Volatile (Sp. Ammon. Aromat). 
Granular Citrate of Magnesia. 
Epsom Salts. 
Castor Oil. 
Compound Jalap Powder:  a brisk purgative : dose I or 3 

drachms. 
Dover's Powder. 
One-grain opium pills [in a well-corked phial]. 
Podophyllin pills [Recipe, Podophylli Resinae gr. f ; Extr. 

Hyoscyam. gr. I ; Pil. Colocynth Co. gr. 3. Make a 
pill]. Preserve in a well-corlted phial. 

Two-and-a-half grain Quinine pills. I n  a well-corlted phial. 
Gallic acid (three grains) and opium (half a grain) pills. 

In  a well-corked phial. Useful in mild cases of 
diarrhea : one or two for a dose. 

Ipecacuanha Powder. For treatment of dysentery. 
Blistering Fluid. [In order to produce a blister, paint 

the part three or four times with a feather]. 
Solution o f  Acetate of Lead [Liq. Plumhi Slihacetas]. 

For making Goulard's Lotion, add about n t a h l c ~ ~ o o ~ l f u l  
to  a pint of water. A uscful application to sprains and 
to indolent sores. 

r oz. Tincture of Steel. Useful for stopping h~morrhage .  Dip 
a cotton rag into the solution, press it into the wonnd, 
and apply a bandage. 

I 02. Tincture o f  Iodine. TJseful in reducing swollen glands 
(buboes) in the armpit, groin, &c. Paint the part twice 
daily with the tincture. 
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4 oz. Zinc Ointment, in a wide-mouthed stoppered bottle. Useful 
for sores, burns, scalds, &c. 

3 Rolls of I 3-inch calico bandages. 
I Stick of Caustic (Nitrate of Silver,) mounted in a quill 

and put into a phial. Useful for sores, bites, &c. 
I Small roll of Isinglass adhesive plaster (i. e., Court plaster). 

This is preferable to ordinary sticking-plaster, as the 
latter, owing to the Beat, often becomes useless. To be 
moistened before application. 

29. As several of the powder-medicines deteriorate greatly when 

Care of medicines. 
kept in paper packages, and frequently, owing 
to damp, kc., become useless when thus pre- 

viously weighed out, i t  is recommended that phials should be adopted 
in all cases and the doses weighed as required; a pair of small scales 
and a 2-02. graduated glass meitsure being packed with the medicines. 
A small tin box, divided into compartments, could readily be devised; 
and the whole need not weigh more than 8 or 10 pounds. 

Solicls. 
20  grains = J scruple. 
3 scruples = I drachm. 
8 drachms = 1 ounce. 

12 ounces = I pound. 

Fluids. 
60 minims = I fluid drachm. 
8 drachms = r fluid ounce. 

20 ounces = I pint. 

APPROSIB~ATE FLUID MEASURES. 
1 minim = about I drop. 
I fluid drachm = I teaspoonful. 
2 ,, drachms = 1 dessertspoonful. 
4 ,, drachms = J tablespoonful. 
I ,, ounce = 2 tablespoonfuls. 
2 ,, oilnces = I wine-glassful. 
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CARE AND TREATMENT OF ELEPHANTS. [PABT IX. 

CHAPTER 111. CARE AND TREATMENT OP ELEPHANTS. 

I. I n  many parts of India and Burma elephants are almost in- 
. - 

dispensable for Trigonometrical survey parties, 
Necessity of supemision; 

when employed on Triangulation, and as both 
the purchase and keep of these animals form a somewhat heavy charge, 
i t  is very desirable that executive officers should themselves exercise 
a careful slipervision over their treatment in  order to  ensure their 
efficiency. 

2. I t  would be impossible to enter here into all the diseases to 

TWO principal causes of disable- which elephants are subject, but there are two 
ment. which are the most frequent cause of tempo- 

rary disablement, and which are generally preventible by reasonable 
care. These two are, ( I )  injuries to the feet, and (2) sore backs. 

Injuries oE the feet are very liable to occur in  marching over 
ground from which bushes and small jungle have been cut down, with 
short sharp stumps left standing in the ground. An elephant treading 
on these, or even on small sharp pieces of stone, may cripple itself 
more or less : when such a road has to be traversed it is a good plan 
to  harden the soles of the feet by the application of a paste, of which 
the ingredients are known to mahouts, and generally used by them for 
this purpose. 

3. There are two kinds of disease peculiar to  the feet of elephants, 
Injnries to t h e  feet, their named ' Tawalth ' and ' Sarjan '. They are 

tren tmen t. both contracted through neglect, and from 
allowing the animal to stand for many consecutiire days on the same 
tahan ' without cleansing it. The best treatment is by nitric acid, 

applied with thin strips of copper, which should be dipped into the 
bottle containing the acicl, and rubbed over the wound. The feet 
must be well pared and washed first ; the acid should be applied morn- 
ing and evening. 

4. One of the best native remedies for ' Sarjan' is the following :- 
' Tua' or ' Chotvdara', one fruit, cut up) 

Counlinued. 
powclered, and mixed with one seer of mustard 

oil ; this must be kept on the fire until it burns, and becomcs thick 
and black. The mixture is spread over the wourlded allrface whilst it 
is quite hot. An ordinary paint-brush is the best means of applying it. 
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CHAP. 111.1 CARE AND TREATMENT OF ELEPIIANTB. 

Carbolic lotion is useful for dressing wounds on the feet of the 
elephant, and should be applied on plugs of tow inserted in tlie wounds 
after they have been carefully cleaned out, and all proud flesh cut 
away. 

5. Sore backs are gene~ally caused by the padding being out of 

Sore hnclc3, their cruse and treet- order, in  coiisequcnce of which the loads press 
~nent .  directly on the baclt, and thus occasion inflam- 

mation, and very frequently suppuration to an extent tliat sometimes 
require months to cure. If on the first symptom of a smrelling being 
observed, the place is well fomcnted and rubbed, a sore back may prob- 
ably bc avoided. But mahouts, as a class, are proverbially unobservant 
and heedless in  the performance of their duties ; and the chances are 
that the swelling will not be noticed by them, until it becomes so large 
that it is impossible to avoid seeing it. Tlie miscllief is thcn donc, 
and suppuration, which must be allowed to take its course, has most 
probably set in. Tliesc suppurating abscesses usually take place a little 
behind the tips of the shoulder blades. When tliey are quite ripe tliey 
should be opened with a long lancet-shaped knife, four incisions i n  
the lower surface being madc-two on either side. I t  is bctter to 
open thein thoroughly at first, otherwise the pus is liable to find its 
way into the surrounding cellular tissue, and an enormous diffused 
abscess is the result. After the mattcr has been well pressed out, 
the cavity should be thorougllly syringed with lultewarm water, 
twice a day, morning and evening-the cavity being filled betweell 
the syringings with tom steeped in carbolic acid lotion of the 
following strength, viz., I oz. of carbolic acid to 1 0  oz. of water. 
The wound should be constantly protccted by a broad pad of cloth, 
otherwise its cure will be considerably rctarded by tlie habit elephantu 
have of blowing dust or dirt over tlieir bodies-more particularly when 
tliey havc sores on any part of them. 

6. In  thc care of sorc baclts prevention is easier than cure, and 

b:lrpl~nnt grar discribed. 
as tlic (( gadllcla" or pads are gcnerally the 
cause, too mnch attention cannot be given to - 

ensure thcir being lrcpt in a propcr condition. They arc very liable to 
bccome rotten whcn exposcd to rain, and should tliercfore be always ltept 
~ ~ l l d c r  covcr whcn not in actual use; a single rno~ltll of monsoon weather 
is suficicnt to dcstroy thcm, if recltlcssly exposcd to it. Tlle pads and 
other furniture at present in use for the elephant are as follows:- 
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CARE AND TREATXENT OF ELEPHANTS. [PART 1X. 

1st. The " namda" which consists of hair well felted together, is 
about an inch thick, and two yards square, and has a covering of gunny 
on tlle upper side, and one of coarse cloth on the under. The latter 
comes in immediate contact with the animal's back. 

2nd. The " gadhela " placed on the top of the namda, consists of 
two bags of gllnny filled with bulrushes, a foot thick, and two feet 
broad, tllc length being four to  five feet, according to the size of t l~e  
animal. Tliese bags are joined edge to  edge at  either extremity, the 
open space between them being intended to receive the  spinal ridge of 
the animal's backbone. 

3rd. The 'Timgaclhi" which is of similar construction to the 
gadhela, but smaller in its dimensions. 

4th. The " jh61J' a coarse cloth consisting of gunny which is 
thrown over the whole. 

5th. A rope about one inch in diameter by which the above are 
fixcd on the back-one end of this ropc is converted into a loop, suffi- 
cicntly long nearly to surronnil the body of the animal and the pads. 
I t  is ticd on the top, then passed singly round the ncck, thcn along the 
uppcr sidcs of the pads, then below the tail, and finally tied again 
at the place of the first knot on the top. The parts which pass under 
the belly and tail are shcathed with leather, to prevent abrasion of the 
elephaut's skin. 

7 .  I t  may be assumcd as a principle that sore baclcs and injuries 
to  the feet oE elephants are the result of neg- 

Stoppnge of nttendants' pay. 
ligerlce on the part of the attendants, and it is - 

therefore a good rule to cnforce, that so long as the animals arc ~lndcr 
treatment for such injuries, half of the attendants' pay shonl~l bc 
stoppc(1; unless goocl cause can be shown, in indiviclual cases, why the 
rule sliould not be put in operation. 

8. Elephants are occasionally very uscful in pushing down trccs ; 
when so occnpied pads shonld hc providctl to 

Head pads. 
defend their hcacls. If an clcpllarit bruisc or 

injam itself vhen so employccl, and tliis it is liable to do, it will 
probably refuse to give assistance again in this way. 
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CHAP. IV.] EQUIPMEXT, NATIVE ESTABLISHMENT, &c. 

9. Elephants should not be picketed orit in a burning sun; in- 
Elcphnnts to be picketed in tile flammation of the brain, and other -similar 

mliatle. diseases may be caused by such exposure. If 

shade be not available a white padcled covering should be fastened over 
the head. 

10. On coming off a march, an elephant sliould be allowed to cool 
prcviously to being mashed ; negligence in this 

Precautions ngninst chills. 
particular is apt to occasion serious illness. 

The animal may be allowed to drink water when in a heatcd state with- 
out any untoward effects resulting, but i t  should not be allowed to 
throw matcr over itself. 

I I .  Elepliants sllould be watered twice daily ; at each time they 
take about 15 or 16 gallons of vater. l7llei  

Watering clcphnnts. 
prcfer river water to all others, and willingly 

drinlt that procurcd by digging holes in the sandy beds of rivers, 
after it has stood for a few minutes to allow the sediment to siuk. 
Elephants cannot be kept with impunity for more than 24 hours without 
water. 

I .  The cntcrtainmcnt of low caste men for the greatcr portion of 
the native establishment sucli as (( ltali6rs", 

Consfitation of nntive estnb1isl1- 
I ~ C I I ~ .  (( Icoris)', (( chamlirs " kc., is arlvisable, though i t  

is uscful to 11a1.c a small proportion of Brahmins 
and hlnliainmailans. Yolulg hands should be entertained foil survey 
worli, ant1 cxccutivc officcrs should be careful not to employ old men, 
unless of snpcrior attainments and mcrit. Every kllalisi sllould be pro- 
videtl wit11 a scrvicc book on joining. A11 inefficient men slloulrl be 
discliargcd at tlic closc of tllc ficld season. Othcrs not absolutely required 
in rcccss-q~lartcrs, or at tllc ficld (lep6t, may 1)e allowccl lcavc of absence 
dnring tlle reccss on such portion of tllcir salary, not exceeding half, 
a9 inay 1)c dcemed advisa1)lc by tllc cxecutivc officer, to induce them to  
~ ~ c t l ~ r u  to tlic party at thc commcncen~cnt of the next field scason; a 
cci.tlficatc to this cffcct bcing furnisllcd to' each inan, showing the date 
an(l placc orclered for his rcturn. This leavc docs not constitute a break 
in scrvice. 
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2. Stores and public property should not be kept in a closed tent, 
with a single sentry outside; for such an ar- 

O~rardlng storcs. 
rangement is unsafe, and unfair to the man on 

guard. The most secure method of guarding property is to collect it 
in an open spot, from which the sentry can have a clear view on all 
sides ; the articles should be raised above the influence of damp ground 
and of white ants by means of stones and bricks. Delicate instruments 
liable to  injury from exposure can be guarded securely if .placed in a 
" shuldiiri " or opcn " piil." When the strength of the guard is insuffi- 
cient for furnishing a double night sentry, the khalbis of the estab- 
lishment must take their turn of such duty. 

3. Assistants are not exempted from all office work for the days 
on which they may have marched. The daily 

O5ce  work when marclring. 
office hours will be regulated with due con- 

sideration to the length of the day's march, and to the exigency of 
the work in hand. Every detail concerning the arrangement of camps 
and order of marching is under the control of the officer in charge of 
the party. 

4. The field season generally commences about the 1,5th of October, 

Duration of fleld.season. 
and lasts about six months, but there are few 
districts in India or Burma, where this whole 

period can be utilized. I n  malarious tracts little benefit' is gained by 
commencing field work before the middle of December, and in others, 
such as Rajputnna, out-of-door work becomes almost impossible for Eu- 
ropeans after April. I n  Burma littlc in the way of triangulation or 
reconnaissance can be done after the middle of March, owing to the dcnse 
haze which obscures all distant points. Exccutive officers must apply for 
orders from the Surveyor General, or the Depaty Surveyor Gencral of 
their branch, as to the times of taking and leaving the ficld. They are 
on no account, unless by special sanction, to return to recess-quarters 
until all the instruments and stores have been properly stowed away in 
the fielddepGt, aud all accounts with the ficld establishment properly 
adjusted. 
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