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P R E F A C E ,  

The Hanilboolr of Professional Instructions of the Trigonometrical 
Branch is dividcd into lliilc parts ; the first cigllt of thcsc are devoted 
to thc dctails of the principal operations of a gcodctic slurvcy as cnrricd 
out in Inclia and the niiltli deals with various miscellaneous matters. 
The nine parts are as follon-s :- 

Part I. 
11. 

111. 
IV. 
v. 

VI. 
VII .  

VIII .  
IX. 

The i\lcasuremcnt of Basc-lines. 
Tri,zngulation-Pri11ci11czl and Secondary. 
Astrononlicczl Azimuths. 
Electro-Telegrnl~llic Longitudes. 
Astronomical Latitudes. 
Ticlal Observations. 
Levelling Opcrstioas. 
Penciulums. 
Miscellaneous. 

Of these the first and eighth sul~jccts bcing too extensive for treat- 
ment in a handboolr, are very briefly rcfcrred to ; little more beiug &en 
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 tlie guidance of tlie 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 
commencement of the Trigonometrical Sui-vey. In arranging this 
part of the Handbook, and especially in the clinpter 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 entirely due to the same officer. 

For Part I V  treating of ~ l e c t r o - ~ e l e ~ r a ~ h i c  Longitudes, I am my. 
self solely responsible. 
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Part V has been contributed by Captain Burrard, R.E., and Parts 
VI and VII  have been compiled by Mr. Eccles, tlie former from " A 
Manual for Tidal Observations " by Major Baircl, R.E. ,  ancl Professor 
G. H. Darwin's Report to the British Association of 1883; and the 
latter from Colonel Walker's "Memoranda on Levelling Operations ". 

These last three Parts necessarily describe the operations as carried 
on with the particular equipments now in use, and therefore are not 
of universal application; but it is hoped that the general principles 
involved have been so far explained, that any reasonably intelligent 
officer could, with instruments of a cliff erent design, adapt his procedure 
accordingly. 

Part IX  is in a great meamre a repetition of Chapter I11 of the 
Handbook of the Topographical Branch ; but as that work may not 
necessarily be in the possession of officers of the Trigonometrical 
Branch, i t  has been considered advisable to reprint some portion of it 
mutatis mutandis for insertion in this Handbook. 

There are, and probably always will be, many differences of opinion 
about the relative advantages of various modes of conducting such ope- 
rations as are here described, but the rules laid down have been found 
by experience to be the best adapted to the requirements of Indian 
Geodesy, and should therefore not be lightly departed from by officers 
of the Survey Department. 

July, 1891, J Deputy Surveyor General, 

In charye T~~igono~netrical Branch, - 
Survey of India. 
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While this Handbook was in the press, a new Greenwich Ten-year 
Catalogue was published, giving the places of 4059 stars in Right As- 
cension and Declination on 1st January I 880. For this Catalogue the 
quantities e, f, g, h, 1, and e', f', g', h', and l', have not been computed, 
and moreover Airy's Day Numbers are not given in the Nautical Al- 
manac for 1891 and 1892; and presumably mill not be given for subse- 
quent dates. The method of computing star places as explained on pages 
74, 106, and 178, and exemplified in page 2 of Form P. 32 for the Azi- 
muth Computations, and in Form No. 4 of the Electro-Telegraphic com- 
putations, is therefore no longer applicable. The reduction must be 
made in future by means of the " Quantities for Correcting the Places 
of Stars" given for every day of the year in the Nautical Almanac 
under the heading " Apparent Places of Stars ", the use of which is 
rendered sufficiently clear by an example worked out in the "Explana- 
tion" at the end 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 .  'I'licre are few scientific operations on which care and ingenuity 
have becn more lavisllly cxpcndcd than on the measurement of Basc- 
lines, tllougll i t  may at first sight appcar to be but a sin1l)le mattcr 
to mcnsure the distance bctwccn two fixcd points. Tlle nccessity for 
estremc accllracy nriscs from tlic fact that in  extencling a chain of tri- 
aug1t:s Frorn a mcasurccl base, any small error in  the latter is increasctl 
i11 tlle former in  the exact proportion by which the length of the  chair^ 
differs from that of tlle base-line. Many metliocls have bcen tried at 
various timcs, but one of tllc most trustworthy and tlle only one likely to 
bc adol)tcd in the immcdinte futurc in the Trigonomctrical Branch, is tlie 
mcas~urc~nent 1)y tlie Colby conipcnsation bars and microscopes. A bricf 
liistory of tllc measurcnlcnt of tllc old Indian Base-lincs will be found ill 
Cllnptcr V of TTolun1e I of tllc ((llcconnt of the Operations of the Grcat 
Trigonometrical Survcy of Iudia", to ~vhicll tlle rcaclcr is referrcd. 

z. A detailed clescription of the Colby apparatus would be too long 
for inscrtion in tliis I-Iandbook, nor is i t  necessary, as it may bc found 
in  nlany standard works, viz., in  Captain Yollancl's "Account of 
tlle Mcnsnremclit of t l ~ c  Lough Foyle Base, 1847", in Coloiiel Evercst's 
"~lcasuremcnt of the AIeridional Arc of India, 1847", in Captain 
Clarke's "Account of tlie Princiyal T1.iangulation of the Ordnance 
Surrcy, 1858", in  Sir Tl~omas i\laclear's "Verification and Estcnsioll 
of LnCaillc's Arc of i\lcri(lian, 1866", and i11 tllc 3rd Volnmc of the 
" Course of i\Iatliematics " formcrly in use at tlle Royal Military 
Acadcniy, JVoolwich. Cllapter V I  of Volume I of the " Account of 
tllc 01)crations of the Great Trigonometrical S u r ~ e y  of IndiaJ '  also 
contailis a bricf description of the apparatus and the l)recautions to be 
observetl in using it, inclucliiig tlic all-important proccss of comparing 
the bars nncl niicroscopcs wit11 tllc 10-foot and 6-inch standards. 

' 3 .  The measllrcment of a base is so important and so special an 
opcrntion that it would alw-ays be e~itrnsted to one or more of the most 
ex1)eriencecl officers of the Department, who woulci necessarily have at 
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hand for reference some of the extensive literature on the subject; 
i t  falls therefore somewhat beyond the scope of this Handbook which 
is intended for the guidance of young and inexperienced officers when 
called upon for the first time to superintend the ordinary operations 
of geodcsy. 

PART II. 

Triangulation, Principal and Secondary. 

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

Definition gulation. Of Trian- with meridians or parallels of latitude, and 
tied together by other chains at their extre- 

mities. The values of side length are derived from base-lines measured 
in different parts of India, and the geodetic elements of latituclc, 
longitude and azimuth are brought up through the triangulation from 
a station of origin, mhich has been chosen at KaliAnpur.jC The 
latitude and azimuth mere obtained there by astronomical observations, 
and the longitude was deduced through the triangulation from the 
Madras Observatory. The heights are referred to nheajz sea level as 
origin ; for a definition of which term, vide Parts VI and VII  of this 
Handbook. 

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

Definition gulntion. Of Secondary Trisn. points, are established by triangulatioll of less 
precise character which is called " Secondary." 

The points so fixed are intended for the use of detail surveyors. 

3. The direction in which a series of triangles should proceed 

Direation of chine.  
depends on the object for mhich it is under- 
taken ; but it is customary in India to avoid an 

oblique direction, and to confoirn strictly to a merkional or longitudinal 
line. 

Vide Chapter XI, Volume I1 of the " Accoaut of the Operatione &c." 
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4. I n  geodetic operations, the determination of thc elcments of the 
earth's figure being the object in view, both 

Employment of chains of tri- 
angles in determining the directions are of Cqual value ; for it is ordy by 
figure of the earth. 

a comparison of the positions of thc stations as 
obtained from the triangulation with those resulting from suitable 
astronomical observations that these elements can be arrived at. The 
rnericlional chains suffice in conjunction with astronomical detcrmi- 
nations of latitude to determine the figure of tlle meridian, ant1 the 
longitudinal chains combinecl with observations of differcnccs of longi- 
tude (effected in the present day with extremc accuracy by mcaris of 
the Electric Telegraph, vide Part I V  of this I-Iandbook) 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 

Determination of the direction. 
have been determined either by direct measure- 
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 linown approsimatcly from the 
previous triangulation, there is no difficulty in determining this direction. 
I n  starting, however, from a measurcd 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 mcthods 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 fount1 of 
Use of the Plane-table in fixing great assistance in laying out the stations. The 

stations. initial base should be plotted on the board on 
any convenient scale (4 miles = 1 inch will probably be found suitable) ; 
and from either end of it, when the table has been properly set up and 
orientated either by compass, or by preference by the back ray to a previ- 
ously fixed station, rays should be drawn to conspicuous points likely to  
prove suitable sites for stations in advance ; from these again when visited 
the same process should be carried on, advantage being taken at the 
same time of a11 opportunities of fixing prominent hill peaks, trees, 
buildings kc., likely to be utilized in the secondary work. This recon- 
naissance or Plane-table triangulation is of great use in identifying 
points observed, as well as in selecting stations, and should oil no 
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account be neglected. I t  may even in skilful 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 Survey of IndiaJJ to which the reader is referred. 

7. A series of principal triangles may be either single or double as 
of oompoeing 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. 

I " 
NO. 2. NO. 8. 
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8. The single series possesses advantages of economy of time, 

Re,ative advantages of different labor, and money, as well in the field operations 
figures. as in the office computations ; and i t  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 

Continued. 
figures, are fully entered into at pages 38, 39 
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 triangula- 
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 attraction. 
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 measured 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 important to avoid interme- 

Grazing rays. 
diate obstacles situated on, or close to, the 
ray, because if the ray grazes the side of a 

mountain it will certainly be deflected by the vapours which arise from tlie 
sloping 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. 
If  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 

Size of triangles. 
features of the country admit of without graz- 
ing rays, by which arrangement tlie number - 

of stations, and probability of accumulation of error will be least. 
Considerations of economy likewise impose the sarne 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 
surface 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 thc 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 atmosphere, by means of heliotropes and Argand lamps. 
When hills are table-topped, as is generally the case where the strati- 
fication of the rocks is horizontal, it may be necessary to shorten the sides 
to less than twenty miles. An open country with detached pealts may 
frequently afford distances of thirty to forty miles with tlie fairest 
prospect of good observations : in a level country, such as Bengal, ten 
miles is the most favorable lcngth 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 
condition for ensuring accuracy when all the 

angles are measured; but as it is impracticable to obtain in the field 
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triangles exactly equilateral, the rule in practice is, to aclmit 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 quadrilateral, because the four triangles of which it is composed 
obviously cannot be all equilateral. The best condition for that figure 
is when i t  approximates to the square, in which form no angle mill  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, it becomes necessary to adopt 
a lower point. Every effort should, of course, 

be made to reach the summit when practicable. I n  the case of a lower 
point being used, care must be taken that the view is clear in the direc- 
tion of the stations in advance and that it is suitably situated for the use 
of topographical survcyors. This precaution has occasionally been 
neglected greatly to tlic inconvenience of detail surveyors wishing 
subsequently to utilize the stations for secondary work. 

15. There has been at different times consiclerable variety in tlie 
structllres built to mark the sites of the prin- 

Constrnction o f  stations. 
cipal stations : experience has shown that one 

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

First. Hill stations :- 

Where tlie soil is composed of rock, a dot surrounded by a concentric 
circle is cut on the solid rock in sitz2, otherwise a large stone similarly 
marked is buricd in the ground. Over the mark a small paka platform 
or pillar is built to a convenient height, and of sufficient diameter to 
accommodate the theodolite stand : on the summit of this pillar another 
mark-stone is inserted, and fixed truly vertically over the lower one. 
Besides the upper mark-stone it is usual to imbed in the pillar three 
picked, flat, heavy stones, for the tripod of the instrument to stand 
upon. These are called "foot stones," and they should be duly le- 
velled, which 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 wliicli the observer and his assistants stand. Thc 
c2imensions of this platform sllould be at  lcast as large as the observatory 
tent, and it will gcncrally be found colivcnient to  make it somewliat 
larger- r 2 feet x r ,s feet will prove a suitable size. Tlle annular space 
round tlie central pillar is for tlie purpose of isolating the instrument, and 
l ~ e ~ e n t i n g  any sliake cansecl by tllc observer's movements ; i t  slioultl bc 
filled iii wit11 loosc sand, othern-isc screws or otlier parts of the apparatns 
may be lost by falliiig into it. The distance bctn-eel1 tlie two marli- 
stoncs slioulcl be rccordccl, but all mcasurcments and obscrrations sliollltl 
be referred to tllc upper marli-stonc, and are so rccorcled iu t l ~ c  
angle books. I11 allurial country where stone is scnrcc, it will bc 
better to mark tlic circle nlicl clot on bricks, as flat clresscd stolic is 
likcly to be stolcll l)y tlie iuhabitauts of such districts for donicatic 
l)~trl)oses. 

Secolzdly . Tower stations :- 

These are generally resorted to in flat conntrics to cnablc tlic 
obserrer to surmount trees and other obstacles to tlle view, and to 
ovcrcome the curvature of tlie cartli. Tlle most approvccl form is a 
liollo~v rectangnlar tower of pakn masonry. This is first built up to 
nithill 3 fcet of its ultimate heigllt, ancl upon two of tlie opposite n-allh 
(sap north and sontl~) are laid two stout beams, and crossn.isc on tlicsc 
near tllcir centre four snlaller oues. This platform of four small beams 
or battens scrl-es as a foundation on ~vliicli a pcrforatcd circular pillar of 
masonly to support the tlleodolitc stand is built ilp to tllc rcquircd lieiglit. 
The n-alls of tlic t o w r  are tllcn carried 111) to witllin allout 6 iiiclies of the 
lcvel of the top of tlic pillar ~vllcn two similar bcanls to support the flooring 
for tlic tent aiid foil tllc observcr to nloife about on are placcil on the cast 
nncl west 11-alls, ant1 a firm railing atlded for tllc sake of tlic obser~er's 
safety. The dilncnsions of the various parts of tllesc towers will \.ary 
accorcling to circumstaaccs, and it is impossiblc to lay clown any Iiard aiid 
fast rule. 'I'llc following forniula will probably be found suitnblc in 
lllost cases :- 

4 
Tllickness of wall at  bottom in feet = 0- 2 x IiF, h being tllc 

height in  fcet. 

Inside the walls should be vertical, and outside they slrould tapcr to givc 
a tl~ickness of about I + feet where the beams for the observer's ylatforlu 
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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 miglit 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 cliameter 
for the new I 2-inch instruments, and somewhat larger (about 3 feet) 
for the older pattern of 1.4-inch theodolites. The perforation is to 
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 soiid 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 shorn the tower built up to the level of the cross 
beams supporting the isolated pillar; and also the details of the pillar 
itself. Fig. 2 represents the completed tower. The aperture at the 
bottom is to facilitate the centering of the theodolite over the mark- 
stone by a plumb-line. Fig. 3 shows a method of raising the theodolite 
boxes, and other stores, to the summit of the tower; care must be taken 
that the feet of the shears are bedded in holes sufficiently deep to pre- 
vent them slipping. If the tower is a low one the shears will be unneces- 
sary, and the arrangement in Fig. 4 will probably be found more handy. 
I t  represents the observing platform extended sufficiently beyond the walls 
of thc tower to enable the boxes to be drawn up without scraping against 
the brickwork. Access to the summit of the tower is gained by ladders; 

Thirdlp. Trestle stations :- 
These have been found a cheap and convenient substitute for tower 

stations, where timber and workmen are easily obtained, and the height 
rcquircd is not excessive. Plate I1 shows the construction of a trestle 
station, as designed and built by Major Branfill, on the South-East Coast 
Series in I 874-75. I t  consists essentially of a braced tripod stand I 7 feet 
high resting partly on the masonry platform, and partly on the summit 
of thc isolated pillar. This stand is surrounded by a braced scaffolding, 
to.whicb at the proper height is attached a platform for the observatory 
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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 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 rock, or on a heavy embecldcd stone. Let 
the external part of the platform be built up to the intended height of 

P L A Y  

the next mark, and place upon i t  four heavy stones, arranged in a 
quadrilateral figure, in such wise that threads B C and D E stretched 
diagonally across may intersect near the centre. Adinst these threads 
to correspond with a plumb-line suspended over the mark A, and when 
the coincidence is complete, mark the four exterior stones, by pencil lines, 
or lines scratched with a knife. Arrangements must now be made 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 as 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 
built in such a manner that future surveyors may use it instead of a 
stand to rest their theo- 4--- t.e-+ 

dolites on, and centre the 
instruments with almost 
as great accuracy as if 
they were to set themup 
visibly over the mark. 

A& ---- J: ----: 
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 
such directions that if i 

I 
I 

they were carried over I 
I 

the stone, they would 
intersect each other at 

r 

right angles on the mark. 
I 

Then a rectangular ma- 
sonry pillar, of which 
each side should equal 
seven-tenths of the dia- 
meter of the circular 

A - - - -  
pillar, must be raised on 1 I 

the latter pillar to a 
height of three feet six 
inches, tapering upwards, 

F I G  2. 
so as to make the summit 
twenty inches square. 
The sides of the rectan- 

P L A N  I I 
I 
I 
I 
I 
,I, 

gular pillar will be paral- S C A L E  O F  F E L T - f o n  F1o.  1 u 2 

lel or perpendicular to 



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 cn 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 pail' 
~f 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  mill be sufficient to pile some loose stones or rubbish over the mark- 
stone and then tc  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 

Construction of protectlug plllar. 
be of the best burnt brick and mortar pro- 

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

FIG, 3, 

and stones or kacha bricks cemented and plastered with mud, should 
be built over the pillar for i te protection, and to prevent water from 
getting into the annulus between it and the platform. If the station 



TRIANQULATION, PRINCIPAL AND BECONDARY. '3 

CHAP. I.] PBINCIPAL TBIANQULATION. 

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 
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 i t  is situat- 
ed. For this purpose, a document I I 
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 placed in the charge of* 
and will remain under his charge and that of his successors until further 
orders. 

(2)t He is authorised to prevent all persons from injuring the 
etation, but he will permit any person who may have occasion to visit it 
for Survey purposes, to remove the covering pile of stones or earthwork, 
and refer to the station mark, which is indicated by the intersection of 
the cross lines on the surface of the masonry pillar. When such a 
person 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 person wilfully injuring the station, or neglecting to comply 
with the terms of this document, will be liable to be prosecuted by the 

Here give name and official rank of Individual in qnestlon. 
t In fhe case of tower atations para. (2) ehould be ecored out, 
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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 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 

Mwureme~~t  of horizontal anglee. B, C, D, 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 A : B is then 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, and the bisection 
of B completed, by using the slow motion screw. All 
the micrometers, or verniers, are now read, and the assistant records the 
readings in a fair legible hand in the Angle Book. The observer should 
then look again into the telescope to see that B remains bisected. If 
found correct the telescope is to b e  carefully unclamped and moved 
towards 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 



TRIANGULATION, PRINCIPAL AND BECONDARY. I 5  

CHAP. I.] PBINCIPAL TBI~(~ULATION.  

telescope is brought back by a continuous motion from right to left, to  
each station in succession, and the readings recorded. This will give 
a second set at zero oO. A third set, or, as it 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. I t  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 mere previously to 
the left hand, it will now be to the light hand; B will then read 180°, 
and this is called zero 180' F R, the former position being zero o0 FL, 
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 to 
right. 

24. Having thus obtained six sets of observations for one position 
of the instrument a " change of zero" must be 

Zero changes. made, i.e., the horizontal limb must be turned 
round through some definite arc, thus altering the readings of all the 
stations by that amount. In  this position also six sets are to be secured 
when a further "change of zero" and another six sets are to be taken, 
as far as is desirable. The angle through which the limb is shifted at 
each change of zero and also the number of changes vary with the 
different classes of instrument. The following table gives the details 
for the three ltinds of Theodolite commonly employed. Full informa- 
tion on this subject is given in Volume 11, Chapter IV, to which the 
reader is referred. 
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Five Microscope Theodolite :- 

Three Microscope Theodolite :- 

0'0' 70'1' 140'2' 210~3 '  280'4' 350'5' 
180' of' 250° I" 320' d' 30° 3' ' '1000 4' and -- 170' 5" 

New I 2-inch Theodolites with two microscopes :- 

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

Precautions. 
the angles in a Geodetic Survcy, i t  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 
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 

Continlccd. 
the instrument are essential elements of accuracy, 
as already remarked in para. I 5 .  The instrumcnt 

should also be carefully centred over the 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. Let the level on 

LevelUng. 
the body of the instrument be placed ~aral lel  
to a line joining two foot-screws, and, by means 

of these, bring the bubblc to float in the centre of its tube. Then 
turn the instrument round 180' in azimuth, and if the bubble con- 
tinues to float in the centre, that diameter of the 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 i t  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 thereading 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 - - 

Adjustment of level. 
it in due relation to the axis of the instrhnenc 
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 levcl; 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 
at each end, of which the central of each set 
is a drawing screw, and the two external ones 

are pwhing acrewe. I n  this case, if one end of the level requires 
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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 

Continued. 
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 

Centering. 
instrument over the station mark, which should 
therefore be duly looked to. lr~struments are 

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

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

Continued. 
coincide precisely with the centre of the axis ; 
therefore, if the plummet revolves with the 

instrument when the latter is turned round in azimuth, the centre will 
not agree after a semi-revolution, and must be corrected for half the 
difference. If the point of suspension of the plummet is not attaclled 
to the axis of the instrument so as to revolve with it there is no method 
of correcting the eccentricity. 

34. When a look-down telescope is employed for centering, the 

Continued. 

- - .  

instrument must first be duly levelled, the eye- 
~ i e c e  of the look-down must be adjusted to 

distinct vision of the a.;-es, and the object-glass adjusted to distinct 
vision of the station mark, so as to bc free of parallax. Now, by 
means of the centering screws, move the instrument till the station 
mark is duly bisected by the cross wires, Then turn the instrument 
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round 180' 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, 

Adjuntment of transit aris. 
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 Vs. The 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 Y 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 level is furnished with two feet, which are cut into 

Continued. 
the shape of notches, or inverted Vs, and there 
is either a single screw or two antagonizing 

screws at one end of the tube, whereby to adjust the bubble to paral- 
lelism with the line of bearing of the feet. 
There is also generally attached to one end of 
the riding level a little cross level, by means of 
which the inverted feet Ys are made to rest 
always with the same points on the pivots, and 
any slight discrepancy in the verticality of the 
feet Vs is thereby prevented from having any 
effect. I f  the figure in the margin represent 
an inverted foot Y, and a b be the line bisecting 
the angle of the Y, then it is clear that if a b 
be 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 to render the two 
feet of the level truly parallel with respect to the imaginary lines 
bisecting the inverted Ys. 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 

Continued. 
clips which retain the pivots in their Ys. In- 
troduce the riding level gently between the 

radii of the vertical circle, and place i t  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, end for end, replace i t  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 Vs, whereby that V may be raised or lowered. If - be greater 
2 

0' - 0 or less than - the difference is occasioned by unequal expansion 
2 

of the level, and the mean must be adopted as the true error. The 
other half difference of the readings is the error in the level itself, 
which, if it amount to any considerable quantity, may be practically 
corrected by the appropriate screws attached to the level. 
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38. It is inadvisable to alter the inclination of the transit axis for 
an error amounting only to four or five seconds, 
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 instrument 
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- 
- ~ 

Values of level scales. 
ployed should be determined either at the 
Mathematical Instrument Office, Calcutta, or at 

the Trigonometrical Branch Office, Dehra Ddn, by an instrument called a 
bubble tester, before the party talres the field ; but if for any reason this is 
impracticable, i t  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 division 
of the level scale will be obtained by simple proportion, as shown in the 
following example :- 

5.6615 - 
Mean value of one division of the level scale, ... .., .,. 0'9436 

Angular 
Difference. 

I1 

... 
33'30 

6-25 

9-90 

10.55 

7'85 

a 

$ 
E 
P. 

CI 

?- 
2. 

i 
Z* 

Computed 
value of one 
division of 
the Level 

scale- 

I1 

... 
0'9610 

0'9116 

0.9755 

0'9769 

0'8870 

0'9495 

L E V E L .  VERTICAL MICROSCOPEB. 

D. 

0 I 11 

7 25 47'0 

7 26 ao.5 

7 26 ia.1 

7 a5 62'1 

7 a$ 52-1 

7 a5 44'2 

7 a6 11'1 

Readings. 

L. 1 0. 

d 
85'6 

50'9 

59'9 
70'1 

81.0 

89'9 
61.2 

Differences. 

L. I 0. I Mun.  
E. 

N 

41.0 

14'1 

6'0 

6 

45.0 

37'9 

4'9 

d 
48'4 

83'0 

73'9 

63'8 

53'1 

44'3 

13'0 

d ... 
34'7 

9'0 
10.2 

10.9 

8'9 
28.7 

Mean. 

0 1  11 

7 25 44-00 

7 26 11'30 

7 26 9-05 

7 25 59.15 

7 05 48'60 

7 25 40'15 
7 26 8-00 

d . . . 
34'6 

9.1 
10.1 

10.7 

8'8 

a8-7 

a . . . 
34'65 

9.05 
IO'IJ 

10.80 

8'85 

28'70 
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40. If in the figure in the margin, which represents an orthogra. - 

phical pro- 
Erects of dislevelment. 

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 f  
at right angles to t t', and when 
the telescope is elevated go0 i t  will 
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 will 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 St, which 
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- 
sponding arc H Sf is the error in azimuth occasioned by the dislevelment 
of the transit axis, and in the spherical triangle S Z Z' right angled 
at Z', we have cos S Z 8' = tan Z Z' cot Z S, or as the arcs Z Z' 
and H S' 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 

Contitturd. 
inclination of the transit axis produces no error 
in the azimuth readings ; and also the error 

in azimuth must be very small when an object is little elevated, as is 
the case with terrestrial objects. I t  is also evident that the error lies 
in the direction in which the pivot is higher, so that if the left hand 
pivot be higher, the error will be minus, and corresponding correction 
plus ; but, on reversing the face of the instrument, the pivots change 
positions with respect to the observer, and the errors will have an oppo- 
site sign ; consequently, if the mean be takcn betwecn an observation 
face left, and another face right, the influence of an inclination in the 
axis will be entirely eliminated, and this will also happen with regard 
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 undertaken 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 other objects. The wires will be 
truly in the focus of the eye-piece when they appear sharply defined, 
and all the little specks of dust on them are seen clear and distinct. 

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

instance, nhich bisect with the vertical wire. 
Elimination of parallax. 

Move the eye gently to one side, and if the 
object still appears bisected there is no parallax, and the wires 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 focus of the telescope lies beyond the wires, and the object-glass 
and wires must be approximated to each other: this is called far 
parallax. If, on the other hand, the image appears to move in a con- 
trary direction to the eye, the imperfection is called near parallax, and 
may be rectified by augmenting the distance between the object-glass 
and the wires : this adjustment is effected in some instruments 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 
line join- 

Collimation. 
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 mill 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 
i t  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 fact 
describe a cone, the base of which will be a small circle paral- 
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 

Continued. 
to be 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 

Continua.  
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 it 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, i t  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 

Meaeurement of amount of foregoing paragraph, the amount and direction of 
limation. 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 i t  with reversed pivots, again bisect the object, 
and read off the microscopes. One half the difference of the readings 
will be the error of collimation, arid 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 

Correctiou 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 
depression of the object observed. On the other hand, the amount of 
the collimation error at the horizon being lmown, the azimuthal error at  
any altitude may be obtained by multiplying by the secant of the altitude. 

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

Eliminatioi~ of collimation. 
effect on azimuthal readings, when the altitude 
of the observed object is nothing. I t  is moreover 

evident that the 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. It 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 spplylng 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 heavy 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 

Ct.asa's method of collimating. 
objections, being equally independent of errors 
of graduation, and of the practical difficulty 

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

' Ae a precaution ngainst unequal expansion, it  is proper to clothe the telescope and axes with woollen 
cloth, and to protect the inetrurncnt irom cold aurrents of air, &c., and from the preJudiciel effects of solar 
rays. 
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the ordinary way, be placed approximately in the we 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 he 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 it upon 
one of the small theodolites, intersect the image of its wires and then 
turn over I 80" 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 microscopes, as the case requires. 
I t  is obvious that this method, with a little modification, may be made 
applicable to collimation in altitude+. 

A few tenths of an inch are not important because i t  is the parallelism of the rays, and not the exact 
centerillg of the object-glasses. upon which the method depends. 

t For example : Dy mcnns of the vertical tangent screw intersect the wires of one of the auxiliary 
theodolites, turn round r80° in azirnoth, and the telescope will point to the other auxiliary theodolite. One 
half the nppnrent deviation in altitudc will be the error of collimation to be adjusted by the screws acting on 
the wires. After which the rnicrometsrs should be adjusted to zero. This  method is seldom employed. a8 
with an nltitnde and nzimnth circle, the index error can eusily be corrected by means of observations taken on 
lot11 faces us wiU be cxpls~ned below. 
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55. The distance between the telescopes is necessarily limited by 
the fineness of the mires and the magnifying 

Continurd, 
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 
consists in rendering the wires in the telescope 

AdJustment of dleplimgm. 
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, it 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 
i t  on rt 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-plato in thc 
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 mire can generally be adjusted separately. 

57. The wires should be stretched tightly, for if they be slack 

Method of miring diaphragms. 
their intcrsection 
will not remain LT-T=I 

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 e;ery surveyor should be able & 
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, FIG. 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 mill I 
hang therefrom, as shewn in fig. 1. 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, 0 FIG. a. 
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 i t  in 
the notch of another card, which wind up 
as before. The cards should afterwards be placed between leaves of 

- 

clean paper, to preserve them from dust. Having obtained the fibres, they 
may be fixed as follonrs :-Take out the wire-plate, remove the old wires, 
and clean the 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 the old varnish off, until the cuts appear quite clean. Now 
take a card, examine the fibre with a magnifying glass, and select a 
clean uniform piece. Take two little balls of was, which attach to thc 
extremities of the selected fibre, 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 take a 
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 a little 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 it in its place. ~ h k  cross FIG. 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. I n  
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 
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- 

FIG. 6. 

- 
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 mloroscopes. scopes, upon the proper adjustment of which 
the value of the azimuthal observations greatly 

depends. 



TRIANGULATION, PRINCIPAL AND SECOXDARY. 3' 

CHAP. I.] PRINCIPAY, TBIANQULATION. 

59. When a circle is graduated into spaces of 5' each, the rough read- 
- .  

Deacription of microscopes. 
ing of the degrees and fractional parts of the 
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. Its 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 sf, 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 
IO", 2oH, 3oN, &c., up to 6off, 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 
defect, it is clear that the image of the latter must be magnified so as to 
occupy precisely the length of five revolutions of the screw. Suppose that 
an object (the divided limb of the circle for instance) is placed exactly at 
the solar focus of the object lens, the rays passing through the lens become 
parallel, and the image will be formed at an infinite distance ; but if it be 
placed beyond solar focus, an image is formed within the tube, and the two 
points where the divided limb and its image are situated, are called con- 
jugate foci, the latter of which recedes upward as the other approaches 
the object lens. If we call the distance of the limb from the lens f, 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 
f 

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, it 

Conditions of adjustment. 
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 

Distinct vision of wires. 
on the limb, and illuminate it by means of the 
reflector, the wires will thus be projected on a 

blank field, in which state thc 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- 

Ellmination of pnrallax. 
scope must be moved bodily up or down,* till 
the limb is seen distinctly. The means of 

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

It can easily be found out whether the microscope requires to be loacrcd or raised to prod~~cc dlstinct 
vi~ion, becsnse, if, on thrusting in the eye-piece, distinct vision is produced, there is far parallax, and micro- 
scope must be lowered, and vice vers8. Alter this experiment thc eye-piece must be carefully restored to tllo 
ponitio~~ adapted to distinct vision of thc wires. 



TRIANGULATION, PRINCIPAL ANn BECONDARY. 33 
-- 

CHAP. I.] P~INCIPAL TRIANGULATION. 

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 will be 

Adjustment continued. 
necessary next to place a division of the limb, 
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 
taken to note the way in which the graduation on the micrometer head 
runs from o to IO", zo", 30", i t  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 
object-glass must be screwed upwards to diminish the image. Now, in 
the former 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 over done to counteract the subsequent adjustment for paral- 
lax, and the whole process must be repeated two or three times, until the 
two conditions, viz., correctness of run and freedom from parallax, are 
very closely satisfied. 

65. It must, however, be remembered that the divisions of the 

Furtlier precautions. 
limb are themselves affected by error of gra- 
duation, to eliminate the effect of which i t  is 

desirable to take a mean of several 5' spaces. Moreover, the plane of 

* Notc tllat tllc final intersection of n division on the limb with tho micrometer shonlrl always be made 
by scrcwinc op uglrinut the spring, wliell~er the ruutiorr of tllc ruicruscopc: ns 8 whole is with or ogllinst the order 
of grnduutio~~. 
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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. I t  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,* 
Final comection of one rnicrome- the adjustments will be found already near the 

tcr. 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 reduce 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- 
Rnle for obtaining the mean value ment to 0' by the index, and a whole degree 

of nll t l ~ e  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 degree 
stroke in the centre, because the sum of the 5' spaces will be given at 
once by the readihg of the extremes; consequently, it will suffice to 
measure the 10' spaces under micrometers A, B, C, respectively, 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 mcasuie 

' Unless tllc microscopes have bccn disrnnntlrd, or taken off for the purpose of being clenncd, or of 
dowiw the aria to be cleaned, or for wry otlrcr similar reason. 
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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 diamcters 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 10') 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 
boolr, according to the form subjoined. 

Obseruat,ions to determine the runs of the Micrometers belonging to Harris' 15-inch 
Theodolite in use with the Knrdra Meridional Series, 19th Apri l ,  1845. 

- -- - 

Mean of each, 9 55'05 ... 961'03 ... ... 9 60'18 
Mean of three Microscopes, ... ... ... ... 9 58-19 
Error on 10' run, ... ... ... ... ... ... o 1-21 

Q 

9 

* This correction, if the amount be only a few seconds, wlll no t  require the  object-glass t o  be disturbed. 
because i t  will generally suffice to raise or lower the  whole microscope, unti l  the required value of the runs is 
correctly obtained. 'I'he rutionale of this proceeding is that the microscope is more sensitive, as regards the  
vnllle of the nln,  than i t  is wirh respect to parallax, or distinct vision. On account of the  spherical nber- 
ration of the lenses, t h e  exact position of the point of distinct vls11)n is  undefined to a small extent, and 
within this snlall limit the run may be sensibly varied without producing any appreciable parallax. Thie pecu- - 

-- -- - - - 

H O R I Z O N T A L  M I C R O S C O P E S .  

d' liarity will perhaps be rendered clearer hy - applying numerical values to the expression 7 which represents 
P tho magnlfled state of the image. Let = $, and let t h e  microscope be rniscd 0.01 ofJan inch, which will 

make f = 1.01. This will reduce the &age in the f o c ~ ~ s  in the proportion of 4 to 3'96, in which ratio the r u n  
will niso be reduced, cnnseqne~ltly as 4 to 300'' so is  3'96 to a97"'o. Therefore the descent or ascent of such a 
mirroscnpe will p rod~~ce  a vclrintinn of 3" for o'or of arr inch perpendicular rise, wlrile the latter quantity 
Would hardly bc perccptiblo in the sltlrpe of yunrllux. 

A. 

d 

0 

o 

BB 

180 

,. 

B. C. 
E E M A B K ~ .  

I' 

30'6 

30'9 

34'0 

34'3 

I 11 

9 51.0 

9 52'3 

9 51'7 

9 58.1 

I1 

31'6 

31'7 

30'1 

30'0 

C 

24'6 

25'0 

17'9 

28.1 

11 

31'1 

30'8 

36'1 

35'9 

I C 

9 60'5 

9 59'9 

9 61'1 

9 61.6 

The circle is divided 
into 5' spaces, and 
the runs were taken 
from 5' below to 5' 
abovezero,theread- 
Ing of the centre 
division beinlZamit- 
ted A 3  of no effect 
upon the meana. 

I1 

42-5 

42'3 

a5.a 

15'4 

11 

45.8 

46'0 

225 

1.1 

/ I /  

9 63-3 

9 63'7 

g 51.3 

9 56.8 
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Adjusted A Microscope to  read about 3/"6 more, after which the runs were as foltows :- 

Mean of each, 9 $8'73 . a n  ... g 61-00 ... ... g 60'18 

Mean bf three Microscopem, ... .., ... ... 0 9 59'91 

Error on 10' run, ... ... ... ... ... ... 0'03 

Error on 5' run, .., ... .., ... ... ... o'or 5 

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

Runs of vertical microscopes. 
should be talren at every station, and duly 
inserted in the angle book according to the 

4 following form :- 

Meen of each, ... ... 19 54'6 ... ... 19 $6'2 

Mean of two Microscopes, ... ... ... ... 19 55'4 

Reeding 
of the 
Index. 

0 

F. R. o 

I, 
F. L. o 

B B  

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

Adjustad A Microscope to read about gl1 more after whlch the runs were as follows:- 

o 

F. B. o 

ID 

F. L. o 

9 s  

A. 

Lowest I Highest ( Differ- 
Reading, Reading. e n  

B. R E M A B K B .  

Lowest Highest Differ. 
Reading. 1 Reading. 1 ence. I 

Mean of each, . . . . . . .  19 63'5 ... ... 19 56'4 
Mean of two Microscopes, ... .., ... ... 19 60.0 
Error on zol run, ... ... ... ... 0'0 

// 

15.2 
I 5'6 
12.8 
12'5 

I /I 

19 55's 
I9  55'9 
I 9  54'0 

I9  53'0 

11 

32.0 

31.1 

34'0 
34'1 

11 

21'5 
28'0 

aq.2 

24'1 

I/ 

23'0 

93'9 
18'1 

11'7 

I1 

22.1 
a3'o 

35'5 
35'5 

a 

19'7 
19'8 
15.6 
I 5.1 

t H 

19 64'5 
19 64'2 
19 61.8 
19 62'6 

I I  

20.2 
19'8 
21.0 

21'4 

I I/ 

19 50.1 

'9 J1'9 
19 61'5 
19 61'4 

The vertical circle 
of this instrument 
is divided to  every 
10'. 

I 

11.7 
11's 

22'3 
a2.J 

/ n 

19 51'5 
I9 51'1 
19 61'3 
19 61'1 
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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 ovcr 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. If the comb be moved or adjusted in 
the slightest degree, care must be talcen to set the 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 the other hand, then turn the latter round (taking 
care not to turn the micrometer screw also), and when zero on the 
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- 

Distance between microscopes. 
scope theodolite, and should coincide with a 
whole degree stroke when the index is at o0 ; 

but on account of the errors of graduation, it is advisable, in order 
that the minutes appertaining to microscope A may also answer for 
B and C, that the latter should be set to read 30" or 40" in excess, 
whereby the minute given by A will be common to B and C, 
provided care be taken to add 60" to  the readings of the latter 
when they fall into the next minute above. Suppose B and C 
are set to read 30" and 40'' more than A, then if the reading of 
A is o0 3' so", that of B will be recorded as 80", and that of C as gof', 
which number of seconds are referable to o0 3'. If this precaution be 
not taken the minutes, and sometimes the degrees, may require to be 
separately registered for each microscope, because, on account of errors 
of graduation, readings would frequently be obtained, as shewn in  the 
following example, which would prove inconvenient for registry :- 

A B C 
oO of 10" 359O 59' 50" 35g0 59' 55" 

62 11 5 10 45 10 55 
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7 2 .  The vertical microscopes must, besides being set diametrically 
opposite to each other, be freed from index 

Adjustment of vertical microscopes. 
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 linown 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 tv. For instance, 
i t  is clear that the microme- \ I /  

ters should act in a tangential direction to the circle ; 
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 
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 o5ght to be correctly attained, when the angles 
of the cross wires are truly bisected by the divisions, as shewn in the 
margin. Other instruments may be differently constructed, but the 
peculiarities of such cases will suggest the method of placing the mi- 
crometer in a tangential direction. 

74. I t  is usual also at this time to take care that each microscope is 
set over the same part of the division lines, 
that is to sap, 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- - 

Aroidance of lost motion. 
section of a division should always be made by 
screwing 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 
i t  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. I t  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 placc. This is called 
lost motion, and occurs in all screws when the action is sudderlly 
reversccl. 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. I t  is not to be supposed, from what has just been remarked, 
selection 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 excursions of the wire are limited within a range 
of 5'. I f  the screw requires to be released, in order that the mire 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. 

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

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

lines will be illumined, and the other will cast a shadow. The apparent 
centre of the line, mill in this case not coincide with the true centre, 
and if the graduation be coarse, the discrepancy produced may amount 
to two or three seconds. The obvious precaution to be takenis to throw 
light perpendicularly on the graduation, taking care that the field is 
equally illumined, and that both sides of the division lines are seen equally 
distinct, and sharply defined. Care should be taken in illuminating the 
field of the telescope 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 

Ncccssity for slielter. 
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, it 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. I t  is not, however, sufficient to be skilful and scrupulous in the 

Care in recording. 
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 

Dut ies  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 so", and vice versa, which mistake in one microscope of a 
three-microscope theodolite would affect an angle by nearly 7". Errors 
of this and similar kinds can only be avoided by strict attention. The 
recorder should examine, when the observations are repeated, whether 
any reading is discrepant, and should give due notice to the observer 
of such an occurrence. The relative readings of the microscopes will 
generally serve to detect any error to the amount of a minute ; in the 
reading of B and C, for instance, if these be set to read always in 
excess of A, i t  will be necessary occasionally to add 60" to their 
indications. The recorder should always take out the angles while 
the observations are in progress, to enable the observer to note any 
errors at the time and to repeat a measure, if necessary, according 
to the precept laid down in para. 21. Some observers takc no 
heed of the results while they are engaged in observing, but make 
out the angles afterwards, a practice which cannot be too strongly 
deprecated. 
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8 I .  The book in wliich observations are recorded is called an angle 
rind dul,l,cate angle booli. Two of these books are kcpt 011 each series, 

books. one of whiclz is used in the obscrvatory and called 
the " Original Angle Uook," the other is a transcript of thc former and 
is termed the " Duplicate Angle Booli." Thesc shoulrl be paged, iriclexed 
and signcd at tlie foot of cach page. The origiilal is retaincd in the 
Dehra Office and the duplicate ultimately sent to the Calcutta Ofice. 

Sz. Tlie anglc booli should on no account he suffered to fall into 

Angle books contin~lcd. 

as well as by that 

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

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 mistalies, all computations and 
comparisons should be performed independently by two persons, who 
should each sign both copies ; and, unless such precautions have bee11 
observed, the results are considered untrustworthy as final worli. Obscr- 
vations should never be recorded on loose scraps of paper, or in pencil 
in rough books. The original record is always tlie most valuable docu- 
ment, and the labour of copying, besides being expensive, causes delay. 
It is usual to add up all the angles observed on any one zero together, 
and dividc them by the number, by which means as many sets of means 
are obtained as there are zeros, each mean being considered as an integral 
observation. I t  is a fixed rule never to reject an observation, unless 
tliere be some obvious error in it, an explanation of which sliould be 
irisertcd in the column of remarks : the circumstance of its differing, 
however widely, from the mean is not a sufficient cause for its rcjection. 

83. Having now remarlred upon all the minutia: to be attended 
to in the obscrvatory*, it still remains to inculcate the necessity of t h e  
signals being carefully adjusted over the station marks.? To insure this 
condition being fulfilled, the mcn who worli tlie lamps and heliotropes 
should l ~ c  trainccl to pcrform their parts with skill and fidelity. 

84. Notwithstanding all the precautions which may be taken in 

Rcsitlunl errors. 
malting the observations, arid recording them 
with fidelity and precision, i t  mill be found that 

I t  niny hcrc be rcmnrked tllat in  observing azimutl~al nngles, the vert ic~l  clamp and tangent-screw 
shnnld nevcr IIC usell, as it is liable to deflect the telrscopc Int.erally. The telescope s l~ould be raised or lowered 
t o  t l ~ c  1wopvr :~lt i t l i~lc  of tllc otJrrt Ily tllc action of the hnrltl nnly, the vertical clamp being left quite free. 
Sin~il:~rly, i l l  o l ~ s r r ~ i n ~  vc.rtical tingles it is unllecessnry to clump the nzirnllth circle; the vertical clamp and 
tullgellt-sc.l.cb\v S I I I I I I I I I  n l o ~ ~ c  he c,~nployed. 

t A c"rltli~iu~~ as iudispu~~sable to accuracy us tllc cellteri~~y: of thc instrument itself. 
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every mean angle is nevertheless burdened with small residual errors, 
which it 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. 

85. There is reason to believe that refraction taltes 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 luminolis 
point, swells out sometimes for several nights in succession into a broad 
'ill-defined blaze, subtending 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 df the heliotrope, 
though only two inches in diameter, is even wilder and more strag- 
gling. 

86. The only method of overcoming these sources of irregularity is 

Time for observing horlzontsl to await a favourable state of the atmosphere, 
angles. and be prepared to profit by it when it offers 

itself. Such occasions occur for day observation almost every sunny 
day for a shorter or longer period, between half-past three P.M. and 
sunset. The lamps are also frequently well adapted for observation 
from sunset to past midnight, especially in the early part of the seasoll, 
but at other times they are steadiest from after midnight till about sun- 
rise. 

87. I n  hilly countries, where the stations are placed on lofty peaks, 
P ~ C . , , ~ ~ ~  against lateral refrsC- with deep intermediate valleys, objects are less 

tion. disturbed by atmospheric causes than under 
other circumstances. Very good observations may then be obtained for 
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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, sometirncs 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, i t  be carefully bisected by the wire, and then 
watched, it mill be found after the lapse of a few minutes gradually 
to diverge to one side, and after a shorter or longer time will 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, 

Test of good work. 
enables an observer to judge of the accuracy 
of his intersections, and the average errors of 

the trianglcs will show how far care and precaution have succeeded in  
eliminating the imperfections of the instrument, and other sources of 
error. Even 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 

Deduction of heights of stations. 
of a Trigonometrical Survey are deduced are 
explained in the third Edition of the Auxiliary 

Tables, page 24 e t  seq., and more fully in Chapter XIII, Volume I1 of the 
" Account of the Operations of the Great Trigonometrical Survey of In- 
dia," and it will be unnecessary to enter here upon this part of the subject. 
The procedure in the field is limited to the careful measurement, 1st) of 
the vertical angles, with the corresponding level readings, and 2nd) of 
the heights of the telescope of the theodolite and of the signal above 
the platforms whose relative heights are required. 
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909 I t  is generally assumed that the refraction at both stations is - 
the same; but, in order to justify this assump- 

Reciprocal vertical anglcs. 
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 the 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 the minute at 
which the observation was made. Now note the readings of the two 
ends of the level that is attached to the vertical microscopes,f calling 

This was done. on the Great Indian Arc, i n  crossing t h e  plains of Hindostan, becclusc the vertical 
a n ~ l e 3  were there subject to the  inflnence of extraordinury rel'raction and miruge, on account of the  mYs 
grazing along t h e  surfnce of the ground. 

t IIeliotropes a r e  selrlom pcrft>ctly steady tlll 4 or 4 4  p.nr., b u t  a t  thnt period they are beginning to  ri.qe 
a t  the  rate  of a second per minnte. Al t l~ouyl~  they may nppear a little ;iritatc.d a t  3 p.sr., still the rel 'r~~ction 19 
then least, and  t h e  observstions give the best results. In fact, any error nr is i~~c.  from the agitated nspcct of tile 
heliotrope will be much less inJorions than  rcfrnction, and indeed may be countcrncted iu a great  measllre by 
multiply in^ the obseruations, b e c u ~ ~ s e  the agitation of the disc does not produce a ':onstant error in one direc- 
t l ~ l l ,  as happens In the case of unrertaiu refraction. 

$ 'rllcodolites direr  in the  manner of attaching this  level bat i ts  i~~dics t ions  must always be read ~rllntevcr 
its construct~un. 
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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. Rcpeat thc last observation as before, and 
then reverse the instrument, ancl take another observation, which will 
complete the second collimated vertical angle. If thcse 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 at  a station which has been observed from one 

Rcciprocel observations. 
i n  rear, the back or reciprocal observations 
must be talien within a minute or two of the 

corresponcling times. If any atmospheric change should appear to take 
place intermediately to the observations of the reciprocal vertical angle, 
the equality between the refractions, which the nature of the problem 
demands, is lilielp to be destroyed; and therefore too long a space of 
time ought not, when it can be avoided, to be allowed to elapse before 
the reciprocal observations are made. 

94. It must be borne in mind that if the instrument gives altitudes 
me+,,lods of recording on one face, it will give zenith distances on the 

elerntion nnd depression. other, and the graduation on the micrometer 
head will, in this case, be according to the order of the figuring; conse- 
quently, the system of reading altitudes on one face, and zenith 
distances on the other, is, perhaps, the safest course to pursue. Occa- 
sionally, however, altitudes are read on both faces, by taking the seconds 
from thc micrometer head in an inverse order, thus 50" is read IO~', 

40" is read 20", and so on, which gives altitude instead of zenith 
distances. This was the method follomecl on the Grcat Arc, ancl several 
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other Series, and with care and experience it may be practised with 
facility, and without liability to mistaltes. With regard to depressions 
it 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" = 
10", 40" = 20", &c., as in the case of altitudes. 

95. Those instruments which give altitudes and nadir distances in 
direct order on one face, and zenith distances 
and depressions on the other, are numbered in 

four quadrants from o0 to yo0, following each other round the circle; 
that is to say, oO, 1o0, zoo, &c., to go0, lo0, zoo, &c., to go0, lo0, 20°, &c., 
to go0, loO, 20°, &c., to go0; the last go being the zero of the first 
quadrant. Other instruments however are divided from o0 at the eye 
ind object end to go0 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 altitudes 
for recording elevations 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 versa with respect to depres- 
sions ; that is to say, the divisions which appear below 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 remarlted 
that the graduation on the micrometer head follows in the natural orcler 
of numbering, then the reading must be taken direct, otherwise it must 
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be made reverse. After studying each instrument a rule can generally 
bc 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. 

P. 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- 
precRutions in 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 with that motion of the screw which draws against the 
spring ; moreover, they ought to be set truly horizontal, mith respect to  
tlie 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 mith the face each 
. . 

Elimination of collimotion in ver- way gives a result independent of collimation 
tlcul ~~licroscopes. 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 vcry small, is to take the 
altitude or depression of any fixed terrestrial object on both faces, and 
deduce the mean, which will be the true vertical angle. Then, while 
the telescope remains firmly clamped, with the object truly bisected on 
its horizontal wire, move the microscopes by their appropriate screws, 
till they give the true reading of the vertical angle, as deduced from 
both faces. I n  all instruments some method of moving the microscopes 
through a small space laterally is provided, varying according to the ideas 
of different makers ; by means of this adjustment the whole microscope 
must be moved, until the cross wires coincide with the proper division on 
the limb. This adjustment, however, will not generally allow of the 
microscope being set much nearer than a minute, and the remaining part 
must be effected by altering the graduated head of the micrometer, and 
then setting the comb to correspond therewith, as described in para. 70, 
when describing the adjustments of the azimuthal microscopes. 
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100. I n  para. 89 i t  has been remarked that the height of the in- 
strument, and of the signal above their respec- 

Heights of eye and object. 
tive platforms must be recorded. The former 

should be carefully measured by the observer, and the latter by the 
nlen 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. 

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

E Y E  S T A T L O N S .  O B J E C T  S T A T I O N S .  

101. Hithcrto we have only considered the case of stations at 

Computation of refraction. 
which the back, or reciprocal, vertical angle 

' 
can readily be observed ; but it is clear that if 

X A J I E .  

lrnlin .. . 

- - - 

the amount of refraction were known, the relative heights could be 
deduced from verticals talcen at  one extremity of a ray : this method is 
howeyer not considered sufficiently rigorous for determining the heights 
of principal stations, though it is largely used in secondary work and 
mill be more fully explained in  the next Chapter which describes that 
class of operations. 

N A M E .  

Asrofpur . . . 
Thunr ... 
Ragnopur ... 
Sarnnadeo ... 

102. It has been mentioned in para. 56, that 111minous signals are 

Height of 

Description of signals. 

Mnrks nbove 

Feet. 
0'0 

8 

14 

always employed in  principal triangulation. 
These are of taro kinds, viz., heliotropes used 

Ry wlionl 
Measured. 

1 
Ramdeen. 

Jeri. 

Bikari. 

Mnnbod. 
- 

Instruments. 

Incl~es. 

69-75 

Height of 

for reflecting the sun's rays by day, and lamps with argand burners, to 
consume either oil or kerosene, for night use. A heliotrope (called also 
heliostat and lleliograph) consists of a plane circular mirror, so mounted 
on a small tripod as to be movable on two axes, one vertical and the 
other horizontal, whose directions pass accurately through the centre of 
the mirror, at which point a small hole about .& of an inch diameter, 
is drilled through tllc glass. Each lleliotropc is accon~pallied by a s~nall 

Heliotrope. 

Tnches. 
26' 

30' 

8a 

3 0  

Lnmp. 

Inches. 
. . . 
... 
... 
. . . 
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sight-vane, consisting either of an apcrture in a board with two cross wires 
spanning it ; or of a leaden wcight (or even a lump of clay) of 2 or 3 Bs., 
into wliich is inserted vertically a straw or very thin slip of mood, on 
which a piece of thread is ticd loosely, so as to be movable up and down 

.r at pleasure. The latter very simple contrivance has been used for many 
years in tlie Topographical Branch, and foun(1 to be perfectly serviceable, 
and of a construction so simple and easily improvised anywhere, as to 
leave notliing to be dcsired on that score. I n  principal triangnlation 
the sight-vane for the heliotrope is attacllcd to the top of the lamp box 
as shown at A in Plate 111. Heliotropes are made of various sizes,-8 
inches diameter will perhaps be found the most convenient, being very 
portable, and yet quite capable of bcing used as a signal at 60 or 7 0  
miles. For distances less than 20  miles it will be found advisable to  
reduce thc ,light by mcans of cliaphragms. A two-inch or three-inch 
aperture suffices for 15 miles, if the heliotrope be carefully aligned. 
I t  is convenient for the observer to carry with him a heliotrope of larger 
size, say I 2 inches diameter, for the purpose of flashing to tlie signallers, 
when he wishes them to show their own heliotropes. 

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

Metliod of aligning heliotrope@. 
is very simple, and soon learned by ol.dinary 

khakisis. I t  is carried out as follows :-The sight-vane is carefully 
ccntered over the station mark, and the heliotrope then placed at a 
convenient distance from it, (about two feet is suitable) and facing the 
point on which it is to be aligned, in such a manner that the khnln'si can 
see both tlie sight-vane and the distant mark, through the hole at the 
centre of the heliotrope. By moving the heliotrope slightly, the distant 
mark, the cross mires of the sight-vane, and the hole, are then placed in 
tlie same straight line. The mirror should now be turned towards the 
sun by mcans of its motion on the two axes, (the tripod remaining fixed) 
in such a direction that the image of the hole, which is a small black 
speck in the middle of the bright reflection of the mirror, falls on the 
cross wires of the sight-vane. An observer at the distant mark will then 
see the sun reflected in the mirror. 

104. If  the heliotrope is situated nearly in a line between the 

Co~t f i~ t t~cd .  
observer and a low sun, it is found rather difficult 
to adjust it accurately ; in such cases tlie cliffi- 

culty may be got over by tlle usc of a second heliotrope, whick is so 



5 O  HANDBOOK OF THE TRIGOXOMETRICBL BRANCH. 

placed as almost to face the sun, and reflect its rays on the first one, 
~\.llicll call uiitler tllese circrunstn~iccs bc made nearly to face the observer, 
A little ingenuity will enable the observer to  arrange a code of signals 
for conveying a few simple orders to  the heliotropers ; i t  is unnecessary 
to specify such in detail, as each triangulator will probably prefer llis 
own; but there is one that is almost uiiiversally used in the Departmeut 
for calling in a heliotroper when no longer reqnired, 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 
a night signal. Formerly country oil used to 

Adjustment of lamp. 
be burned, but in tlie prcscnt day kerosene is 

found more convenient. Tlle part of tlle lamp that has to  be centered 
over the mark-stone is tlle middle of the glass disc in the front of the 
lamp box. Two nicks G G, one at the top and one at  tlie bottom of 
the box, are so made that the line joining tllcm hisccts this glass disc. 
When properly adjusted the flame of the lamp should be very nearly 
centrical with rcgard to this glass, and the reflcctor so placed that its axis 
may coincide with the ray to thc observer's station. This adjustment can 
only be done by estimation, but the construction of the lamp is such that, 
when the box itself is properly aligned by means of the siglits on its upper 
surface, the positions of the flame and reflector are very closely correct. 

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

of mliicl~ are seen 
of tlie heliotrope 

formed by means of the eye-hole 23 and a pin Cb 
'l'he apparatus stands on three legs T, two only 

in the rlrawing. 'l'he plummet P hangs from thc top 
sight-vanc, and when correctly placcd its line should 

pass accurately tllrougli the cross wires of the sight-vane of the heliotrope, 
through the two niclts on the lamp box, and through the station mark. 
The heliotrope H stands on a board D which sliclcs i11 a groove, slid is 
removable for convenience of packing. 'l'he boards E E, which are 
screwcd on to the top of thc box, are intended to receive a second 
lieliotrope for double reflectioii as described in para. 104. The four 
small battens F F F F are grooved to receive a sliding panel to  protect 
the glass, when the lamp is not in use. 

1 0 7 .  The last point upon which it is necessary to dwell in the 
instructions for principal triangulation, is the 
urgcut ilccessity Eor a full, clcar, and illtelli- 
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gible description of each of the principal stations of observation. 
There is no reason why the trigonometrical and astronomical stations 
of the Survey of India should not, with ordinary care, last for centuries ; 
but, in order 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 
always easily be clone, es1)ccially in the thinly-inlial~itecl, forest-clad 
districts met with in many parts of India and Burma, but the observer 
must ever bear in mind tliat it is a point of the highest importance, 
and strenuous endeavours must be made to secure it. 

108. Firstly as to the name. When the station is situated on a hill 
with a well-known local name, i t  will be best to 

Continued. 
retain that name. I n  other cases the name of the 

nearest village, or of the village on whose lands it is situated, must be 
given to it. Secondly as to the description. This must embrace an account 
of the details of its construction, the height and size of the platform and 
pillar, the number and positions of the mark-stones embedded in them, 
also the materials of which thcy are built, and whence they were brought. 
If on a hill, the best means of ascending it should be specified; and the 
village, if any, from nrhicli the ascent sliould be made, or supplies obtained, 
should also be entered i11 the description. The approximate distances 
and bearings of several ncighbouring villages, temples, hills, rivers or 
other permanent objects sliould be stated, and any other information 
given which would simplify the identification of the site subsequently, 
not omitting the names of the province, district, t l~ ina ,  tahsil, pargana 
or other local sub-division in which the station is situated. The de- 
scription, which sllould be written at the time of visiting the station, 
must be in a clear and legible hand in both the original and duplicate 
angle boolts ; names must be hand-printed, or at the least written in a 
largc round hand, due care bcing taken to ensure orthography in the 
transliteration of nativc words. An authorizccl list of the correct 
spelling of propcr names can be obtained for most districts, and should 
be in the possession of the party for ready reference. 

109. When any stations of previous triangulation, which have heen 

Station8 revisited. 
already clescribed and closccl according to the 
directions given in paras. I 8 and 19, are visited, 

the condition in which they are found must be stated, in order to obviate 
any uncertainty whether tlie original site has been recovered or not ; tlie 
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measures taken for subseqnent protection slionld also be described, or any 
alteratioils that may have becil made in tlle constr~~ction of the station, 
Occasions have ariscn in 11~1iicll some doubt has becn experienced as 
to which of two closely contiguous stations has been occupied. The 
observer should be alive to such contingencies and invariably notice in 
his description of stations any such possible cause of confusion. 

I. The object of secondary triangulation is purely topographical. 

Internected pointu. 

- - - 

The principal series provides too few points for 
the detail surveyors, and tlle secocdary work sup- 

plements the principal by brealting down its large triangles into smaller 
ones, and fixing in acidition a great number of minor points by rays taken 
to them from two or more stations. These minor points are generally 
known i11 the Department as intersected points, and are not as a rule 
visited by tlle triangulator, who contents himself with fixing them by the 
intersection of two or more rays, whence the name of intersectedpoints. 

2. The secondary triangulation may be laid out either in chains or 

Cheina or networks. 
a network, or a combination of the two, as may 
seein most suitable for the particular piece of 

country under survey. Where ally large river with a broad valley 
intersects the district, a series may with advantage be carried along it, 
with stations on either bank, the only disadvantage being the necessity 
for frequent crossing and recrossing. This can, however, be partly 
obviated by tlie judicious co-operation of two observers, one on either 
side of the river. Most commonly, however, a network is the more 
convenient plan of proceeding. 

3. The rigorous principles laid down in Chapter I may be consider- 

Vernier thcodolitcn. 
ably relaxed 'in the case of secondary vork. 
I n  the first place veruier theodolites of the 

better class have been generally considered suficicntly good for the 
measuremcnt of the anglcs. They are considerably lighter than the 
microscope theodolites, and simpler in corlstruction and better adapted 
for the use of Assistant Surveyors, to whom the secondary triangulation 
is generally entrusted. 
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4. The adjustments of vernier theodolites are, for the most part, 
the same as those of microscope instruments, 
differing only in the case of tlie vcrniers them- 

selves : tliese require no adjustmcnt, being immovably fixed at  the 
proper clistances apart by the maker. 'l'lie descriptions given in  
paras. 27-56 of the previous Cliapter apply to both classes of instru- 
ments ; and any observer, who has 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. 
Tlie true vertical angle to any distant well- 

Adjuatmeut of vertical verniers. 
defined point must be determined by observa- 

tions on both faces, corrected for level error, as described in para. 99, 
(the correction for level may be avoided by bringing the bubble to the 
middle of its run for both observations by means of the clips, before 
reading the verniers). 'the vcrniers must now be set to rend as 
nearly as possible the value of this vertical anglc, and the telescope 
made to intersect the distant object by the clips only. It will now be 
found, probably, tliat the bubble of the level attached to the verniers 
is displaced from the centre of its run ; it has only to be brought back 
by its own adjusting scre\lTs, when the process will he complete. It 
will never, except by pure chance, happen that both verniers can be made 
to read the true vertical angle ; in practice there is always some discre- 
pancy between them. The best plan is to make tlle mean of their 
readings equal to the true vertical angle, by which thcir combined 
index error will be reduced to tlle lowest quantity possible ; but i t  will 
be always safer to  observe vertical angles on both faces, when great 
accuracy is aimed at. 

6. It is very desirable, though .not indispensable, tliat all the three 

Angles to be observed. 
angles of every triangle sliould be observed. 
One of tlie most important reasons for observing 

all the angles, especially in secondary work, is to avoid gross errors, 
such as 10') resulting from an erroneous reading of the figures on the 
liinb : in tlie case of a simple clini~i such an error might escape detec- 
tion, and lcad to endless trouble and uncertainty if it occurred in a 
triangle of mliich two angles only merc measured. I n  tlie case of a 
network such a fault could be localized almost with certainty, and 
therefore the measurement of the thret: angles is not of such vital 
importance; still, however, it renders the work more complet,e and 
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satisfactory, and should not be neglected except on good grounds. In 
fixing intersected points it is advantageous, when practicable, to observe 
them from more than two stations. If  observed from one only, it is 
obvious that they cannot be localized at all; if from two, they are 
fixed 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 the several values. 

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

Numbcr of reros. 
with those required for principal worlr. Two 
zeros and two changes of face should suffice 

even for fairly large triangles : a twelve-inch or fourteen-inch theodo- 
lite is generally preferred for this class of work. Lumirlous signals 
sliould be employed for any rays exceeding 7 or 8 miles in length; for 
shorter ones the pole and brush, such as is shown in the wood-cut in 
para. 19, Chapter I, is suitable in hilly country, if it stands up against 
the sky-line. I n  flat country, or where the back-ground, against which 
the signal is likely to be projected, is nearly the same colour as itself, a 
white-washed gharra may be placed on the top of the pole, or the pole 
and brush may be altogether superseded by a small bell tent. 

8. The care in centering the theodolite and the heliotropes should 
Centering the theodolite and not be relaxed, as the menials employed will in 

aignals. all probability become careless about this pro- 
cess, if they observe that the officer in charge is not always equally 
scrupulous about its accuracy ; and it should be remembered that, as 
the signallers are under no sort of supervision when on detached duty, 
i t  is doubly necessary that they should acquire a fixed habit of always 
centering with the greatest attainable nicety, whether really requisite 
or not for the particular operation in hand. Heliotropes when used for - 

distances of 4 or 5 miles should be reduced by stops to about z inches 
diameter ; if the light thus diminished is still too dazzling, an effectual 
way of subduing it is by holding a single fold of linen or cambric a 
few inches in front of the object-glass of the telescope. 

9. Stations for secondary triangulation should be so selected as to 

Selection of stations. 
obtain as far as possible an uninterrupted view 
on all sides. If the station is situated on a 
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forest-clad hill top, i t  will be found a very convenient plan to leave one 
large trce standing as close as possible to it, after cleariug the ju~lgle 
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. 'l'he platforms for the more important stations must be built in 
much the same fashion as the principal stations, with an isolated ccntral 
pillar and a mark-stone, unless the mark can be cut on the rock in sit$. 
Masonry tower stations are never likely to be required, and should not 
be built without special sanction. 

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

Description of 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 nnmber- 
ed, great care must be taken that each point is always distinguished by 
the same number, when observed from two or more stations. The 
horizontal angles between the stations and intersected points may either 
be taken on one zero without change of face, in which case the readings 
should be checked by the recorder calling out the setting of the limb, 
and the observer noting, after the limb has been put to that setting, 
whether the point is duly intersected: or they may be talren on one zero 
with one change of face, in which case the above check is unnecessary, 
as the recorder can see at a glance whether the two readings differ by 
180' as they ought. The latter method is certainly the better, the only 
objection being that i t  takes up slightly more room in the angle book, 
and adds a few more figures to the computations. The means of hori- 
zontal angles between secondary stations should be retained to one place 
of decimals of seconds, and between stations and intersected points to 
the nearest second only. I n  obscrving objccts such as large trccs, 
rounded hill tops kc., ~\~hicl l  arc not capable of accurate intersection, 
it is unnccessary to record the reading of more than one vernier on 
each face. 

1 I .  Vertical angles should in all cases be taken on both faces, other- 

Vcrtic~rl angles. 
wise the error of collimation, which may be 
considerable, comes in purely as error in the 

~cr t ica l  anglc observed. Vertical angles to stations, as distingnished from 
intersected points, should be taken twice on each face, viz., once with 
a lnotiol~ of the telescope from below upwards, and once with reversed 
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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 determination of hcight differences is 
aimed at. I n  observirig 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 selcctecl, and also to give the height of the instrument 
and signal above the station platform. 

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

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

in the former class of morlc the rule must necessarily be relaxed in 
Inany cases, notably in tliat of illtersectcd points. I t  was stated in 
para. 101, Chaptcr I, tliat if thc nmount of refraction wcre known tlie 
relative heights could be deduced from verticals talren at one extremity 
of a ray. I t  is usual to express the length of tlie ray in seconds of 
arc, and the constant of terrestrial refraction as a fraction of it, so 
that if r be the total amount of refraction, k the constant, and C the 

r 
contained arc, r = k C, whence k = -- and, if me assume an equality c :  
between the refractions at the extremity of a ray, we can obtain the 
value of k from every pair of reciprocal observations at every station. 
The mean of all the values of k at any one station may, therefore be 
adopted as the constant of refraction at that point, and may, without 
risk, be applied to correct a single vertical angle to a secondary point, 
when its rcciprocnl observation is wanting. Let D be the observed 
depression of tliat secondary or intersected point, and C the contained 
arc due to its distance, then D + k C  = A will be the true depression 
cleared of refraction. Let tlic unobserred rcciprocal vertical be D' 
or - El, its corresponding value in vacuo bcing A', then as C = A + A' 
therefore A' = C - A, and tlic subtended angle S = ( D  - Dl) = A 
- J C =  D + IcC- & C  or for an elevation S =  E - k C +  +C. Tile 
use of Table XIV, 3rd Edition, Auxiliary Tables, criahlcs the computer 
to obtain the subtencled angle, without tlie intcrmediatc step of com- 
puting the unobserved vertical angle. 

13. The rclative heights of intcrsectecl points thns obtained are 
qliitc goor1 cnough for tllc pllrposc required, if 

Co-efficieut of refraction. 
the precaution is takeu of making tlie 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 i t  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. I t  is seldom necessary to employ any very elaborate precautiona 
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 sliould, 
however, be carefully 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 

Rny tracing. 
known in the Trigonometrical Branch as Ray 

tracing. I t  mras first instituted as a means of ascertaining the exact 
dircction of a distant station, which happened to be concealed by inter- 
vening jungle, in order to regulate the clearing of the line. Tha 
method is thoroughly explained in Chapters I1 and VII, Part I V  of 
Thuillier and Smyth's Manual of Surveying, a morlc which is assumed 
to be as a matter of course in the possession of every field party, and 
need not therefore be given in detail here. 

16. The reader sliould consult the " Handbook of the Topographical 
- - A  

Management. 
Branch" for further hints on the managcment 
of secondary triangulation, as this class of work 

is more iritimatcly connected ~r-it11 that Branch than with the Trigono- 
metrical, which conccrns itself chiefly with the more rigorous methods - 
of priucipal triaxlgulation for geodetic purposes. 
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I .  The usual abstracts of angles having been made in the angle book, 
the primary value of each angle resulting there- 

Weight. from, is the aritlinietical mean of the zero means, 
and is generally symbolized by M. When 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 refined 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, 
Computation of IYeights of Obserred Angles. (See the example at the 
end of this chapter). 'l'o employ this form enter in the first column 
the number of observations on the first zero, and in the second 
columli the seconds of observation successively ; then do the same for 
the sccond zero, and so on. I n  the third column enter the zero means, 
and in the fourth the differences of the several observations from the 
zero means to wliich they appertain, regardless of sign ; each of these 
quantities is symbolized by ( e .0 . ) .  I n  the fifth column enter the squares 
of the quantities (e .0.)-  I n  the sixth column enter the differences between 
thc zero means and their general mean M, with the signs + or - as 
the case m y  be ; these quantities are symbolized by (e .g.)  Square these 
quantities and enter tliem in the next column. 

Now put - 

e2 = Sum of (e.0.)' 
--- 

Number of measures - I J 

Sum of (e.g.)" C2 = 
Number of zeros - I* 

Desitles the t,erm toeiglrt for denoting t11e reli~bility of  ally rc-slllt dcdnced from otlservntions tllere 
ot!ler tenlle, uiz. .  error  of  nrean sqaure or briefly e.m.s., nnd probable error  or p.e. Tile rdlrtion between 

ese is denoted as f o l l o ~ s  :- 
1 - Jreighl=-- i---  

e.m.8. '6745 x per.  
Tho error  of w a n  rquare mny bc 11rfinc.d ns tllc square root of tile mean of tllc sqnnrcs of the nppnrent 

Errors of obrervution. IIy Sir G .  Air)., Cliunvinct and G r r m c ~ ~  writcrs this is cnllcd lllc sreun trrur. 
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Ncxt divide e2 succcssively 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 the calculation. 

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

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

which w is derived, and subtract it from each of the others, entering the 
differences in the colum~i provided, and in the next column enter the 
corresponding values of (e.g .) with tlieir 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 spherical excess of each triangle. 
This does not require that the angles and sides 

should be employed to any degree of nicety. A calculation 
of the sides of thc triangles is made in form Y. 14, Computation 
of Secondary Triangles. The angles are entered to the nearest second, 
and the amount by which their sum differs from 180' is divided 
equally among thcm, thus giving angles for computation. I n  filling 
in P. 14, the names in each trianglc should be so arranged that the first 
tnro stations include tlie known side, and the tliird is opposite to it. 
I n  the column for log sines i t  is convenient to enter the cosecant 
of the third angle instead of the log sine. Vertically over the log 
sines, figure for figure, is entered the log of the known side. Now 
by adding together the log side, the first log sine and the log cosecant 
we obtain the log value of the side opposite the first station, and in 
like manner we find the other side. Proceeding in this manner preli- 
minary values of all the sidcs may be obtained; now enter Form P. 9, 
Computation of Spherical Excess, and employiiig tlie mean latitude 
for the triangulation for entering Table I11 of the Auxiliary Tables, 
perform the calculation as indicated in the form; the result is the 
spherical excess. Five place logs are sufficient in Form P. 9, and 
the spherical excess is taken out to three places. For any further 
information and an example, see page 12 of the Auxiliary Tables, Third 
Edition. 

This i s  the (o.m.c.)a 
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- 

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

F i ~ n r l  corrections 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 sides 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 these 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 it which is departmentally known as " grinding 
the figure." 

Firstly. As regards single triangles; i t  is obvious that they can 
only fulfil the first condition. Add the three angles together and sub- 
tract r 80' + the spherical excess ; the remainder, which will be either 
plus or minus, mill be the triangular error or e. Now if we call the 
errors of the three angles respectively x,, x, and x3, and the correspond- 
ing reciprocal weights u,, u,, and u, 

These are the most probable errors of the angles, and to employ them 
their signs must be cliangcd 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. Tlie conditions to be fulfilled are the first and 
third. For an example see tlie end of this chapter. 

There are npparently four triangles, but only three arc independent. 
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At the top of the form is a typical figure for general use, with 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, kc.; 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 mill be found for calculating the three 
triangular errors el, e, and e,, and in the same line the error e, or the 
error of the side ratio 

I - I V  I - I1 1-111 , 
1-11, 1-111 I - I V  

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

sin XI s i n x ,  s i n ( X , + ~ , ) '  

This ratio, if the angles mere 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 s being treated in  the same way. Next enter Table I 
and fill in the reciprocal weights ul, 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; it 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. Tliis 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-cfficients of f,, f, &c., in Table IV. I n  this table the e's are now for 
tlie first time brought into use and the sign = is to be understood as pre- 
cccliilg each. Having filled in the first four lines of Table I V  we have four 
equations which have to be solved by rule as below, the rule having been 
cleviscd to save labour :-Multiply the first equation through by the 



62 HANDBOOK OF THE TRIOONOMETRICAL BRANCH. 

co-efficient of f, and divide by the co-efficient of fl and record it in the 
first line below, omitting the resulting co-eficient of f,. The next line 
will be obtained by multiplying the first equation through by tlie co-effi- 
cicnt of f, and dividing by the co-efficient of fl ; but as the co-efficient 
of f, 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-efficients in tlie 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, f3 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 of f,. 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, f, and f,, 
transferring the term involving f, over to the other side. Then substi- 
tute for f,, add the two terms and divide by the co-efficient of f3, and 
this gives f3. To find f,, employ the first of the group of equatio~ls 
involving the three unknown quantities f,, f, and f, and enter the third 
line of the last portion of 'l'able 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 computed 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 entered 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 iu the last putting 

V 

S1 + S2 x3 + S6,7 (x6 + x7) = S't 
and 
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If these testa 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, vhich the triangles completely 
surround (vide page 4). The angles are subject to all three conditions 
specified in para. 4, page 60. The errors are computed in the form 
P. 11. which has been constructed for a pblygon of six sides, but may be 
employed for figures of a greater or less number of sicles with a little 
adaptation. The principle is the same as for the 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 7'rigonome- 
trical Survey of India, is recommended. In such cases special care must 
be taken 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 the points will, if the angles are all observed, 
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 the 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 

recorded is the same as described under " Spherical Excess," para. 3, 
page 59. The observed angles are next entered to two places of decimals. 
The spherical excess of each triangle is divided equally among the three 
angles and entered with a - sign to three places of decimals. 'the angu- 
lar errors with their signs changed are entered in the column for ' Cor- 
rection' to three places, arid the seconds of the angles for computation 
(wllicll arc plane angles) are the algcbraical sum of the three columns. 
Thc sum of the three plane angles should exactly = ~80". l'he rest of 
the calculation is much thc same as already described, except that 
altllough 7-place logs arc usccl, an eighth place is always derived by inter- 
polatioll a i d  employed. 
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7 .  'Fhe calculation of latitude, longitude and azimuth is fulls 
explained in the Auxiliary Tables, in the ex- 

Latitude, longitude nnd azimuth. 
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- 

Heights. 
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 1 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, G 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 hcight of S in 
column 9 is obtained. The mean value of B in column lo  is from two, 
three or more determinations from surrounding stations. 

g. The remainder of the calculation deals with refraction. I t  is corn- 

Refraction. 
puted in the last four lines at the bottom of the 
form, and is equal to 3 C - R + 6. The factor 

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

C 
sllould 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 
tlie calculation is sometimes omitted, the co-efficient of refraction being 
assumed to be 0.07. For further particulars see the Auxiliary Tables 
and tlie explanations of Tables IX to XV, especially of Table XIII. 

10. Secondary triangles are of different characters and are treatcd 

Trianglen. 
accordingly. Some are cxccuted in cl~ains to 
supply the place of prillcipal triangulation, the 

instruments used being the largest class of vernier tl~eoilolitcs, viz., J 0-J 

12- and 14-inch. These triangles may be called 1st class. I t  is not 
customary to grind the figures formed by them; but in computi~lg 
them spherical excess must first be found 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. I t  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 
have their spherical excess worked out ; but any 
discrepancy betmeen 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 well 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 triangles fixing intersected points, that 

Triangles fixing intersected points. 
is, points which are not visited, but are 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 I 80". Form P. 15. 

I 3. If the triangles are large and of such a character that the spheri- 
cal excess has had to be computed, the form 

Latitude, longitude and azimuth. 
for principal latitudes and longitudes should be 

used, vix., P. 16. For smaller triangles and for intersected points a t  
a greater distance than 8 miles, P. 17 may be employed, in which t h e  
third and fourth terms of the expressions for latitude, longitude and 
azimuth are omitted. For intersected points at distances not exceeding 
8 miles, P. 18 should 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 

Hcights. 
form as for principal heights, viz., P. 19; but it 
is not usual tp determine the value of refraction, 

a factor, 0.07,  as mentioned on the preceding page, being generally 
adopted for heights where only one vertical has been observed, In the 
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MIBCELLANROUB COMPUTATIONS. CPAET If, 

calculation of height under these circumstances, sufficient instruction 
will be found in the Auxiliary Tables. 

1 ;. When 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. Besides the calculations already described there are one or two 
A two sides and tlIe which have to be resorted to from time to time. 

included angle. These are :-Computation of a triangle by two 
sides and the included angle, in cases where a side is required as a 
base for further calculation. Form P. 25 has been provided for the 
purpose. 

I n  this form a subsidiary angle x is first computed by the formula 

log sin C + log a -t colog b = log tan x, 

and then A is computed from the formula 

log sin C + log sin x + log cosec (C - x) = log tan A;* 

then B =  180°- ( A  + c); 

and the third side c is obtained from the formula 

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

T l ~ e  lorn~ula is derived as follows :-a, b nnd C are given. 

tnn A  = tan 

tsn - A - B  
A +  + tan - C A - B  cot - + tan --- C a - 6  C cot - + ---cot - 

3 - -  - a - - I a + b  1 

A - B  
I - tan - A + tan - C A - B  C - a - b  C 

1 - cot -tall - I - cot - - cot - 
a a + b  1 

- - 2 a  - - I a - a sin C , 
C -  C  C C  C C - b - a c o s c  
u + b  tan; - ' -1 c o t -  a  ( t a n i -  cot -) + b ( t m i  + c o t T )  

Put a - ain C = tnn x; then tan A = tan x  in x sin C . 
b x - t a n z c o t  C =  e i n ( C - 2 )  
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1 7 .  Another useful calculation is the interpolation of a position 

A stntion from ohservotions to from which three known points have been 
three known points. observed. Form P. 2G is provi[led for this. 

If A, B and C are the three linown 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 arid C is beyond the line A B ;  
(2)  when S is within the triangle A B C; (3) when S is without the 
triangle A B C and C is within the side A B. I n  the first case S may 
fall on, or very nearly on, the arc of the circle cil~cumscribing the 
triangle A B C, which happens when the angles A S B and A C B are 
equal, or nearly equal, to 180' : in this case the problem is impossible. 

Let the angles A S C = a, and B S C = P, 
and let the angles C A S = x, and C B S = y;  

then 

x + y = 360'- (a + P + C). 
Now compute an angle #I from the formula 

log sin a + log cosec ,B + log a + colog b = tan +, 

and compute - - from the formula 
2 

x - " + Y = log tan 2 log tan (#I - 45') log tan - 
2 2 '  

" + Y a n d X - Y  then x and y are the sum and difference of - 
2 2 

Next compute the angles A C S  and B C S, the angle A C S being 
= 180"-x -a, andtlle angleB C S =  180'- y-/3. 

J 8. The next calculations-those of azimuth and distance between 
Distallces and ~ ~ i m u t l l s  of points points of which the latitudes and longitudes 

of which the latitudes and longi- 
tudcs are ltnonn. are known-are fully explained in the Auxiliary 

Tables, pages 22, 23 and 71, 72. 
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C n ~ r .  I.] CI~CUMPOLAR-STAR O B S E ~ R ~ A T I O ~ S  FOR AZIMUTH. 

PART Ill. 

Azimuths. 

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

Objcct of measuring azimuths. of one of the triangles should have its azimuth 
rigorously determined by astronomical observations. l'heoretically, if 
the azimuth of one side is known, all the others follom 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, 
hoxever, the difficulty comes in that the elements of the earth's figure are 
not yet known with &solute certainty, and also that the unavoidable 
errors in  the measurement of the angles become involved in the computed 
azimuths. To meet this, it 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 at 
convenient intervals of about z0 apart, and, by comparing these 
with the azimuths brought up by computation from the origin at  
Kalibnpur*, 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- 
malics. 

2. In the Third Edition of the Auxiliary Tables, pages 78 to 81, six 
methods of measuring an azimuth are given : of 

Oenernl principles, 
these, however, only one-the second somewhat 

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

The adopted Initial animuth is that of SilrontOl at Knlidnpur tnken at 190' 27' bl''!o, vide page 141 af 
VQ~UIUO 11 of tile 4coojcnt of the Operution8 qf' the Great Trigonometrical SWW of xndla. 
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CIRC!UMPOLAR-~TAR OBBEETATIONS FOE AZIMUTH. [PART 111. 

to be at elongation. At these instants their true azimuths are easily corn. 
puted, and they afford excellent objects for observation, being almost 
stationary in the same direction for a considerable time. The principle of 
tlie observation consists merely in measuring the angle in the horizontal 
plane between the star at elongation and a referring mark, whence the 
azimuth of the latter, a ~ d  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 
other valuable details will be found at pages 38 et sep. of the Auxiliary 
Tables, to which the reader is referred. Further information on this 
subject will also be found is Chapter XII, Volume I1 of the Account of 
the Operations of the Great Trigonometrical Survey of India. Practically 
the time during which the observations may be made, is not lirr~itecl to 
the exact moment of elongation ; the limit of safety depending partly on 
the latitude, and partly on the star's polar distance. The measurements 
made before and after the elongation are corrected for the interval by 
a process explained in the next chapter, and thus become of equal value 
with those made at the moment of elongation in determining the final 
azimuth. The 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 this exception only, that four rounds instead of tliree shoulcl be 
taken on each face, divided up as exemplified on page 42 of the Auxilialy 
Tables. 

3. The referring mark should be at a distance of about 2 miles, so - 

Referring mark. 
as to be well defined i n  the telescope with solar 
focus, and yet sufficiently close to ensure easy 

visibility. It is convenient also, though not indispensable, that it should 
be about on the same level as the station from which the observations 
are made, in order to avoid corrections for collimation and level, which 
would 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 desirable in order that 

Tlme-llmita of observatlone. 
the observer may lay out his time to the best 
advantage. I n  imposing such a limit it may be 

as well to state that the formulae now employed in the computation of 
azimuths are sufficiently rigorous to justify an observer in selecting a 
circumpolar star at almost any point of its diurnal course for determina- 
tion of azimuth. It must be remembered on the other hand that a star 
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is only stationary in azimuth at  elongation, and the farther i t  is from tllat 
point the quicker it moves (in azimuth), and the more difficult of accul.:rte 
intersection i t  becomes in consequence. 'l'he following limitation may he 
accepted, viz., that a circumpolar star should not be used for observations 
of azimuth when its change of azimuth exceeds i ?' in I 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), which should not be exceeded in observations of this liind. 

6A 
The table is based on the following approximate formula, sin P = -- 81'. 

-- 

I Latitude. 

colat 
-.- 

N.P.D.' 
where P is the hour angle from culmination, and 6A is the 

change of azimuth corresponding to a change 6P in the hour angle. 
6A 

The value of the fraction - is taken at 'oo;, corresponding to the 6P 

I 6' 

h m 

a 5 

1 38 

I PI 

1 9  

1 0  

0 48 

0 40 

0 3 0  

0 24 

o 90 

aoO 

m h 

1 57 

I 3 2  

I 16 

1 5  

0 57 

0 45 

0 38 

0 98 

0 23 

0 19 

change of I" of azimuth in 10 seconds of time, as explained above. 
I t  is by no means intended that the observer sliould use this table to 
extend his work to an undue amount on any one night with a view of 
thercby decreasing the number of nights' work required. It is a well 
known fact, though as yet quite unexplained, that even the best instru- 
ments mill give different results at different times, or even on consecutive 
nights, when all the circumstances are apparently the same; and it is 
therefore always better, when a certain.quantity of measures of one 

I a0 

h m 

a I P  

1 4 3  

1 95 

1 I3 

1 3 

0 50 

0 4 9  

0 31 

0 95 

o 11 

N.P.D. 

I" of 

1 15 

1 3 0  

1 45 

a o 

a 3 0  

3 0 

4 0 

5 0 

6 o 

8O 

h m 

a so 

1 49 

1 30 

1 17 

1 7  

0 53 

0 44 

0 33 

o 96 

o 99 

PO 

h m 

1 36 

I 16 

3 

0 54 

0 41 

0 31 

0 31 

0 93 

0 19 

o 16 

, 

b m 

I 50 

1 a1 

I 1 1  

I I 

0 53 

0 43 

0 35 

0 97 

o 21 

o 18 

b m 

I 4 3  

I 91 

1 1  

0 57 

0 50 

0 40 

0 33 

0 95 

o 90 

0 17 
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thillg have to be accumulated, to spread them over several days, rather 
tllan 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 E. and that at  Western 

Elongation after W. Belom 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 Rlarlc as obtained through the triangula- 
tion, the Latitude and Longitude of the observing station obtained 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 taken up with the 
determination of correction and rate of the chronometer from the time- 
star observations. The correction is found for each night by ascertaining 
the chronometer times at which certain sclected stars pass the n~eridian 
and co~nparing 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- 

Corrections for Instrumental tions, is to compute the corrections necessaiy 
Errors. for error of Collinzation, error of Level or 

Inclination in the transit axis, and error of sctting of the instrument 
in the lllcridian, otherwise called Deviation. lllle method of obtaining 
these corrections is already fully explained in the Auxiliary Tables, 
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Third Edition, pages 442 and 43. Provision is made in the form for the 
necessary calculations undcr the heading of " Transit Corrections for 
Instrumcntal Errors." The portion of the form at the bottom of page 1, 
headed " Deduced Chronometer Corrections and Rates," does not need 
cxplanation as the headings of the several columns are sufficiently 
explicit. 

4. The next step is to find the apparent places of tlie circumpolar 

The Apparent Places of the cir- stars at  elongation. If they are Nautical Al- 
cumpol:~r Stars. manac stars, page 2 of the form is not required, 

as the apparent places are given for Upper Transit at  Greenwich, and 
the 1E.A. and N.P.D. can be entered at  once on page 3 for each clay of 
observation 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 following columns. Taking 
the change for one day and multiplying this by the 1ong.itude reduced 
to tlie 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 backmrard 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 reduced to time and to the decimal of a day and then multiplied 
by the daily changes in R.A. and N.P.D. to give tlie correction to elonga- 
tion. If tlle elongation is eastern the correction mill 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.  If now the circumpolar stars are not Nautical Almanac stars, 

Stars taken from Star  catalogue^. 
but taken from a Star Catalogue, page 2 of the 
form must be employed for calculating their 

apparent places on the first and last clays o f  observation. The catalogue 
gives the mean places of stars on the 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. 

iu ri ic2l  p is the Annual Precession, p the Annual Propcr Motion, s the 
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Secular Variation, in R.A. and N.P.D. respectively, and y the number of 
years from tlie epoch of the catalogue to the 1st January of year of 
observation. If tlie star is near the pole, and the period elapsed from 
the epoch of the catalogue be considerable, a further correction is 
necessary, as stated i11 tlie foot-note to page 2 of the form (see page 62 
of the Auxiliary Tables). The apparent places at Greenwich mean 
naidnight are then obtained by applying the corrections 

Ee + Ff + Gg + Hh + 1 + L - 300 to the R.,4., 

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

e, f, &c., and e', f', &c., being furnished by the catalogue and E,F, kc., 
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 and last days of observation, the next stepb is to reduce these 
to the times of Upper Transit at Greenwich. This calculation is made 
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, 
and compare i t  mith the R.A. of the star.* Four cases will present 
themselves, v i z . ,  

( I )  R.A. of star greater than Sid. T. at Gr. R I .  M. by less than 12 hours. 

( 2 )  I ,  ), ,) nrore 9 , 
(3) j) less I) less I )  

(4) I) J )  J )  more 9 )  

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

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

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

If  thc H . A .  of t l ~ c  star is greater than thc R . A .  of the Sun at Gr. m e m  noon by less thnn 3m S ~ " S  the 
star n'ill trnnsil i \r ice dr~ring the date of obseryetion, alld rare: musL bc hken to colnpre with that lransit wllich 
0cCUl.s nearest the clongatio~l observed, 
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in 1E.A. or N.P.D. gives the correction to tlie time of transit at Green- 
wich and t l~ i s  correction is a forward one. 

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

Sid. Time at Gr. 3f. M. + 24 hours - R.A. of star, 

and the correction is a backward one. 

(3) The star has transited on tlie date of obscrvation before Gr. M. 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. 
between the first day and last day, divided hy the number of clays 
gives tlie daily change in each for entry in the lleacling of the columns 
on page 3, '( R.A. at Upper Transit Greenwich," and " N.P.D. a t  
Upper Transit Greenwich." Page 3 may now be entered and employed 
as described for Nautical Almanac stars. 

6. After 
lIornry Angle and 

their Factors. 

the apparent places of the circumpolar stars have been 
and found at times of elongation, the remainder of 

the computation at the bottom of page 3 may 
be proceeded with. The horary angles and azimuths at elongation on 
the first days of observation may be computed, and then what are called 
the "Factors" for horary angle and azimuth. These factors are ob- 
tained to save the labonr of computing the horary angle and azimuth 
indepcnclently each day with the corresponding N.P.D. 

7 .  Having obtained the horary and azimuth angles for the first - 
Deduction of Star's Azimuth &c. 

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 

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

computed 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 elo~gation from page 3 for the several dates. If the elongation 
is eastern subtract tlie horary angle from the R.A. at elongation adding 
24 hours to the R.A. if necessary 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, omitting the first line, are entered the correc- 

Azimuths at  Elongntion, 
tions to the azimuth of the first date obtained 
by multiplying the quantities in the fourth 

column by the factoil 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, ltreping two places of decimals. 

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

Formula for 6d. 
the star or stars at elongation. But they are 
observed many times both before and after clon- 

gation; and i t  is necessary to calculate, for each observation, a quantity 
&A, by which the azimuth of tlie star at the moment of observation, 
differs from its azimuth at elongation. Tlie formula employed is 

6A = 2 sina 38P cosec r" tan A cosO N.P.D. 
-- 

I - z sinW.P.1). sin2 3 6P + cot P sin 8PJ 

in which A is the azimuth of the circumpolar star at elongation, P 
the corresponding hour aiigle and SP the interval from elongation 
of the star for which 6A is required in seconds of arc. Tlie last 
term of the deuominator is + or - according as the star is below 01' 



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 nccessitatcd by the Chronometer times of 
obseilvation needing correction for error and rate of the chronometer. 

I 2. The first four columns need no remark except that the name of 

Contit~ued. 
tlie star is to be entered in the first. I n  the 
heading of the fifth insert the 'Chronometer 

Time of Corrcctecl Transit' of tlie 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 a11 
the stars have been regularly observed. Below enter the individual 
clli*onometer times of the observations of the circumpolar star. The 
difference between these and the time in the heading of the column are 
the chronometer intervals from transit of the time-star, at which mo- 
ment the chronometer correction is knon-n. These are given in the form 
in seconds, and when multiplied by the 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 tlio rate of the 
chronometer during the intervals. I n  the heading of the next, or eighth 
column enter 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 those in the preceding column. I n  the heading of the ninth colurnll 
enter the siclereal time of elongation of the circumpolar star from page 4, 
for the particular date and below it the algebraical sum of the fifth and 
eighth columns. The difference of tho quantity in the heading of the 
column, and each of those below is the interval from elongation, or 6P, 
and is to be given in thc form in minutes and seconds and also in minutes 
and decimals of a minute to two places. 

13. the above process hns been gone through for each pair 
of zeros in turn, the next part of the calcula- 

Calculat,lo~l of &A, 
tion is the finding of the corresponding values 
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of 6A. This is commenced on page 7 under the heading " Computation 
of 6A and Corrected Angle between Referring Mark and Star." First 
enter 6P in minutes and decimals of a minute as previously computed on 
yagc 4, and with this as one argument and the N.P.D. of the circum- 
polar star as tlie other, enter Table XXV of the Auxiliary Tables, Part I, 
and take out the value of (2 sin2 N.P.D. sin2 6 P), subtract it from 
unity and.enter the result in the form. Next with 6P and the Hour 
Angle, P, as arguments, enter Part I1 of Table XXV, and take out (cot P. 
sill 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 with 6P as argument in minutes and seconds, from 
page 4, take out the quantity (log z sin2 4 6P cosec 1"). Insert (log tan A 
cos2 N.P.D.) froni page 4 and add. The sum is equal to log 6A. Taking 
out tlie natural number, which is in seconds of arc, and adding to or 
subtracting from the obsc:rved angle, Referring Mark arid 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 done for all the observations, the next step 
is to calculate any correction which may be 

Inetrumentnl Correction. 
due to the body of the instrument employed 

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

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

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

the form, from the formula 

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

This gives the correct altitude, which has to be converted to apparent 
altitude by the addition of refraction. Taking the tangent of this 
angle and multiplying it by the value of I division of the scale of the 
Level on the body oE thc instrument, or adding their logs, as in the 
form, gives a factor for the level error to be employed on page 12. 



16. Now enter page 12 and to the mean of all the east redings of 

Instrumental Correction. 
the level on Face Right add the mean of all the 
east readings on Face Left, for each pair of zeros 

independently: do the same for the west readings, then 4th of the 
difference of the two resulting quantities is the level correction, denoted 
in the form by N in divisions of the 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 at 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 Mark and North Point. The correction mill have 
the same sign for the observations on the same pairs of zeros, Face Right 
and Face Left. 

17. The lower half of page 12 may now be filled up. First abstract 

Conti~rtied. 
all the results " Corrected Angle Referring Mark 
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 the mean of Face Right and Face Left. The sign of this quantity 
will be j- if the R.M.is east of the star and-if west. Apply thelcvel 
corrections from the upper half of the page and there result as many 
values of the angle Referring Mark and Star at Elongation as there are 
pairs of zeros. Now apply the Corrected Angle to the Star's Azimuth 
at Elongation from the south, which is obtained thus :-if the elongation 
is east add 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 values of the Azimuth of the Referring RIarlr. Take the mean of 
the values of Azimuth by Western Elongation and also that by Eastern 
Elongation and then the mean of both. This angle is then applied to 
theangle between one of the surrounding stations and the Referring 
Mark for comparison with the value brought up by triangulation. 

* The following consideration mny help in the applicntion of the siji~l :-If the E. end readings are the 
Venter thc apparent, or i~~strumentnl, zenith is west of the true zenith, nnd a plane through the instrumelltnl 
Zenith, thc instru~nent and star  ill c ~ l t  tile horizon to the east of the point to \\'hi~ll the S,tur ~voul(l be referred 
from the true zenith. If the Referring Mark is  to the east of the stnr the nngle Refrrrlll~ Mark Star 1s 
C(lnseqllcntly too sn~al l  nnd the correction is therefore additiyc. S i lu i l~r  reasoning applies to 0 t h  positions 
of Boferring Mark and the apparent zenith. 
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ELECTRO-TELEGRAPHIC LONGITUDES. 8 r 

CHAP. I.] OB~ERVATIONS FOP DIFFERENCE OF LONGITUDE. 

PART IV. 

Electro-Telegraphic Longitudes. 

I .  All the known methods of determining absolute longitude by 
direct observation of celestial bodies are 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 the term " deter- 
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 (either solar or sidereal) 
at any given instant; if therefore an observer at one station can by 
any means ascertain the time at another place, which corresponds to a 
given time at his own station, he is at  once in possession of the differ- 
ence of longitude. 

3. Before the invention of the Electric Telegraph it mas customary 
EarlJ methods determining to make instantaneous signals by the explosion 

dihrences  of longiturle. of rockets, or of small quantities of gunpowcler 
or by other similar devices, so arranged that they could be seen from both 
the stations whose difference of longitude mas to be determined. The 
observers at both stations noted their own local times of the occurrence 
of the signal, and hence a comparison of the local times, and conse- 
quently a value of the difference of longitude was obtained. I t  was 
assumed that the transmission of light was instantaneous, and that the 
~ignai  was seen precisely at the same moment at both stations, a 



8 2  HANDBOOK OF THE TRIGONOMETRICA.L BRANCH. 

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

4. This method and that of transporting chronometers were for a 
Iutrodllction of the Electric long time the most reliable ; but they liave been 

Telegraph. entirely superseded by the telegraphic method, 
vrllerever a telegraph vire is available for the purpose, as the latter 
furilislies 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 45rn : it is 
obvious that, neglecting the time of transmission of the signal along 
the wire, the difference of longitucle is 15 minutes. This is the prin- 
ciple that underlies the various metllods of finding differences of longi- 
tude by the Electric Telegraph, but in practice considerable modifications 
of such a sinlple and obvious plan as this are necessary : the rationale 
hoxever of all is the same, viz., the power of communicating (almost) 
instantaneously with a distant station. 

5. I n  the first place each observer must be provided with a transit in- 
strument and an astronomical cloclc for finding and 

Instn~ments required. 
keeping his local time with a11 possible accuracy. 

These, including the chronographs on which the transits are recorded by 
electricity, and the collimators, are described in great detail in the Intro- 
cluctorp Chapters to Volumes I X  ancl X of the " Accolint of the Opera- 
tions of the Great Trigollometrical Snrvey of India" which should be in 
the possession of every one intending to take part in these operations. 

6.  The mounting and acljustment of the transit instruments will 

Maqonry p i l l~rs  for the various be first described. Sufficient stability for these 
ins trnn~e~~ts .  instruments can only be secured by mounting 

them on carefully isolated brick pillars. A brief description of these, 
as well as of the pillars required for the clock and the collimators, and 
oE the portal~le ohservatorics in wllich the observations are made, will 
bc founcl in Sections 1 to 5 of Chapter I1 of Volume X. The plan and 
sections of the pillars with full details and dimensions are given in a 
plate facing this page for convenience of reference. The pillars must 
bc carefully built according to the dimensions in the drawings, ancl 
attention iliust be givcn to the bond and quality of thc mortar. 
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CHAP. 1.1 O B ~ E ~ V A T I O N ~  FOE DIFFERENCE OF LONGITUDE. 

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

Continued. sary. Great care sllould be taken that the inner 
faccs 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 thc 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 

Continued. 
breadth ; and in excavating for the foundation, 
the greater space required for tlie lowest courses 

may be obtained by undermining, if the soil will admit of it, care being 
taken to preserve the edges as sliarp as possible. The iron clamps for the 
lamp stand are formed of flat iron about r 4" broad ancl 4" thick, built 
firmly into the transit piers. Each pair is meant to support an upright 
iron bar I".O~ broad, and o"'4 thiclc by allowing it to pass through holes 
of about that size cut in each clamp 4" clear of the brickwork. There 
are six pairs in all, viz., one pair on the northern and one on the southern 
face of each pier, one on the eastern side of the east pier and one on 
the western side of the west pier. The holes in each pair must be 
carefully plumbed to ensure the iron bar for the lamp stand being 
supported in a vertical position. The two northern as well as the two 
southern pairs should be 3' 3" apart from centre to centre. During 
the building the rough level must be occasionally applied, and the piers 
brought up evenly, so that when finished the stone caps may be level. 

g. When the piers are finished the ground between them may be 

Contintted. 
excavated, and then the whole filled up with 
perfectly dry sand. The excavation is finally 

covered over with a board made to fit it, a round hole the size of the 
mercury trough being cut therein and closed with a moveable cap. The 
construction of these pillars is generally entrusted to a sub-surveyor 
who precedes the observers by a week or two, so that the pillars may 
have time to settle and harden before being brought into use. 

I 0. Before commencing their construction the sub-surveyor will have 

Detemlnatiorl of meridian Hne. 
tolay out a meridian line which must be true 
within a few minutes of arc. As the pillars 

are almost always built in the vicinity of a 'l'elegraph Office, this process 
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is very simply performed, since nearly all the Telegraphic Offices of 
Iuclia are ilow supplied every day at 4 P.M. with the exact Madras time 
by electric signal. About the time the daily signal is expected from 
hladras, the observer must repair to the office and note the exact time by 
his cllronometer 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 known 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 
this linowledge 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 example. 

1 I .  An observer in longitude gh 13" 46"ast of Greenwich and 

Example of metliod of flnding ap- 7" 13Vrest of Madras notes that on Novem- 
proxiinate meridian. ber 1, 1889, his chronometer, when the Madras 

signal is received, stands at 3 b  zX.1 4. : find the cllronomet& time when 
polaris is on the observer's meridian. 

At qh Maclras time the observer's true time in  W. h ,,, a 

Longitude 7" 13. is .., ... * n o  3 5 2 4 7  
Chronometer time ... ... ... ... 3 28 4 

Therefore his chronometer is slow ... 8 . 24 43 

Sidereal time Gr. Mean noon Nov. 1, 1889. . . *  14 43 51 
Correction for longitude of observer . . .  ... - 5 2  

Sidereal time at local mean noon ... * a m  14 42 59 
Right ascension of Polaris ... . . .  ... 25 19 13 

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

Do. do. reduced to mean interval l o  34 30 
Chronometer slow ... . . .  ... ... 24 43 

Chronometer time of uppcr culmination ... ... 10 9 47 P.M. 

If then thc observer, at chronometer time 1 oh gm 47s (having previously 
levelled and adjusted his theodolite), sets the middle wire on Polaris 
he mill  have obtained the direction of the meridian with sufficient 
accuracy. The chronometer rate is here neglected, it is generally in 
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practice sufficiently well ltnown to allow of its application in determining 
the time of transit; the above example assumes that the observer is 
using a mean time chronometer. Suppose a sidereal chronometer to he 
employed, and the time shown by i t  on receiving the 4 o'clock signal 
from Madras to be 1 8 l l  3"' 8s then, the other data remaining the same, 
the computation of chronometer time mrould be as follows :- 

h m e  
Sidereal time local mean noon (as above) 

* n o  14 42 59 
,, equivalent of 3'1 52" 47Wean time . . . 3 53 25 

Sidereal time of recei~ing signal . . . ... 18 36 24 
Chronometer time ,, 11 . . .  ... 18 3 8 

Chronometer slow . . .  . . .  . . . 33 16 
Right ascension of Polaris . . . . . .  ... I 19 13 

Chronometer time of upper culmination ... O 45 57 

I 2. A still more accurate result could be obtained by observing 
Polaris or some other circumpolar star at elon- 

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

knowledge of Astronomy would not be sufficient to enable him to 
make the necessary computations. If a sidereal chronometer be a t  
hand and the sub-surveyor is able to obtain and regulate his time, 
Table LIII of the Auxiliary Tables might prove serviceable. But at  
all events the method described above has the advantage of extreme 
simplicity and is quite precise enough, as even at culmination the 
azimuth 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 
marked by pegs at some distance north and south to enable the builders 
to refer to it when necessary during the construction of the pillars. 

13. The building of the pillars should be taken up in the following 
Details oi pillars kc. order :- 

r .  Cloclr Pillar. 

2. Transit Pillars. 

3. Collimator ,, 

The cloclt-room must not be less than 10 feet square, and conveni- 
ently close to the Telegraph Office if not in the building itself. The 
details of the clock pillar are given in Figures I ,  2 and 3. 



86 HANDBOOK OF THE TRIGONOMETRICAL BRANCH. 

Within 50 feet of the clock-room the station site should bc 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, 5, 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 sulfates 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, therefore 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 linown 

rate which should 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 talten 
in fixing the clock is the insuring its verticality. This may be done 
either by a rough spirit-level on the frame, or preferably by a plumb-line 
applied to one of the vertical edges of the clock case. Evenness of beat, 
which is judged by the ear only, is obtained by a regulating screw on the 
arm which conveys the motion of the pendulum to the clock train. 

16. The clock is so contrived that, by attaching to the two binding 

Electrical connexion of clock. 
screws on the case, wires from the two poles of 
a galvanic battery, a continuous current passes 

through, broken at the commencement of each second by means of a 
small tilt hammer raised by one of the clock wheels. I t  is very necessary 

These figures apply to the greater part of India. A good rule for the purpose is that the meridian On 
the north nide should be unobstructcd to a zenith dietouce of ro more than 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 break the current. 

For raising or lowering thc pendulum bob and thus increasing or 
decrcasing the clock rate, a screw at the bottom is provided with a 
graduated head, each division corresponding to a change of rate of one 
second per diem. 

I 7 .  The collimators and transit instrument may now be mounted and 

Mounting and adjusting of the 
adjusted, and in doing this tlie small transit 

collilnators aud transit IU- (alluded to in Volume X, Chapter I, at the 
strument. 

beginning of Section 3) which is made to fit 
the same Ys as the large one will be found of great service in adjusting 
tlic Ys by hand, both in level and azimuth, sufficiently near to be within 
the range of the adjusting screws of the large telescope. A description 
of these instruments is given in such detail in the Introductory Chapters 
of Volnme X that it is needless to repeat it here, and it will be only 
~iecessarp to describe briefly the adjustments that must be performed 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 
for of its socket till tlie eye is satisfied. This adjust- 

wlrea. ment varies for different eyes. 

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

This is effected both in the collimators and in the transit telescope, 
by two antagonizing screws which move the eye 

Acljustment to solar focus. 
tube in and out. When a star or any very 

distant object is well and clearly defined, the screws must be clamped 
once for all and not mecldlecl with subsequently, as any change in this 
adjustment alters slightly tlic value of the wire intervals. 

20. 3rd-Acljustment of the line of collimation :- 
The line of collimation may be defined to be the line joining the 

Col~imation adjustment. 
centre of the wires, and the centre of the 
object-glass, and unless this line is placed so as - - 

to cut the transit axis at right angles, a correction for  cotlimation to the. 
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recorded time of transit becomes necessary. The movement of the line of 
collimation is effected by turning the micrometer head which urges a 
slide carryiilg 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 infinitely distant object. Now, if we look through 
the south collimator at  the north one, and by means of the proper adjust- 
ing screw superpose the images of the two crosses, those two images are 
to  all intents and purposes two infinitely distant signals at the extremities 
of a diameter of the celestial sphere. Let the centre wire of the large 
transit be now placed on the cross of the north collimator and then 
suppose the telescope to be revolved on the transit axis tlirough I 80°, it is 
obvious that if the sight line is perpendicular to the axis it will now ac- 
curately intersect the south cross ; if not, half the difference is the error 
of collimation which may be corrected by the proper screws, or preferably 
may .be computed from the micrometer readings of the collimators. 

21. This is the principle, but in practice the crosses of the north 

Continued. 
and south collimator are not exactly superim- 
posed, but are separated by a small angular 

interval which is measurkd by the micrometer attached to the south colli- 
mator, and allowed for in the complitation ; the necessary intersections 
of the north and south crosses in the transit telescope are made by the 
micrometer, and the micrometer reading of the true line of collimation, 
when perpendicular to the transit axis, is deduced. The method of deter- 
mining tllc actual value of the collimation constant c* will be explaincd in 
the nest chapter. The reader may also consult with advantage Scction 2 
of Chapter V of Volume X. Note, that in fitting on the cap protecting 
the micrometer head, care should bc taken not to disturb the reacliilg to 
which the micrometer is set, usually called C,, and that whcn removing 
the cap, this reading should be checked bcfore moving the hcad. 

22 .  4th-Adjustment of the horizontality of the transit axis :- 

I n  small instruments this is generally performed by a striding level 

Adjustment of level.  
the feet of wlii~li stand on the pivots of the asis ; 
but in transit instruments of tlie size employcd 

on the loilgitude work a more delicate mcthoci is resortcd to, which depends 
- 

c is the diffcrcncc between the angle that the line joining 111s rcntrc nf the wires with tlir centre of  
the object-clnss inakcs u.ilh t l ~ c  rotation axis, and go", nud is ~ n e a s u r d  in diviviuns of the transil telescope 
micrometer, one division = o"02r4 or o"'336. 
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for its accuracy on the horizontality of the surface assumed by mercury 
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 mire 
to be truly collimated, and then, by means of the levelling screws the 
axis to be so adjusted that the central mire coincides zuith its ozon 
reflection, 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 l~orizontal. The actual method in use, 
which consists, not in truly levelling the asis, 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 :- 

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

Adj,,stment of the settillg c+ tances ; the latter are much the more convenient 
clee. for a portable instrument, for if the former are 

adopted a new adjnstment is necessary at every station, whereas in the 
latter case one adjustment once for all suffices. The best means of 
securing this is to set the circles to read o0 when the horizontal wires 
and their image in mercury coincide, and firmly clamp them in that 
position, making the final fine adjustment of the pointers by the small 
levels attached to them. 

24. 6th-Approximate adjustment of the transit instrument to the 
meridian :- 

There are several well lrnown metllocls of performing this adjustment, 
which are treated of in all text books of Astro- 

A~ljustrnent in the mcriclian. 
nomy. The most convenient procedure, and 

the one almost always adopted in the longitude parties, is by the transit 
of Polaris. Sidereal time having been obtained accurately, either by 
computation from the mean time supplied to the Telegraph Office, as 
explained in yam. r I of this Chapter, or by transit of a zenith star, it  is 
only necessary to shift the n~l~ole transit telescope and axis, by means of 
the azirnutllal screw for this purpose, so that when the sidereal 
timc is equal to the right ascension of Polaris, that 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 i t  
requires to be moved much in azimuth, or if the upper surf accs of the piers 
are not fairly level, it may be found necessary to repeat the operation. 

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

Farther remarks on ndjustmcnts. render them quite exact; i t  is far more conve- 
nient, and accordant with allnost universal usage, to  reduce the errors to 
minute quantities, and to apply corrections for them, vide Sections 1 
to 5 of Chapter V of Volume X. 

26. The Chronographs and their adjustments are fully described in 
Adjustment of the Chrono- Sections 4 and 5 of Chapter I of Volume X, and 

g m p h ~ .  generally spealcing, 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 made, these machines work satisfactorily. 
This latter adjustment is, however, a very delicatc one, and in order to  
undcrstantl thoronghly how to make it, a knowledge of the mechanism 
of the bearing is necessary ; the following 
diagram (not drawn to scalej sufficiently 
illustrates it. 

27. The cup c in which the spindle s 
works is to be screwed up by the screws 

Continued. 
A and B until 
only the slightest 

possible play of the spindle is left, and 
then the lightest touch on the central 
steel screw D completes the adjustment. 
The screw E serves to clamp the screw D. 

I n  nine cases out of ten if the chrono- 
graph is giving trouble the fault lics at  
this point. 
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28. It has been found by experience that the most advantageous way 
of utilizing the telegraph is by sending tllrough 

Employment of the Telegraph. 
i t  the clock beats at  either station, tlie same 

beats being thus recorded on tlie 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 af ter 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 b y  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 

Alternnte employment of east very small, as the difference of longitude rarely 
and \\pest 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 alternately 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 the east clocli and A L W  by tlle west 
clock, 4 (ALE + h L W )  will be the true difference of longitude, and 
4 (A L W  - ALE ) the retardation of the electric current in passing 
along the line and through the instruments.. 

30. Tlie following programme (in skeleton) has been found the 
most convenient after many trials, and should 

flpeeirnen of skeleton Programme. not be departed from without sanction :- 

I. Both observers adjust their telescopes in collimation and level ; 
i t  is supposed that the azimuthal deviation has been previ- 
ously reduced to a very small quantity. 

11. The clock at  the eastern station is made to graduate both 
chronographs, and the transits of eight stars (the same at 
both stations,) four to the north of thc zenith and four to 
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the south, are recorded by each observer on his own chrono- 
graph ; the leading pen marlring the clock seconcls and tlie 
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 difference 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 follow 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, tlie 
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 2s0 except under urgent necessity. It will be found con- 
vcnient if one, at least, out of the sixteen stars observed 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 value of the pen equation 
should be recorded for at least two minutes on 

the chronograph drum. This is effected by the employment of certain 
pegs in connexion with the commutator board by which the direction of 
the electric current is regulatcd and which cause the observer's clock 
to actuate both pens; and thus the distance bctwcen them may be 
measured with the scale used in rcading off the transits, which is de- 
scribed in thc nest chapter. For a ciescription of the commutator board 
and the pegs appertaining to it, vide Section 6, Chapter 111, Volume X. 
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32. At some time during tliis programme, data for computing accu- 

Transits of circumpolar rately the azimuthal deviation of the transit 
for deviation. instrument sliould 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. I t  is usual also for 
each observer to compare the two clocks at some time during the night's 
work. This may be done by puttiqg in pegs 4, 6, 8, 10, 19, 22, 23, 

and subsequently 2, 10, 8, i 8, 22, 23. I n  the first case the observer's 
clock will mark seconds with A pen, and the distant clock with 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 ascertaining the mi. minute of the distant clock corresponding to 

nute Of the distant the minutes of the observer's cloclc ; this is 
done as follows :-The observer calls his colleague and telegraphs tlie 
word '(minute". The latter then sends his clock signals through at 
least one minute break, and cuts it off a few seconds after tlie 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 4" 19" 27s by his own clock; and then is told by his 
collcague that the minute is 28, he mill be in a position to fill up the 
miriutes in the chronograph sheet by the simplest possible little com- 
putation. It is necessary for both observers to do this. 

34. I t  has been found that practised observers have no difficulty in 
securing transits of stars at intervals of I or r 

Length of Programme. 
minutes, and in making the necessary acljuit- 

ments between groups I and I1 and between IV and V in about 3 or 34 
minutes. Calculated on this supposition it will be seen that the duration 
of the programme will ordinarily not exceed 29 hours, including the 
collimation and level adjustments ; but inexperienced observers should 
certainly allow somewhat more time. 

35. The wires in the transit telescopes are 25 in number (occasionally 
conccTning ,vi,sof trnn- 35) but the outside groups are in this case never 
, sit tclcscopes. used) clivicled into 5 groups of 5 each, the equa- 
torial intervals between the wires and between the groups being about 
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z$ and 49 scconds of time respectively for an equatorial star. It has 
bcen fouud 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 

Duties nf Observatory assistant or to a longitude party* He is generally made 
recorder. responsible, in  conjunction with the tindal of 

the party, for the proper and loading of the instruments when 
travelling. He should know sufficient about the setting them up to 
save the exccutive officer a considerable amount of trouble. H c  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 
in 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 enable him to do 
this ; it is found that I 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 
Thornugh knowlerlge ,,f commu- 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 rotc, the pegs to put in to  
produce certain effects, vide Section 6, Chapter 111, Volume X. To 
have to think out the proper situation of the pegs during a programme, 
or even to have to refcr to written rules, is objectionable, and may pos- 
sibly lead to stars being missed, or at all events to hurry and nervousness 
which are fatal to good observing. The adjustment of the pens and relays 
must be thoroughly mastered, for if anything goes wrong with the 
chronographs during the passage of a group of stars, the time for 
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remedying it is embraced within a few seconcls, 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 mill all 
have to be rcjccted 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 tliat tlie 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 
Gcnerul causes of failure. given. 

(a) Clock pen ceases to record seconds :- 
If tho obierver's own cloclr 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. I n  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 
cloclr circuit is broken. Failures of this kind are almost 
always due to  a derangement of the armatures and springs 
and not to the cloclr circuit; the former should therefore be 
first examined. If the other station cloclr is in use, failures 
of seconds may be caused in the same way, but it is in this case 
more often the 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 
strength the adjustment needs altering from time to time; it 
should be set so as to move with a very weak current, but if 
set too finely it is apt not to fly back at each beat: the 
correct setting can only be gained by experience. This relay 
acts directly upon the pen batteries, and the length of the 
signals depends upon the length of time during which the 
tongue of the relay F is jammed up against its stops. 

( b )  Ohserver's pen ceases to act :- 
This is probably due to derangements 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 somewllere : contact with other wires is s 
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 cloclc signals, instead of passing 

out to the line wire, will find their way to the nearcst earth through the 
receiving relay F, 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 
frolu 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 pen and sounder batteries should be '( short circuited," by putting 
the zinc and copper poles in metallic communication with each other, 
if they are working feebly, otherwise there is no necessity for this 
precaution. 

40. I t  will be found most desirable that observers should have a fair 
Knowledge of signalling necoe. acquaintance with the Morse Alphabet, (a copy 

eary. of ~vhich will be found at page 85 of the Ap- 
pendix to Auxiliary Tables) and be able to send messages at the rate of 
6 or 7 words per minute. I t  has becn 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 be continuous 
hetween the two longitude stations, i . e .  without the intervention of 
any relay, and this plan will be found the most convenient, as it is hard- 
ly likely that a Survey Officer will be sufficiently slrilful at signalling 
or well enough up in the routine of the Telegraph Department to 
accomplish this for liimself. But it is at the close of a night's work 
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that a certain amount of skill in sending and receiving messages be- 
comes important, 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. The 
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, and 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 incomplete he sends a - for every unobserved star and 
a- for each one observed. Thus - - - - - - - - signi- 
fies that the I st, 4th, 5th and 6th in that group have been observed 
and the others missed. If the azimuth stars are lost it is signalled 
thus - - - - - -, 

I t  should be remembered that stars observed at one station only 
are absolutely useless, and therefore if one observer knows that the 
other 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 
N,unberof nights.observatiolm, nights' observations, if about two-thirds of the 

md pivot neoessar*. stars are secured on an average each night, are 
suEcient at one station, provided there is no great disparity between the 
numbers of stars N and S, or between the numbers of observations 
with E or W clock respectively. The routine for pivot changes is 
generally as follows :- 

Eastern Observer. Western, Observer. 

1st night I. P. E .  I. P .  E. 
2nd ,, I. P. W. I. P. E. 
3rd ,, I. P. W. I. P. W. 
4th ,, I. P. E. I .  P .  W. 
5th ,, repeat one of the above combi~lations. 
6th ,, J 3 another JJ , , 

selecting for repetition on the last two nights those conlbinations which 
for any reason appear to have been least satisfactory. 



98 HANDBOOK OF THE TRIGONOMETRICAL BRANCH. 

Tliis succession of pivots has been arrived at as tlie most suitable, after 
nlany experiments. The transit instruments have given rise to much 
discussion 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 prcsent be accounted for. This matter is trcated of in 
considerable detail in the Appendix to Volume X, to which tlie readcr is 
refcrred, with a recommendation that the outlines of the subject sholllcl be 
mastered by any officer undertaking Electro-Telegraphic longitude work. 

42. It is advisable tliat the relative persolla1 equation of the obser- 

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

ment of the first arc, again i11 the middle of the season, and lastly after 
thc completion of tlic last arc. I t  is not intended that these times 
shoulcl be in all cases rigidly adhered to if found inconvenient, but they 
arc so obviously the best that an effort slionlci be made towards this 
end. The method of measuring tlie equation is fully detailed in 
Cliapter V, Volume I X  and in Cliapter IV, Volume X. It is best to clis- 
tribute the measures over two nights rather than do the whole togetllcr, 
as the compal*ison of the two mill furnish some sort of tcst of trustu-or- 
tliiness. Tlie transits of 40 stars, i.e., 20 N and 2 0  S of the zenith can 
bc conveniently observed each night. The Idiometer, descrihcd at  page 
35 of Volume IX, designed by Lieut-Colonel (now Major-Gencl-al) 
Maxnrell Campbell,  for the purpose of measuring the absolutepcrsolial 
equation of each observer, though an exceedingly ingenious instrument, 
was found from some unknown causes not to agree very satisfactorily i11 
the results it gave wit11 tliose derived from clividetl transits, and its use 
lias thereforc bcen abancloned for some years past. 

43. A few T I ~ O ~ C ~ S  are necessaly as to tlie Star Catalogues to be em- 
ployed on this work. Bcaring in milid the 
fact that the determination of the diffcrcl~ce 

of time at the two stations reduces itself in practice to thc length of 
time occupied by a lieavenly body in passing from the meridian of the 
eastern station to that of tlie western, it is obvious that great accnracy 
in the ltnonleclge of star placcs is quite unnecessary ; it suffices if tllcir 
right ascensioils arc lalon-n within 2 0  or gc seconds of time and their 
cieclinations witl~in 3 or 4 minutes of arc. Hcncc the use of thc B.A.C. 
Catalogue, onc of tlle inost extencled in existence though somcv lint 
inaccurate, is legitimate, aud i t  may be employed with great advantage. 
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Bcsicles the Nautical Almanac and the Connaisaance des Temps, the 
Grecnwicli Catalogues of 1864, 1868 and 1872, and the Wasl~ington 
Catalogue should also bc at hand, as they may occasionally be required 
when more correct placcs are ncccssary. Table L I V  of the 3rd Eclition 
of the Auxiliary Tables of the Survey of India contains a very useful list 
of circumpolar stars for determining azimuthal deviation which may be 
used with safety, so long as both observers employ the same stars : the 
quantitics e,  f, g, h, I will hon-ever have to be computed as they are not 
given in the table. Their places sliould always be brought up to the day 
of observation rigorously. For stars within 3' of the pole, obscrvatioi~s of 
transits on three or five wires arc sufficient. I t  will be found conveilie~it 
if both stars of a pair are obscrvcd with same clock, and one pair with 
the eastern and one with tlie western clock. 

44. If by any mischance the azimuth stars are missed, the azimuthal 

N. Collimator may serve for deviation can generally be deduced for one or 
mericliau mark on emergency. even two nights with sufficient accuracy from tlie 

reading of the north collimator, its position with regard to the meridian 
being determined from the previous night's observations ; as explained 
in para. 12  of the nest chapter. This collimator is by its construction 
exceedingly stable, and its cross rarely moves more than 4 or 5 divisions 
of the transit micrometer from night to night and frequently much less : 
thie movemetlt corresponds to about 1 . 7  seconds of arc which is im- 
material as the clock stars are always selected within a few degrees of 
the zenith, where the correction due to such a small error in the deviation 
correction is practically rejectaneous. 

45. It is not always necessary that a pair of circumpolar stars a t  

Other rnetliods of deducing devia- opposite culminations should be observed. In 
tion. low latitudes this method may be found imprac- 

ticable, as lower culminations would then occur at inconveniently low 
altitudes. It is then bctter to employ a north circumpolar star at 
uppcr culmination and a star as far south as possible. Azimutlial devia- 
tion in this case, as in the former one, has the effect of accelerating the 
transit of one star and retarding that of the other, thereby giving a 
large divisor in the formula for determining it, which is the object aimed 
at for securing a trustworthy value. I n  this system also it is most 
desil.able that both observcrs should use the same stars, unless they are 
so well ltnown that no uncertainty attaches to their catalogued places. 
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I .  It will be conveilient to divide the various operations, by which 

General arrangement or computa- the final arc of longitude is obtained from the 
tions. raw material furnished by the chronographic 

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

(1) Writing up the headings of thc 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) 3) of corkction for azimuthal deviation. 

(9) 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 cloclr, 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 observe 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- 
ing them off-is usually undertaken on the day 

WrltIng up heedlngs, &c. 
following the night of observation, while all the 

details are still fresh in the observer's mind. On each sheet should be 
noted in large clear round hand the following particulars :- 

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

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

(d) The telescope used. 

( e )  Its position as regards the illuminated pivot. 

(f) The clock used. 

(g) The chronograph used. 

(h)  The date. 

(i) The number of the sheet: each arc should 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 tlie star after the last mire. The clock minutes, 
and here ancl 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 
Itnowledge of the rate will enable the observer to fill in these details 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 being then signed by the observer, 
is complete as a record. The reader should however be here cautioned 
that a somewhat different procedure with regard to the collimation and 
level corrections has been recently approved which is explained in para. 
8 of this chapter; and it will be unnecessary in future to enter more 
than the values of C,, C, and M at the foot of the chronograph sheets. 

3. I t  should be remembered that these sheets are in  effect the field 

Preservation or clironogreph boolts of the party, and must be preserved with 
nhects. the greatest care. After they have been sub- 

jected to the next process-reading off-they should be pasted into a file 
boolr similar to those used for filing letters, but of sufficient size to 
render tlie folding of the sheet unnecessary. At the end of this chapter 
will be found a specimen of a chronograph sheet from actual practice 
on the arc Mangalore-Bombay in 1888. I t  has been selected casually 
from the records of the astronomical parties, and contains a few omis- 
sions ant1 imperfections such as are almost invariably met with in an 
ordinary night's work. 
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COMPUTATION OF DIFFERENCE OF LONGITUDE. [PART IV. 

4. Tlie next step is the reading off the sheets, and entering the clock 

Rrsding off 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 cngravcd on some 
trailsparent material, talc or glass, its length being equal to the distance 
bctween two consecutive marlcs representing seconds, made automati- 
cally on the clironograpliic sheet by the clock. As the lengths of 
the scconds are liable to small irregularities, the division lines of the 
scale arc made closer at one end than at  the other, so that by sliding the 
scalc up and down a position may be gained, in  which its length accu- 
rntcly coincides with that of a second on the sheet. The scale is divided 
into tenths, and half tenths are read by estimation. At the end of this 
cliapter 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 
complete computation of one whole arc would have unduly extended 
tl~ese 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, 
(No. lo), tlie arc Mangalore-Bombay. I n  Form No. 10 the arc Nagar- 
koil-Mangalore llas been selected for illustration in consequence of its 
being a more complete measurement than Rfangalore-Bombay, and con- 
sequently affording s better type of the method employed in deducing the 
filial value. I t  is quite unnecessary (except in the case of circumpolar 
stars observed for azimuth, whose treatment is somewhat different 
throughout) to record the minutes and seconds of every wire observed ; 
i t  suffices if this is done for the first and last wires only ; for the inter- 
mediate ones only the decimals of the second to the nearest half tenth 
should be cntered in the form. The hour and minute of transit over the 
first and cciitre 11-ircs are entered at the top of the form, the latter being re- 
peatcd below when the mean of all the wires is deduced. It is very desir- 
able that all the sheets appertaining to one arc at both stations should be 
read off by one and the same computer, otherwise a personality may be in- 
troduced, which would have to be determined experimentally, and applied 
as a correction. T'SThen two computers are employed on reading off the 
ahcets, it will be found more expeditious that one should read and tlie other 
record the readings, than that each should work indepcndently. It will be 
ohserved that two vertical columns arc appropriated to the reduction of 
each star ; thc first having been filled op  as described above, the use of 
the ~ e c o ~ t d  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 subtractive for those 

after it) which, for any particular star ancl wirc, is the wire intcrval from 
the centre in equatorial seconds multiplied by the secant of the 
star's declination. This computation, like marly 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 throughout the longitude calculations, to the almost 
entire exclusion of logarithms. Except in the case of close circumpolar 
stars for which special methods are required, the declination secants, 
which are talien out to four decimal places, lie between the limits of 
I .o and I ~ 4 .  The table is tllerefore prepared with six vertical columns, 
the first contains the distinguishing letter appropriated to each mire, 
the second is headed 1.0, and contains the value of the wire intervals 
multiplied by 1.0, tlie third is licaded 1.1 and contains the same inter- 
vals multiplied by that quantity, and so on up to I '4. Tlie last horizon- 
tal line in tlie table containing the values of m is explained below. 
Crellc's Tables are subsequently employed in multiplying the last three 
figures of the secant by the first three of tlie mire interval, the product 
being added to the proper number in the reduction table. Thus suppose 
the equatorial iritcrval of wire B to be 29.07 and the nat. secant of the 
star observed to be 1.241 7, the computation would stand thus 

By the recluction table 29-07 x 1.2 = 34-88 

By Crelle's Tables *2ga1 x '0417= 1.21 

Total reduction for wire B = 36-09 

The wire intervals shown in the table were those appertaining to  
Tclcscope No. 2 during the scason I 887-88 : a ncw tablc would of course 
be necessary, if tlicse intcrrals arc found to vary from time to time, as 
in all probability they will, or if anotlicr telescope be cmploycd. Any 

Tl~c* ornissiorl of tllc sccond tlcri~nal plnce in tllc vnluc of the \r.irc intcr\;rll l~ l l cn  multiplying Ijy tllc lnst 
lhrec, flgr~rcs of the sccnrlt, call in 110 cusc aficct the second place of dccirnds rn the total rcdnction to centre 
for ulry wire. 
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moderately good computer soon learns to perform this calculation men- 
tally without writing down asingle figure, and it is thus very quickly 
got through. The reduction to the centre for all the wires is shown in the 
specimen 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 r i l l  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 been inserted in the last line of the Reduction Table, as i t  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 

Discrepant observations, and their frequent; when they occur the clironograph sheet 
treatment. should 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 following little table as a guide to the observer. It is founded on the 
same principles as the well known criterion by Professor Peirce, and its 
construction is explained in the General Report of the Operations of the 
Surrey of India Department for the year r 8 85-86. Appendix, page lxvi. 
I t  has no pretensions to theoretical accuracy but suffices for the object in 
view. Thus if eleven wires have been observed and the star's declination 
is 2 jO, an observation differing os. 24 from the mean should be rejected. 

Criterion fo r  rejecting dottbtftil OLservations. 

Declination 

No. of wires 
Observed 

5 
6 
7 
8 
9 

10 

11 
- 

lo" to 43' 

'I 6 

'19 
.a1 

* 2 i  

' 24  

'35 

.a7  
- 

oO to loO I loO to zoo 1 lo0 to 30° 1 3ool to loo 

'I 6 
'18 

' 20  

-7.2 

'24 

'25 

, '16 

'I I 

'13 
' 1  4 

'15 

'16 

'1  7 
'18 

- 

'13 
'1 5 
'17 

'18  

'10 

'3 1 

*aa 
-- 

'I; 

-17 

'19 
. 2 0  

'21 

'33 

.24 
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7. It not unfrequently happens that the chronogral)li becomes 

Proced,,r, when the chronograph irregular in its rate, and, owing to incrcascd 
rntc is irregular. friction or otlicr causes, goes so slonrly that tlic 

ordinary scale cannot be applied to the clironographic record. I n  this 
case tlie true distance bctwcen tlic recording pciis must be taken off 
with a pair of compasses, and applied (either back~~arcls or forn.a:.ds 
according to wliicli pen is leading) to the star-signals on tlic record, 
ancl the pricks reacl off by actual measuremcnt from tlic precetlillg 
and succeeding seconcl-signals ; in which case the space left iu Form 1, 
for "Correction for Q" will be left vacant, or fillccl in with o. 'rlie 
true distance between the recorcling pens can always be obtniiicd 
from the run of pen equation at the begiiiiling ancl end of each 
night's work, when both pens are actuated by the observer's cloclr. 
Form 1 cannot at this stage be further proceeded with, but will be 
referred to again. 

8. The improved method of deducing the collimation ancl level 

of col,illlation and corrections alludcd to in para. 2, requires some 
level constnnts. little explanation. The prcvious prncticc llad 

been that the value of c, as determined by observations to the collirna- 
tors each night, should be used for the correction of tlie trailsits 
of tliat night, separate values being elnploycd I.P.E. ancl I.P.W. 
Occasionally, however, consicterable discrepaiicies occurred between thcse 
values, and an examination into the matter showccl that it would bc far 
more satisfactory theoretically to take a mean C, for a ~ ~ l i o l e  arc, 
rather than attempt to get nightly valucs : it certainly lias proved more 
satisfactory practically also, as tlie test by circuits, wllcil tlie arcs are 
computcd mitli a rncarl C,, unmistakea1)ly shovrs. Thc procedarc iiow 
adoptcd will be understood from the Al~stract of Collimntion nncl 
Level, Form 3. C, is to be tletermincd tn-ice (or morc) each night, 
prcfcrably once at the begiliniiig of the work, a i d  spin t o ~ ~ a r d s  its 
close, ancl entel.cd in the propcr column of tlle form. C, the micl.ome- 
ter liead rcatliikg (luring the observation of transits, is also inserted for 
each night, and also h1 vrliich is the rending of the micromctcr liend, 
wllcil t l ~ c  rcal wircs and tlicir image rcflccted f1.0111 mercury coincide. 
Up to this ~ o i i i t  no cliangc has bccn mndc ill the yroccss 1~11ich is 
dcscrihcd in Scctions 2, 3 ancl 4, Chapter V, Vo111me X.  Thc 11clt stcp 
is to talcc out tllc mean of all t l ~ c  valucs of C, ill l)osition I.P.14;. nlltl also 
of tliosc in position I. P. ?V. ; thc nlcnll of thcsc l\vo quarlliiics gi\ cs 
the final vnluc of C,,, the cliffcreuce between wllich and C, -- givcs tlie 
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talues of c, for each nigHt; add so long as C, remains the $rtme, so 
loilg mill c, and c (which is equal to  c, less the diurnal aberration) 
icmain constant. Note that when the telescope is I.P.E. c, = C, - C, 
and foi. I .P.  TV. c, = C, - C,. By a sirriilar process the vdlues bf b a~ 
found : cncli klctermination being kept separate, and used for the group4 
to ~ l l i c l l  i t  appertains: it is usual to determine b twice in the night's 
tVorli, a t  the sade  time a$ C,. 

g. The next stage of coAputatioh is the determifiation df th2 
value of the Pen Equation. This is measured 

Mcasurcment of Pen equntion. 
di?ettlk from thk chrohograph sheets by the 

peading scale, and if the pens have remained unaltered during the 
fiigllt's worlr, a mean is taken for the whole. It is usual to  make 
20 measuremehts on the run of peh eqhition at the beginning, and 2 0  

at thc end, distributing them as evenly as possible along the whole 
lcngth. There is no special form used for this process. 

10. W e  now come to the three $rms 4,5 and 6 employed in cornpul%- 
or nrimndlGl aevic- 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 
circnn~polar stars observed for deviation. It is desirable that in com- 
puting these only trustworthy catalogues should be ernploycd. For 
rcmarlrs on the catalogues to be employed the reacler is referred to  
para. 43 of the precccling chapter. When the star whose place is 
required is found in two or three of these catalogues, i t  is customary 
to cleducc its place on the first of January of tlie year of observation 
from cacll of them, and take tlie mean as the adopted value. I ts  place 
on tllc day of observation is brought q from the 1st of January by 
means of Airy's Day Numbcrs or by the Indcpendcnt Quantities.* 
The placcs at Greenwich mean midnight are consiclered good enough, 
as ally error incurred hy neglecting a few hours onc way or the 
other, is probal~ly smaller than the inaccuracy of their observed places, 
especially as snlall errors in the computcd placcs can Iiavc no appreciable 
effect on the final results, so long as tllc same stars are used by both 
o11servc1.s. 

The I'orn~ is n(lnptcd tn .\iry9s Dny Surnbcrj, L I I ~  rcry Iittlc change will be required for 
tho l ~ l ~ l ~ c n t l r l l t  QyILutltic~. Thcbc lattcr urc cullcd ill tllc Nautical hlhlanac " Quunt~tics for corrcctinp 
t l ~ c  Plrcca IJI Slurs. 
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I I. It will generally sufficc if the place is computed for thc first anrl 
last night's observation on cacli arc, t l ~ c  inter- 
mediate ones bcing detcrmincd by int,~rl~,olation : 

occasionally, however, if the mcasurement of tlle arc is mych , . .  ~potractcd . s 

by bad weather, or other causes, additioual . intermediate . values sliould 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 6 are 
computcd (for circumpolar stars) the star constants, C = m sec 6 for 
collimation, B = m sec 6 cos 5 for level, and A = nz sec 6 sing for 
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 trcatment, Form 5 must be used for them. For 
computing these thc latitude of the station, and the declination of the 
stars observed, should be ltnown to the nearest second. The forni, nikh 
the hclp of the precepts regarding signs, kc., +t the foot of it, is sufficiently 
simple to rendcr 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 11.p first the circ~un- 
polar stars only, the corrcctions Cc, Bb, and Q, 

Cowtit~ued. 
must be filled in with tlieir proper signs, and 

added algebraically to the mean of the wires. The times thus obtainccl 
are copied into Form 6, and the deviation constant a is deduced qcqording 
to  the rules given in detail at pages 24,25,26 of Trolume X. It is usual 
to  observe two pairs of circumpolar stars each night, tlie first of wliicl~ 
appcrtains to the first two groups, and the second to the last two groups. 
Unless there lias becn some disturbance of the telescope during ,the 
progress of the work, these two values of a sllould not differ by more 
than 10 divisions. If a high and low star are used for determining the 
deviation instead of a pair of circnmpolars tlie method of computation,is 
identically the same. It has been mentioned in para. 44 of the preceding 
chapter that in tlie evcnt of thc azimuth stars being lost on any night, the 
position of the telescope with regard to tlie mericlian can be deduced from 
that of the North Collimator, by assuming its stability for the ,time 
elapsed. The principle of thus obtaining the deviation . is .- as follows :- 

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

.Let -D be tlie micrometer reading when the sight-line intersects 
the North Collimator. 
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Also let n a11cl Ic represent respectively the cleviations of the telescope and 
ilortli collimator from trnc 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 nppei1 signs being for position I. P. W. and the lonrer for I. P.E. Hence 
i t  is ob~ious tliat k may be computed if a is known or a may be com- 
putcd if k is lrnomn (C, and D are always obtainable from tllc collima- 
tion recorcls). If therefore a cannot be obtaiiled on any particular 
niglit owing to the azimuth stars bcing lost, i t  is obvious tliat a 
1cuon.ledge of k from the observations of a prcvious (or subsequent) 
niglit, vill enable' us to supply the omission by the solution of the 
equ a t '  ion 

On several arcs nightly values of k ham been talcen out, and have 
rarcly been fouilcl to differ 5 divisions on consecutive nights ; whereas 
n is subject to consiclcrably largcr fluctuations, especially after change 
of pivots. 

13.  We can now again return to Form 1 and with the I<nomn values 
c, b, and a, form tlic corrcctions Cc, Bb, An as 
well as Q, w11ich must all be carcfullg entered 

xi th  the proper signs.* 'I'lie quantities C = nz sec 8, R = C cos and 
A = C sin are obtaincd from tlie last tliree lines of tlie table for 
rcduction to cclitrc xire. These four corrections with their proper signs 
being now aclcled algebraically to the mean of the wires, tlie sum is en- 
terccl in the lirlc " corrccted "; and tlle last two lincs are also at the 
sailic tiiuc (after the first day) completed. Having proceeded thus far, 
tlie observer will have tllc satisfactioll of noticing, from the ngrcement 
of liis clocli-rate correction as dcduccd from different stars, what confi- 
dcnce can be placed in his work. 

14. The nest step is to dcdnce the actual corrcctions for clock-ratc 
D ~ i l u c t i ~ ~  of clock-mtc correc- for each night to bc a1q)licd to tlie transit 

t i c m y .  obscl.vations Ily incalls oE Il'orm 7. The filling 
"1) of this form secms to 11c too ol)~ious to necd csl)lanation ; its objcct 

'I'lle siunn of c R I I ~ I  1, arc ~l(.tcrn~inctl in Form Z ant1 of n in Form 6.  ' r l ~ e  signs of C, B and A arc 
zivell in t l ~ c  fl)ot-nr~tc to I:ornl 5. 



ELECTRO-TELEGRAPHIC LONGITU1)ES. 109 

is merely to compute, by means of the known clock-rate corrcction 
for 24 liours, (or multiples of 24 hours if any nights have been missed) 
the proportional correction for the time elapscd during the passagc of a 
star from tlie meridian of tlle eastern to that of the n-cstcrn ohserver: 
if the computer is in any doubt an explanation will-be fouucl on 
page 31 of Volume X. 

~ 5 .  Personal equation next claims the attention of the computer. 
- 

Conipntation of personal equation. 
Tlie stars observed in divided transits for this 
purposc mnst be entcrcd and computccl in Form 1 

exactly lilic tlie longitucle stars as far as tlie line " mean "; beyond this it is 
uunecessary to carry tlie calculation. Each star will of course rcquire two 
pairs of columns, one for each observer. The results are then abstracted 
into Form 8. As tlie relative personal equation of the observers is 
gcncrally measured tliree times during the field season, the selection 
of tlie exact value to be used for each arc must be partly left to their 
juclg~ilcnt. I n  tlie case of the arc Mangalore-Bombay, as the equation 
was measured witliin a few clays of complction of the arc the value 
tlicn obtained was used on that arc; a mean of tlie two days, April 12 
and April 13, on wliich it was cletermined, being talien. Tliroughout 
tlic whole discussion of personal cquation, stars of north ancl south 
aspect mnst bc kcpt 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 
approximate values of the arc; they are still 

Approximnte value of AL. 
necessarily only approximate, for those values 

obtained by transits with the eastern clocli are too small by tlie quantity p, 
(thc amount of rctarclation of the electric current through tllc line wire 
and rclays) tliose mitli the ~vcsterii cloclc being too grcat by the same 
amount. I n  filling up tliis form tlie most recent practice, found by 
experience to be thc most conrci~ient, is to cnter the stars in groups of 
north ancl soutli aspect. Tlic ail11 in selecting a programme, .is to 
oljtaill four groups of longitude stars, in each of which are found 4 stars 
of nortli alld 4 of solltll asljcct ; tllesc being scparatcd in Form 9 give 
rise to 8 groups, altcrnatcly north and south. The mean of the results 
I)y cncll gronp is first talteii out in colunln 15, and then the corrections 
for clock-rate ancl personal cquation are entcrcd in colunlns I 6 and I 7 ; 
tlic a1gcbmic:~l arltlition of the three colnnlns tlien affords tllc final value 
of A L  + - p for tliat particular group. 
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1 7 .  With the means of thcsc results we pow enter Form 10, 

Final vnlue of AL. 
and tlle question arises, how is the best fiqal 
mean to be obtained from them. If no stars 

in the programme were missed, the sumber of north stars equal to 
the number of south, the nurpb,er of observations with tile eastern 
cloclc equal to the number with the v e s t e r ~  clock, and $lie pivot 
changes quite symmetrical, it seems obvious that the proper course 
would be simply to take the arithmetioal mean of the wliole as the 
hest result; but when these conditions do not obtain, i t  becomes a 
matter of some difficulty to decide on the best method of proceeding. 
Vaisious systems have been tried at  different times, but the latest and 
most approved is as follows. The upper part of Form 10 gives the 
values of A L f p for each day, keeping separate the results by north 
and south stars with each clock, the pivot position of each telescope 
being entered for each day in the first column of the form. I n  the n e ~ t  
oolumns are shown the results by each clock, north and south stars 
being lumped together; in the next are given the results by north and 
eouth stars separately, the mean of -two clocl~s being talcen. The next 
column shows the final result for each day, being the mean of cdumns 
7 and 8 or g and 10. The last column p is half the difference between 
columns 7 and 8. I n  the latter part of the form these results are 
further digested. It is obvious that  only four combinations of pivot 
positious are possible, viz :- 

Telescope No. 1 Telescope NQ. 2 
I.P.E. I .P.E.  
I. P .  W. I. P.E. 
I.P. W. I. P.,W. 
I.P.E. I. P .  W. 

Tllesc four are entcrcd in the first column. The next ten are similar 
to  those in the upper part of tlle form, diffe~ing only inasmuch as 
they contain (or may contain) the means of the results of several clays, 
011 mliich the pivot positions have been the same. Thc mean of the 
figures in the last column is the finally accepted value of the arc. 

IS. Wire intervals should always be determined at the beginning of 
'Method of measuring ,,.ire the season ; as, in case of an accident occul;ring 

vals. to them, the intervals being unkno~vn, all pre- 
*vioes work ,of that season wonlcl be .more or less uncertain qnd 
unsatisfactory : it is as well that a second deterrgination be ,ma@ 
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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 i t  is more satisfactory to re-determine the intervals, in cwe 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 lehgth of time occupied by a close polar-and 
therefore slow moving-star in pa$sing over them ; the intervals being 
all recltoned from the central wire. Tlle 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 nccessary o~ving 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 proportiofi that the sine of the angle described by the 
star in its diarnal course beavs to the length of the. correspondin, * arc 
This correction is very small except in the case of stars within z0 of 
the pole, and even then it may be considered rejectaneous for intervals 
of less than I 6 seconds : if required, it may be easily computed with tlfe 
aid of the following table which is taken with slight modifications 
'from page 148, Volume II of Chauvenet's Practical and Spherical 
Astronomy, second edition :- 

log't  I ~ O R  k (I log t I log k 11 

The first column contaiils the logarithm of the number of seconds, t, 
occnpiccl by a star in transiting the wire interval, and the second con- 

sin 9 
tains tllc value of log - 9 bciug the diurnal arc described by the arc 0' 
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star during that time. The following example will sufficiently explain 
its use. Suppose a star whose clccliiiation is 88' 45' occupies 1623 
seconds in passing from any selcctcd wirc to the central one, required 
the true equatorial interval. 

Log cos 

Log k from the Table = 9.99899 

Log sum = 1,54806 . . . 3s9'32. 
At least eight or ten different stars not exceeding 6' N. P. Distance, 
slioulcl be observcd for wire intervals ; the effect however of erroneous 
values, shoiild such exist, may be completely cancellecl iii obscrving 
longitude stars, by the simple precaution of using the same wires in 
both positions of the telescope, viz., I.P.E. and I.Y. W. 

19. The number of decimal places to be retained in tlic various stages 

Number of decimals t o  be retained. 
of the computation merits carcful attention. 
I n  reading off the clironograpli slicets record to 

the nearest half tenth, the reduction to centre mire is to be recorded 
to  nearest hunclreclth. There is of course no object to be gained 
theoretically by computing the latter of these quantities more rigorously 
than the former, it is simply a matter of convenience as the method of 
calculating the reduction explained in para. 4 is ccrtainly easier to work 
in its present form, than if it were imperative to enter thc last figure as o 
or 5. The mean of the wires is to bc entered to the nearest hundredth, 
A, B, C are to be compnted 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 nearcst minute. Times of transit and 
correctiolls thereto are to be entered to two places of decimals. 

20. I n  taking the means of the groups in Form 9, and thencefornrard - 

to the final results, including clocli-rate and 
pel-sond equation, the third place of decimals 

is to he rctnined. Micrometer licads are al~vays to be read by estimation 
to tenths of tlie division cngraveil on thc liead, and it will suffice if tlic 
means of t ~ o  or morc rcadings are rctainccl to tllc snuic ordcr of 
accuracy, riz., tcntlis of a division. 111 tlic case of close cir.cumpolar 
stars, nrhose transits are used for dctcrn~iiiiiig Azimutlial dcviation, i t  
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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 tenth of a second. I n  taking the 
mean of the wires the hundredths sliould be retained. 

21. The following programmes are given as specimens. I t  will be 

Programmes. 
found convenient to paste the programme on 
a sheet of millboard about the size of foolscap - 

paper, and hang it up where i t  car1 be converliently referred to, in the 
clock-room. The first programme is for the eastcrn and the seconcl for 
the western station. 

22. For the above programme the stars were those given in the 
subjoined list, which is made out in the form in 

Star liritn. 
which it has been founcl convenient for the ob- 

servatory recorder to have before him. The numbers refer to the British 

A = l a O  52' 
A L  = am 78 

Chronograph pegs 
t o  be used 

41 6 , s )  10, 151 151 

23, 24 

1, 8, 13, 1 0 8  151 1s 
I, 10, la, 8, 17, so, a$ 

81 181 2% 23, 10~15, 1s 

10, 19, aa, a3,8, 17, 20, as 

231 14 
-. 

ARC MAUGALO~E-BOMBAY, STATION MANQALORE 

Local Sidereal Times 

11-25 

11-36 

11-88 to 11-51 

12-4 t o  12-17 

12-26 

12-36 t o  12-55 

13-1 t o  13-17 

13-27 

A = r8O 54' 
AL = 7' 

Chronograph peg# 
to be used 

4r6r 8, lo,151 a$ 

13-24 

8,18, la, a3, IO,I$, a5 

10, 19, a11 13, 8,111 lo, a5 

11 9 

1 ~ 8 1  13, 101 15~15 

I ,  I O , I ~ ,  8, 17, ao,as 

23, 14 
- 

ARC MANQAMRE-BOMBAY, STATION BO~IBAY. 

h Draconie and 1070 Gr. 72 for Azimuth 

Call Western station 

1st  Group, Q +,with East Clock 

2nd Group, Q -, ,I I, 
Cut off Clock and receive West Clock 

3rd Group, Q +, with West Clock 

4th Group, Q -, ,, ,, 
Call Western station and eend results 

Local Sidereal Time 

11-25 

11-28 

11-38 t o  11-51 

12-4 t o  12-17 

12-18 

12-36 t o  12-55 

13-1 t o  13-17 

18-19 

A Draconis and 1070 Gr. 72 for Azimuth 

Receive call from Eastern station 

1st Group, Q +, with East Clock 

2nd Group, Q -, ,, ,I 
East Clock stops send Went Clock at  once 

3rd Group, Q +,with West Clock 

4th Group, Q -, ,, 11 

Reccive results from Eastern station and send ditto. 

- 
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Association Catalogue unless followed by the abbreviation Gr. 7 1  
signifies the Greenwich Catalogue of I 8 7 2. 

I Name of Star. 

A Draconis 

1070 Gr. 72 
4010 

4018 

4030 

4038 

m 9  

4056 

4066 

4072 

4261 

4277 
4285 

4291 

4 m  

4311 

1191-92 Gr. 72 
4351 

4558 

4387 
4394 

4406 

4421 

4431 

4436 

4440 

4453 

Polarlfi S.P. 

; which 

Tills form waamnde out for the observer at Bombay, tlie zcnithdista~iccs therefore rcfcr to that stfition. 

Mag. 

.- 

3-4 

4 

6-7 

7 
7 
7 
53 
6 

6 

4 

6 

6 

6 

d 

7 
6 

5 
6 

6 

6 

6 

6 

6 

6 

5-6 

41 

61 

5 

5 1 
41 

4-5 

7 
7 
6 

6 

11 

N. P. D. 

0 # 

20 3 

111 14 

51 2 9  

48 28 

91' 31 

85 54 

8.5 43 

67 17 

67 55 
80 39 

83 34 

63 30 

79 7 

65 a6 

93 20 

66 I 

71 35 

84 4 

l8 $7 

90 57 

50 1 
83 26 

61 $0 

5' 52 

5 58 

2' 59 

ga 46 

68 I$ 

98 a3 

71 53 

61 33 

81 57 
86 a1 

80 o 

55 19 

I 17 

Approximate 
R. A. 

h m r  
1 1  24 47 

27 a9 

46 33 

48 o 

49 44 

$2 31 

54 14 

$6 1 

58 33 

$9 31 

11 4 a2 

6 la 

7 46 

lo 49 

11 a6 

1 3 3 8  

15 a 
16 52 

35 55 
37 53 

39 43 

41 19 

43 49 

44 53 

48 8 

53 14 

4 51 

13 0 $3 

a 41 

4 36 

6 40 

8 17 

9 $0 

11 1) 

13 17 

I 7  1 

Zenitll 

0 I 

51 3 

50 8 

19 37 

21 38 

23 25 

14 48 

14 37 

3 49 

3 11 

9 33 

11 a8 

7 36 
8 1 s  

40 

aa 14 

4 4 5  

o a9 
11 58 

7 51 

I9 51 

20 59 
12 20 

9 16 

19 '4 

65 8 

0 53 

21 40 

a 51 

27 17 

0 47 

9 33 

16 51 

15 15 

8 54 

Id  47 

72 a3 

No*'1 

- 

N 
S 

N 
N 
8 
s 
S 

N 
N 
s 

S 

N 

N 
, S  
N 
S 

S 

s 
S 

N 
S 
N 
N 
N 
9 

s 

N 
S 

S 

N 
S 

S 

S 

N 
N 
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23. This programme has been selected at random from the records, and 

Central remarks on programmes. 
is one that mas carried out in the season I 887-88 
by Colonels Strahan and I-Ieaviside. The inter- 

vals between the stars and between the groups will be found too small 
for inexperienccd hands, but quite practicable for experienced observers. 
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. 





.Ph,oiozin.co9rnp7red at the Ofice of  the Trigonomehical B~alach, ITirrvey of I~tdia,  Dehra Dzin, At6gus.t 1889 



~plied at the OJce of the Ti-iyonontetrical Bfanci ,  Sirvey of Id in ,  Dehra Dhn, 81cgus.t 1883 



in ,  Augwt 1 W  





Form No. 1 .  8th Bpi2 1888, Observer Cotone2 Q. Strahnn, Tramit Telescope No. 2, 
I.P.E. East Clock, Station Bombay, Arc Mangalore-Bombay. 

For explenntion of the  term " nspect " consult Volurnc X, Chapter IV, Section I. 

Transcribed by Coniputed and Compared by 

- 

Gtnr . . . 
Declinstiotl and 

Aspect* 

m 6)  
0)  .tr 
-3 
E= B 
w 
0 Z Y 
m E 

; - 5  ." s 
5! 2 

IZ ." 4a 

0 
0 
1 

g 3 

Mean 

C c  c = - 2 . 9  

i 
m 

E! B b b = -0.6 
0 al 

k A a  a = + 8 - 3  
S 

Q Q = + 1 - 6 1  

Corrected Mean 

Do. of Day Preceding 

Appnrcnt Clock Rate 
Correction 

-- 

- -- 
4285 

+ 39' 53' N 

- - - - 

4?77 

- oO 57' 8 

h m  
12 39 

H 37.60 

'55 

'45 

'35 

' 25 

'10 

015 

'10 

'90 

'93 

12'80 

h 9n 

1 2  39 

... 

... 

... 

.,. 

h m 
12 37 

H 52'90 

"3 

'35 

'90 

'20  

'43 

73 

'97 

'40 

'63 

R 19'90 

-- 

4267 

+ I 3, 

h m  
1 2  39 

55-11 

' I 4  

' 05 

' 09 

'13 

' I 0  

* t 6  

'1; 

'10 

-26 

55-24 

8 

55-14 

. -  '08 

- * 0 2  

- '09 

+ 1.61 

h m  
1 2  38 

6'34 

'32 

' Z j  

'31 

'41 

'43 

'44 

*42 

'35 

-38 

6.42 

h nr 
12 35 

H 55-50 

' 83 

' 2 0  

' 7 0  

'00 

' 27  

'57 

'g3 

' 5 5  

'75 

R 23.07 

h m 
12.36 

,.. 
... 
... 
... 

1 2  39 56'56 

.., 52-03 

... - 4'53 

h m 
12 36 

9-19 

'23 

0 2 7  

'19 

' 25 

' 2 7  

24 

' I9 

'33 

' 29 

9'33 

S 

9.25 

- '06 

- '01 

+ '03 

+ 1.61 

I 2 36 10.82 

,.. 6.20 

... - 4-62 

1 2 3 8  6'37 

... - '06 

h m l  
,I. 

... 

... 

- '01 

+ '06 

+ 1.61 

12  38 2-97 

... 3-44 

... - 4'53 



m = vulue of Telescope Micrometer. 



Form No. 2. Reduction to Centre T i r e .  and Corninnfa f o r  Collintntion, Leret?, and 
Azintuih, C.H.A., for  Telescope No.  2, at B o m b a y ,  Lat .  = I$' 54'. 

If declination 161 is North and Krcater than (A) the Lst. 5 = 6 - A. . , . . 
e n  less 11 < = A - 6 .  ,, sd;lth C = A + S .  

In the first caso the star Is north of thc rcnith, and south in tllc Iwt two. 





Form NO. 4. Redflction of Circampolar Star-places. 

- - -. . - . . 

... ... Name of Star .. . 1191, Gr. 72. 
Date for which required ... April 8, 1888. 

... Epoch of Catalogue ,.. Jan. 1, 1872. 

y = Number of years elapsed 

... Secular variation ,.. ... 
Do. X Y  ... ... 
D6. x  y + 200 ... 

Annual precessioil ... ... ... 
Proper motion ... ..a ... 
Sum ,.. ... ... ..a ... 
6 u m x y  ... ... ... ... 
Place a t  epoch of Catalogue ... 
Reduced place January 1, 1888 ... 

0 .,a ... ... ... ... 
... E ,,, ... .,. . o n  

f ... . .  ... ... ... 
F ,.. ... ... ,Is  ... 

g .em II. e 111 .., 

a ... o n ,  ,., ... ,. 

h 0..  1.1 ..a - , a ,  

... H .., ,,a ,,. ... 

1 .., I.* .,, ..B ,.. 

... L ,,, * e m  I.e ,.. 

Bum ... 
Constant .., 

Proper motion for fraction of year ... 
Red~iction to day of observation ... 
Reducecl place .. . ... ... 

- 

to Jan. 1 of year of 

R. A. 

B 

+ 0 ' 2 2 1  

+ 3'5.36 

+ 0.018 

+ 0.371 

- 0.006 

+ 0'38.3 

+ 6.128 

1 2 ~  4grn 4.787 

1 2  48 1o.915 

9.75118 
0'8650.3 

0.61621 4.132 

0.02716 

1.25887 

1'2860.3 19'321 

I '404.32 
0.06985 

1.47417 29'797 

9'75376 

1.47667 

1'2304.3 16'999 

124.665 

Irq.104 

+ 309-018 

- 300~000 

- 0 ' 0 0 2  

+ 9.016 

rzh 4Sm 19.931 
. 

obsemntion = 16. 

N.P.D. 

H 

- 0 . 0 2  

- 0'32 

0'00 

+ 19.62 

- 0 ' 0 2  

+ 19-60 

+ 5 13-6 

so 53' 10.1 

5 58 23'7 

9'97695 
0.86503 

0.84198 6.9 

0.33705 
1'2j887 

1.59592 39'4 

I ' 64948 
0.06985 

1'71933 50'4 

9' 99639 

1 '47667 

1'47.306 29'7 

53 '6 
r 14-1 

+ 296'1 

- 300-o 

o 

- 3 '9  
5O 58' 19'8 



Forrfi No. 6. Compzdatiow of Stnv-Co~fants  A. B. 0. foll reduction of transits 0 ,  

Circumpolar Stavs. 
. 

Name of Star ... 

Date ... 

Lat = A  ... 
Declinstion = 8 or 6'* 

Z - A - 6 0 r h - 6 ' *  

Conetant log? ... 
log sec 6  or 6'* ... 

sum = log o (1) ... 
log sin Z (2) ... 
log cos (3) ... 

l o g A = ( 1 ) + ( 2 )  ... 
log B = (1) + (3) ... 

A ... 
B ... 
C ... 

'8' = (180 - 6) is to be 
t ,Thia i s  the logarithm,ot nf,the value of the micrometer screw of tho Telescope taken  nt 0"0114* 
l l l e  letter n after a loganthm s~gnifles that  it is l l ~ e  log.lrithn1 of a negative quantity. 
N.B.-Attend to signs throoghout, Soutll Declination is -. As a clleck on the proper ~rpylicrtion of tlla 

dgnll  noto that for atars between 
Nortli l~orizon and pole, A is + , B - , C - . 
Pole and zcnitl~, A I s - , B + , C + .  
Zenith and south Iior~xon, A is + ,B + , C + . 

- 
P o l i ~ r i s  (sub-polo) 

April 8, 1888 

E. Alangalore 

0 / I /  

1 2  52 14 

91 1 7  22 

-78 25 8 

- 
2.35025 

1.6477612 

- 
I -99801 n 
- 
1'99107 n - 
I ,30267 

- 
1.98908 - 
I 30068 n 

+o'9752 

-0.1998 

-0'9954 

1191 Qr. 72 

April 8, 1888 

W. Bombay 

0 t I1 

18 53 49 

91 17  22  

- 7 2  23 33 

- 
2 ' 35025 

1'64776n 

; - 9 9 ~ o ~  n - - 
1.97916 n - 
I '48072 

- 
1.97717 - 
1'47873 fl 

+ 0.9488 

-0-3011 

-0'9954 

E. M a n g a l o r e  

0 / Jf 

12 52 14 

84 I 40 

-71 g 26 

- 
2'35025 

0.98277 

- 
I .3.3302 - 
1,97608 ~r - 
1'50917 

- 
1'30gron 
- 
2.84219 

- 0' 2038 

+on0695 

+on2153 

W. Bombay 

O / N  

18 53 49 

84 I 40 

-65 7 j I  

- 
2'35025 

0.98277 

- 
I • 33302 - 
1,95774 n - 
I -62382 

- 
1'29076n 
- 
2 • 95684 

-0'1953 

+ o' 0905 

+0'2153 

used instead of 6 for stars below the Pole. 



Form No. 6. Deduction of  Deviation Correction, a, from Star  Observations. 
- -- 

o 
Z c a  
+ O f i  

6 3 3 ' 2  o 
2 2 9 , 

a 
;%g 

d 

+38*1 

+34'7 

+44'6 

+39'2 

+ 12'6 

Appa- 
rent clock 
Correction 

8 

+ 1'90 

+ 4-60 

- 2.78 

- 3-12 

+36-70 

-11.47 

- 8-31 

-17.25 

- 16.60 

+27'98 

- 14'3 j 
- 1.7'46 

-15.55 
-13.83 

-11'31 

Right 
Ascension 
(increased 
by 12   lotus 
for lower 
Culminn- 

tions) 

h m  8 

11 2447.08 

11  2731.11 

124820*00 

124827'68 

l3 1659.67 

11 2447'02 

11 2731'10 

1248 19.95 
12 48 27-62 

13 1659.31 

I I 24 46-99 
1 1  27 31-09 

la 48 19'9.3 
12  48 27-60 

13 16 59.26 

0 

a 
~i 

Correction for L~ ;t: 
9 m c .- = 

;; 

2 
a 
0 

? 
P 
P: 
0 

2 
0 

2 z 

Col!i- 
niatlon 

0 

- o . o ; o 8 1 1 ~ 4 4 ~ ~ . ~ ~ - 0 . 0 6 - 0 . 1 ~ + 1 . 6 7  

a 
m 
3 
s 
'- 

a 
8 
4 

D 

W 

2 
2 
6 

nomica1 
date ' 

April 4 

Level 

S 

Pen 
 qua- 
tion Q 

S 

Observed 
Time of 
Tmnsit 

h m  s 

6tarqe 
Name 

~ D r a c o n i s  

d 
d 
Y 
f i ~  
a 2 .* 
S 
H 

I.P.W. 

,, 
I 

I ,  

,, 

W 

,, 
r ,  

J, 

,, 

W 

,, 

,, 
,, 

18 

91 

1)  

11 

April: 7 
91 

11 

I )  

P) 

April 8 

# I  

I) 

IS 

81 

clock 
Rate 

8 

1070 Gr. 7 2  

9 ,, 
1192 ,, 
Polaris 

.g 

U 
J) 

# I  

8 )  

11 

I. P. 7 7 .  

11 

3~ 

JJ 

I D  

I. P. 2. 
$1 

II 

j) 

I, 

2 2 
2 F 
al ,.reci 

u 

s 

45-18 

I 

,, 
,, 
,, 
L 

rn 
a 
.2 

% 2 

8 

11 2; 24-93 -0.o.3 

12 48 z 1 - 6 1 ~ - 0 . 1 ~  
I 

Devia- 
tion 

Constant 
a 

-0.061+ 

-0.31 

1-67 

+ 1-67 

A Draconis 

11 

5 

5 
2 

26-51 

22-78 

+ O . O ~ O I  

-0.1957 

-0.19sj  
+ 0 * ~ ~ 8 8  

1248 29'6.3,-0.19 

1070 Gr. 7 2  

1191 ,, 
1192 ,, 
Polaria 

A Draconis 

l W 0  Gr. 7 2  

1 1  ,, 
1192 ,, 
Polaris 

U 

+ -0.09 r 3  16 

11 24 56-78 

30.80 

22.97 

+ 

22.81 '+0 .~0  

-0.07 

,, 
,, 
,, 
L 

U 

,, 
,, 
,, 
L 

8 58-49 -0.0508 

11 

5 

5 
2 

8 

11 

5 

5 
2 

-0.03 

- 0 - 2 1  

+ I - o o  

-0.20 

-0.08 

-0.62 

-0.62 

+2.89 

+oSozor 11 2737-73 

-0'19j7 I 124835'50-0'21 
39-41 

37-20 
4 - 2 2  

31-33 

61 '34 

44.55 

35-48 

43-43 

10.57 

-0.1955 
-0.09 

-0.09 

+om05 

+0 .2 j  

+oS25 

-0.8.3 

-0.03 

-0.01 

-0.05 

-0.05 

+o.18 

1248 42-52 

+ 1.66 

+1.66 

+ 1-66 

-1.66 

+ 1-61 

-L 1.61 

+ 1.61 

+ 1.61 

-1.61 

I 
+oS9488 

-omo50R 

+O.OZOI,II  

-0.1957 

-0 '19j j  
+om9488 

13 1632.91 

11 24 j9.96 

27 43-03 

12 48 34-54 

124842'49 
13 17 9-20 





Form No. ,9. Abstvact of Observed 7alues of Personal Equation bettoeen Coknslr 
Strahan and Henviside. 

IT 0bsc:rved with Telescope No. 2 

I At BOMBAY Lat. = 1 8 ~  54' 1 
I April 12, 1888 

Equation I star I Declination I 8 - H  

April 13, 1888 

Equation 
Bter I Declination I 8-H 

s 
- 0'02 
- 0.05 
- 0.09 
- 0.06 
- 0.03 
- 0'02 
- 0.04 

- 0'04 
, + 0.04 

- 0'05 
- 0'0.3 
- O'OI 
- 0'02 
+ 0'05 

&fean8, - H, = - 0.048 
3720 
3761 
3'785 
3824 
3832 
3862 
3873 
3886 
3900 
3932 
3971 
3975 
4030 
4039 
4049 
4063 
4077 

Menns, - H, = - 0.030 
3696 
3720 
3761 
3'785 
3824 

' 3832 
3862 
3873 
3886 
3900 
3932 
3971 
3975 
3979 
4030 
4039 
4049 

Mean8, - H, = - 0.034 

4 1 1  

12 18 

4 14 
Ij o 

O .32 
6 39 
0 4.5 

17 4 
3 28 

1 7  25 

5 22 

- 6 3 
- 4 31 

4 6  
4 1 7  

- 4 51 

- 2 30 

Means, - Hs = - 0.015 

7 8  
4 1 1  

12 19 

4 14 
I 5  O 

0 32 

6 39 
0 45 

17 4 
3 28 

1 7  25 

5 22 

- 6 3 
9 5 

- 4 31 
4 6  
4 '7 

- 0.04 
- 0.04 
- 0.01 
- 0.08 
- 0.07 
- 0.07 

0.00 

- 0.13 
0.00 

- 0.05 
- 0.01 
- 0.~4 
- 0.0j 
+ 0'03 
- 0.01 
+ oaog 
- 0.0.3 

- 0.03 
+ 0.02 
+ 0'02 
- o .0.3 
- 6'07 
- 0.03 

0.00 

+ 0.04 
- 0 . 1 1  
+ 0.04 
- 0.05 
+ 0'04 
- 0.02 
+ 0.03 
- 0.01 
- 0.01 
- 0.09 
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CUAP. I.] GENERAL OBSEEVATION~. 

P A R T  V. 

Astronomical Latitudes. 

I. When surveying is carried on with great accuracy and over large 

Introductory remarks. 
areas, it becomes necessary to take into account 
the deviation of the figure of the earth from 

the spherical form, and consequently one of the primary objects of a 
trigonometrical survey-and one that should 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 whether i t  is spheroidal or ellipsoidal or of some 
other form still has yet to be decided. If i t  is found to be either 
spheroidal or ellipsoidal the eccentricity of the meridian ellipse-and 
in the latter case that of the equator also-will have to be determined 
with the greatest precision. Hitherto in the calculations of the Great 
Trigonometrical Survey of India the earth has been assumed to be a 
spheroid, and the values of the axes that have been employed in the 
formulae, by which the latitudes, longitudes and azimuths of the 
stations have been computed from the triangulation, are those deter- 
mined by Colonel Everest in 1830 and lcnown as " Everest's Constants, 
1st Set." These values were deduced from a comparatively small 
amount of reliable data and are now believed to be sensibly erroneous. 

Were the earth a perfect sphere composed of homogeneous matter, 
its size could be easily found by measuring the distance between 
two points on the same meridian, and finding their difference oE 
latitude : this geodetic operation, which is usually called the "measure- 
ment of an arc of meridian," gives the number of feet on the 
circumference of a great circle of the globc, that subtend a known 
nngle at the centre. Were the earth a perfect homogeneous spheroid, 
two " arcs of meridian" would have to be measured in different 
latitudes to establish its size and form, and were it a perfect homo- 
gcneous ellipsoid three such arcs would be necessary, two at least of 
which must be separated by a known difference of longitude. 

Simple, hon~cvcr, as tlicee metllotls appear in theory, the detcrnlination 
of the figure in practice is greatly complicated by a force 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 composirlg the crust, and which 
causes the 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 maltes with the plane of the 
equator; it cannot be determined by direct observation, as 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. 

Dy thc " methcmsticnl" form is nleaut tho geometrical solid, whether spheroid or ellipsoid, to ~rhicll 
the flgorc of the earth most nearly couforme. 

t J~ocnl attractiou affectsevcry obscr\.cd lafitudc directly nntl cvcry geodetic latitude indirectly in IlnrinE 
caused error in thc ndoptcd valuca of the initinl azimuth and latitude at Kalibnprir, on which all the Great 
Trigonomctrical Survey compotationrr arc based. 
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C ~ A P .  I.] GENERAL OBSERVATIONS. 

Throughout this part of the IIandbook 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 thc plumb- 
line infinitely produced abovelthe horizon meets the celestial sphere, and 
by the term ('l~orizon" (or the plane from which altitudes are measured) is 
meant the great circle perpendicular to the direction of the plumb-line. 

2. I t  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 + 0"- 3, and at KBtpSlaiyam where lie observed 50 stars, the 
probable error of the final value of latitude was - i- 0.~042. 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 
geodetic purposes the series of principal tri- 

Selection ?f latitude stations. 
angulation on which he is to operate is notified, 

and the first duty that devolves on him is the selection of the particular 
stations of that series. The choice of the latitude stations should be 
governed by the following rules :- 

(a) Every latitude station must be a principal station of the 
specified series of triangulation. 

(6) Every principal station at which an astronomical azimuth has 
been observed for geodetic purposes must be a latitude station. 

* Tllc meridionnl zenith distance of II star is the :difference bctwcen its declination nnd that of the 
zenith, and therefore tlic latitude is equal to the declination of the stnr f its zei~irh &stance, the upper sign 
being used for soutli stars tlic lowcr for uortli. 
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-- ~ 

(c) On meridional series, latitude stations should be 1' 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. The strength of an Astronomical Party when employed on lati- 
Btrength of an A8tronomic.l Party. tude operations is as follows :- 

(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 ~f 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 field season the zenith sector 
was carried about in a hand-cart provided with springs : 
this method is inexpensive and answered admirably, but it is 
only feasible when the operations lie in a flat country, and 
when all the stations to be visited are plain stations. 

(6) Forty khalasies. Thirty of these remain with the main-body : 
during a halt they are employed as d ik  bearers and on 
ordinary observatory work, whilst on the march they carry 
the barometers, chronometers, kc., in  doolies and pitch the 
tents. The remaining ten khalasies accompany the Assistant- 
Surveyor in charge of the advanced party and assist him in 
building the pillars and in laying out the meridian lines. 

(7) I t  is advisable in many districts to engage a mason permanently 
for the season to accompany the advanced party. 

(8) Sixteen country carts are required for the baggage of the 
main-body, and two for that of the advanced party. 
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CHAP. 11.1 DUTIES IN TBE FIELD. 

CHAPTER 11. DUTIES I N  THE FIELD. 

1. The advanced party should take the field ten days before the 

of tl,e assistant in charge main body : the duties of the assistant in charge 
of the advauced 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 nearest favorable place should be chosen, as the greater the distance 
the more effect will an error in the azimuth determination have in 
placing the latitude station off the prime vertical. If the error in the 
azimuth is 1') the latitude of the trigonometrical station ~vill cliffer from 
that of the latitude station, when loo yards distant, by 0'" 085, when 
500 yards distant by 0''-43 : an error in the azimuth of 2' will double 
thcse differences. In  Indian latitudcs the prime vcrtical of a station and 
its latitude parallel are at the end of the first mile not one foot apart. 

2. The assistant, who is provided with a small theodolite, has to mark 
dzilnuth observntion by the out on the ground the direction of the meridian 

assistant. of the latitude station : this is necessary to 
enable him to find the correct position for the collimator pillar, or if 
collimators are dispensed with, to seilve as a guide to the observer in 
choosing a natural meridian mark : it is also of usc ill laying down the 
dircction of tlic prinle vcrtical, ~vlicn this is required. In order to 
mark out thc di~mcction of the meridian, the assistant must determine 
tile azimuth of a refcrririg marli from the trigonoluetrical station : if 
one of the neighbouring trigonometrical stations cau be madc easily 
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visible, it will 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. The most convcilient 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. Tllis proccss should be gone through with two different stars, 
one east thz otllcr west, and the results from the two sets of observa- 
tions should not differ by more than 1'. 

A s i m ~ l e  methocl of checking the azimuth and one that should 
always be followed is to find the correct time by observing the altitudes 
of three or four stars and to  then measure the horizontal angle between 
the rcfcrring n~nrlr and the pole star, a few minutes before and after the 
time that thc latter is calculatecl to transit. The time may also be found 
by noting the time of transit of any known star near the zenith over 
thc centre wire of the theodolite previously placed near the meridian. 

The telescope of the theodolite should now, by means of the lrnown 
azimuth of the referring mark, be pointed in the direction of the 
meridian, and a peg driven into the ground in the exact alignment 
about half a mile to the north of the station : as a single ~ o i n t i n g  
of a telescope is affected by numerous sources of error, the angle 
between the peg and the referring mark should then be measured 
on one pair of zeros, and the position of the peg corrected in 
accorclance \\.it11 the result. The peg having eventually been placed 
exactly due north of the station, three more s h o ~ l d  be driven in to the 
east, south, ancl west by moving the telescope through arcs of go0, 180" 
and 270' res1)cctivcly : the positions of these latter should then be 
carefully ch~clied by measuring a round of anglcs on both faces. 

It is of the utmost importance that the latitude pillar be 
erccted at some point on the linc joining the east and wcst pegs, and 
its position in the true alignment shoulcl be carefully checlred from 
both ends. 17'11en the actual site of the latitude station has been 
dccidcd on, the direction of its mcriclian should bc marlrccl out on the 
gro~\ntl  wit11 pcgs as l)r+'orc : tllis c1il.cction cuts the lcnonrn priine vcr- 
tical line at right angles aud can 1,c at ollcc obtained with a, tllcoclolite. 



AGTRONOlIICAL LATITUDES. 23 

3. The latitude pillar should be built of burnt bricks in mortar, 
Construction tl,elatitude.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 zi feet square 
faced with brick ; the sand for filling the intervening space of 3 inches 
all round should be collected and stored in sit& by the assistant, but not 
placed round the pillar until the observer has inspected the found a t '  lon. 
Above the ground levcl the pillar should be made circular in horizontal 
section and 2 feet in diameter : its height witlzout tlle stone cap should 
be from 2; feet to 22 feet according to thc height of the observer. As 
the stone cap is of special construction, one is carried about with 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 20 feet north or south of the latitude pillar : 
its horizontal section should be rectangular in 

shape and 3 feet by z$  feet in size, the shorter sides being parallel to the 
meridian line and equidistant from it, and its height should be greater 
than that of the brickwork (not including the stone cap of the latitude 
pillar) by 2 feet 7 inches. The foundations of the collimator pillar 
must depend on the nature of the soil and the weight of the pillar. A 
stone cap is unliecessary. A meridian mark consisting of a thin but 
well-defined line one foot long, must be drawn vertically down the centre 
of the side that faces the latitude station. 

The collimator pillar is intended to carry two collimators, by 
means of which the deviation of the instrument from the meridian can 
be seen at any moment. The zenith sector however has no tendency to 
move in azimuth, and when once it has been adjusted to the meridian 
nothing short of a severe jar will disturb it. There is consequently no 
necessity to test the adjustment in azimuth by repeated references 
to collimators, and the possession of these instruments is rather 
a needless luxury. I t  is almost always feasible, by means of the 
zenith sector when first adjusted in azimuth, to find a substitute for 
thcnl in some natural feature such as a distant tree or peak, which 
may be used as a meridian mark every evening at sunset, and as the 
actual deviation error of the instrument during work is determined 
from star observations nightly, and may be safely considered constant 
throughout a whole programme, the meridian mark need not be observed 
again. 



I 24 HANDBOOK OF THE TRI(XON0METRICAL 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 ccntre of the latitude pillar. 

5. The permanent establishment of the Astronomical Parties is only - - 

maintained at a strength sufficient for electro- 
Preliminary work for the observer. 

telegraph longitude work, and is considerably 
below that required for latitude operations. At the commencement of 
a "latitude" field season 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 would be useless to take a regular set of observations - 
unless a principal station were in the vicinity, but the instrument 
should be thoroughly cleaned, tested and put intoworking order, before 
the party leaves for the field, as no artificer capable of executing the 
simplest repair is likely to be met with in the districts. The permanent 
adjustments also shoild be made, and the values of the instrumental 
constants determined before-any regular observations are taken. 

6. When the zenith sector has been brought into working order, 

Permanent adjustments. 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) dollimation in azimuth. 
(iv) The zero of the setting-circle. 

' For a description of this instrument see Volume XI of the "Account of the Operctt,ions of 1110 Great 
Triponome~rical Survey of Indin." 
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7.  This adjustment consists in placing the wires of the telescope in 
the principal focus of the object-glass, mid 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 ccll, and direct the telescope upon some distant object ; 
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 

Horizontality of horizontal wire. 
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 telescope to a distant steady defined object near the 
horizon, or to  a collimator, move it in azimuth so that the object may 
appear to move along the wire from one extremity of the field to the 
other. If the object does not remain intersected at all parts of the 
field, the emor ought to be rectified by moving the wire-plate in the 
appropriate direction. 

9. The adjustment for collimation in azimuth consists in making the 
line of collimation intersect the horizontal axis 

Collimntion in azimuth. of rotation at right angles approximately; and 
can best be made by Gauss's method. Two small theodolites serve as 
collimators and are set up on their stands, one to the north and the other 
to the south, their crosses being superimposed : the wire-plate of the tele- 
scope is then moved laterally by means of two antagonistic screws placed 
behind the micrometer box, until the centre vertical wire intersects the 
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crosscs of both theodolites, when collimation error has been approximately 
eliminated. 

This approximate adjustment of the line of collimation i n  azimuth 
when once macle will remain undisturbed throughout the season : there 
will of course be a small remaining collinlation error, which will probably 
vary ~ i t l i i n  narrow limits from station to station; this has to be 
deterl~ained nightly f?-onb 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 

zenith distances to within half a minute : unless it does this, there will 
be djfficulties in identifying the correct star, when two or more are in 
tlie 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 
roo divisions, and a comb with loo 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, the breadth of 
which is accordingly equal to loo divisions. The whole field of view 
is tliercfore divided up into ~o,ooo divisions. To prevent confusion 
in counting the teeth, a small round hole has been made in the 
comb at tlie loth tooth from one end, two such holes at the 20th) 
three such at the 3oth, and so on up to the other extremity of the 
comb, except that at the 50th tooth and after, one larger hole has been 
made to represent five of the small ones. These marks at every 10th 
tooth divide the field of view into sections of 1,000 divisions each, 
and as the mark that denotes the 50th tooth or 5,000 divisions is near 
the centre of the field, it has been assumed as the zero of vertical 
measurements. When the horizontal wire is exactly in the centre of 
this mark, and the micrometer-head is reading o o division, the point 
of intersection of the horizoutal wire and the centre vertical wire is in 
the line of collimation. 
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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 the11 malte the microrneter-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 the vernier of the setting-cirole and 
not touching the micrometer-screw. 

(iii) Talte out the mean of the taro zenith distances, and set the 
vernier of the sctting-circle to read it in either telescopic 
position; bring the object again into the field. 

(iv) Now tap the telescope until the object is intersected by the 
horizontal wire, taking care not to touch the tangent-screw 
of the setting-circle. 

(v) Bring the bubble to the centre of its run by raising or 
lowering one end of the level itself by means of the capstan- 
headed screws provided for the purpose : the setting-circle 
will be then adjusted to read zenith distances. 

11.  Before leaving for the field, the values of the following 
of the instrumen- instrumental constants should be determin- 

tal constnuts. ed :- 

(i) The equatorial intervals of the vertical mires. 

(ii) The divisions of the head of the eye-piece micrometer. 

(iii) The divisiolls of the scales attached to the levels. 

In  a Lheodolitc t.he two tcleacopic positions are clistinguished hy the position of the rerticrl circle and  
are known n s  " f;~cc-right" nnd *' fi~cc-left": in n transit ins tr~~mcnt  t l ~ c y  arc denotcil I.P.E. an11 J.P.W. 
nccol.ilinp to the 1,osition of tho i l l~~min;~tet l  pivot. 111 n zenith sector tllc telescope is at onc end of tho 
h o l ~ i z o ~ ~ t a l  axis and tllc two positions llnvc bcon named T.E. ond T.W. uccording as to wllethcr the tulcscopc is 
at tllc c ~ s t  or west cnd of thc llorizontrl uuis. 
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D U T I E ~  IN THE FIELD. [PART V.' 

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 microiueter which might render all previous observations 
useless. 

I 2. There are seven vertical wires known respectively as I, 11, 111, 

The equatorial intervals 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 
vrI, 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 II 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 mistalre 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 recorded, or otherwise the observation will be useless. Suppose 
an equatorial star transits wire v at 7h 3 1 ~  1 1 ~  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 31N 4sJ whereas if the instrumental position had been "west" the 
correct time of transit would have been 7h 31'" 1 8 ~ .  

The equatorial wire intervals are required to be known to thc 
nearest tenth of a second of time. They can best be detcrminecl by 
noting the time of transit of slow-moving circumpolar stars ovcr each 
of tlie vertical wires. The cosecant of the dcclinrttion of tlie star, 
multiplied by thc observed interval between the times of 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, thc 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 then have to be 
appliccl to thc wire intervals, vide Chauvenct's Astronomy, Volume 2, 
Section 131, page 147, and page I I I of this Handbook. 

13. The value of a division of the eye-piece micrometer, though i t  
One division of the eye-piece never practically varies, had best be determinccl 

micrometer. at  the commencement of every field season. 

To enable the limb to be read by the microscopes, when the tele- 
scope is llorizontal, the sectors should be unscrewed and revolved on 
tlicir 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 wit11 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 tangent-screw, and again 
read the four microscopes. Now by working the micrometer intersect 
thc collimator cross again with the horizo~ital wire and take the new 
reading of the micrometer-head. The angle in seconds of arc that the 
telescope was moved can be asccrtained by comparing the two mean 
readings of the limb by the four microscopcs, whilst the difference 
bctnreen the two readings of the micrometer gives i t  in micrometric 
divisions. The value of the angle is now thercfore known both in 
seconds of arc and in micrometric divisions, and by equating the two 
n~easures, the relative proportion of the units can be found. Before 
thc valnc of a division of tlie micrometer can bc satisfactorily accepted 
as final, the abovc process should be gonc through several times, as many 
different parts of the thread of the micrometer screw and as lna~iy 
different graduations of the limb being brought into play as possible. 

14. I n  all there are three levels employed with the zenith sector : 
two, mounted on the cradle, are to shew the 

Thc vrlucs of t l ~c  levcl scnlcs. 
inclination of the vertical axis in the meridian 

ant1 sliould, if accnrately maclc and mounted, always give identical results. 
Tlic tliirtl is a striding level, and is used to find the dislevelment of the 
transit axis. I n  atldition to these three it is advisable, as levels are easily 
broken, to sul~ject two or three spare oncs to tlie tests given hereafter, 
aud to clcterrniue the values of their scales before leaving 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 sliould consequently be deter- 
mined annually. The most accurate and at  the same time most simple 
mcthod 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 witli tlieir axes parallel to the line of collimation : the telescope 
sliould 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 tlie 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 
witli 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 iuicronlctric divisions, and thence in seconds of arc. Tlle number of 
divisions that a bubble moves, when the telescope is tapped, is 

N1 + S1 - N2 - S, 
2 , 

where 

N, = first reading of northern extremity, 

N, = second ,, 9 ,  2, 

S, = first ,) southern ,, 
S2 = second ,, ,, )) 

N1 + being the position of tho centre of the bubble before i t  is 
2 

disturbed, and N2 + S2 the position of the centre after the disturbance 
2 

when it has again come to rest. 

Therc is another method of determining the values of the level 
scales, which, owiiig perliaps to sornc dificnlty in attacl~ing thc lcvcls to 
the telcscopc as directccl above, has beell occasionally followccl. 'llllc levels 
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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 changc in its 
inclination is then found in divisions from the levels, and in seconcls of 
arc from the microscopes, and the value of one division deduced. 'l'llig 
method is cumbersome and inaccurate, and is not recommended. 

15. 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, a.nd no new level 

- .  

should ever be brought into use without being thorougllly tested first. 
I n  testing the fitness of a level the following points sliould 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 originally, 
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 curvature of the tube should be such, 
that no two individual divisions of its scale should differ by 
0". I .  

A great number of levels will be found, whose position at rest depends 
to a certain extent on the direction of motion last imparted to the 
b&ble : they apparently overshoot their mark and have not the power 
of returning. They should never be employed with the zenith sector. 

Many also will be found which after disturbance take a long time 
such as five minutes to settle, and there are a few to be met with that will 
not come to rest undcr twenty minutes. The accuracy of work with the 
zenith sector depends on the ability of the observer to measure and read 
several quantities without change of conditions, and unless a bubble settles 
in  half a minute the level should be discarded. This point should be 
carefully decided on, as in many levels the bubble will go on moving a 
long time after it has apparently comc to rest : its motion is so slow as 
to hc invisible, but will be found to be real if its position be noted at 
the end of each minute. Thc values of thc division scales of new and 
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untried levels shonlcl be determined both by long sweeps extending from 
one encl of the scale to tllc other, and by short ones of two or three 
divisions. Short sweeps up and clown 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 valuc of a division of the vhole 
scale, unless the values of all the individual divisions agree with it 
very closely, as the ordinary amount of ilislevelmcnt to be corrected 
for in the zenith sector is undcr two divisions. I n  a really good levelx- a 
change of inclination of I" should malie the bubble move lineally 

through i t h  of an inch at  least and the value of no individual 
20 

division? should differ from the mean by more than o".o5. 

I n  all levels the extreme 10 or 15 divisions at the two ends will be 
found to fail, although 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 notcd: 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"*oor 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 should bc 
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 

Prccai~tions neccssnry in moont- 
detcrmined, the levels that shew the inclina- 

ilig the vcrtirnl axis levels on tion of the vertical axis should be placed in 
the cradle of t l ~ c  sector. 

their worlring position on the instrument, where - - 
thcy should be allowed to remain on tlic march. I n  placing them on 
tlic instrument, the follon~ing points should be a t t end2  to :- 

(i) A strip of the interior surface of the glass tube t inch broad 
is ground to something like curvature from end to end: no 

' If a changc of inclination of I".OO ninkcs tllc LltLblo lnovc th1.0ug11 &tli of nn inch, thc cnrvntare of 
a" 

the tithe has lrerll struck with arntlius of $So yards. 
t Tllc vnluo of an indivitlual diviviot~ inust not bc tnkcu from n singlc dctcrmination. 
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(ii) 

attcwpt is made to give curvature to the rcmainiilg portion 
of the interior surface, which is thcrcfore no more suited 
for use as a level than an ordinary bottle. I n  only a single 
line of tlie 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 placcd 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 cacl~ cnd : when the level is in its correct position, tlie 
longitudinal diameter of its bubble should coincide with 
tlie linc 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 
arromrs pointing inwards towards one another, about a 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 inferior 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 picce 
must thcn be placed in the centre of a brass cap, and one 
end of the level inserted in i t  : the glass cylinder must 
tllcn be brought clown round thc level, until it  takes up its 
proper position in the brass cap. Lastly, the second brass 
cap must be fittecl on to the other end of the cylinder, the 
piece of cork at its centre receiving the frce extremity of 
the level. If the picccs of cork employed are very thin, 
they mill not support the level at all : if they arc very thick, 
tllc risk is run of comprcssir~g the tube too forcibly and 
smnsl~iiig i t :  if they are suficicntly thick to support the 
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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 i t  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 taken 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 
Vs : 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 attachment 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. 'l'he more sensitive level of the two should therefore 
be always mounted in the place of least disturbance. 

17 .  Before leaving for the field the sidereal chronometer to be used 
Chronometer, bsrometer md during the latitude observations should be tested 

tl~ermorneters. 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 
known sllould 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 g 0 6 t  inches on 
either side of the meridian line cut on the brick-work by the assistant : 
set up the collimators on the pillar, plumb the centres of their object 
glasses accurately over the pencil marks and place their optical axes by 
eye parallel to the meridian line. If the chronometer has stopped, or 
its travelling rate is unreliable, observe altitudes of the sun for time 
wit11 a small theodolite. 

-- - 

IIoles linvc been bored for the root-bolts of the ~ e c t o r  in the stone-cap and tllc lnttcr has tllerefore 
to he 80 pl,rccd in  tile horizontal plane that tile holes will be vertically tuuder the feet of the instn~uicnt wllcn 
adjristcd to tllc nicridian. 

t Tllc line of colli~nntion of tllc tclescope is  9.6 inchce to the east of the vertical a x i ~  with " telescope 
Ulst " and t l ~ c  siunc a~nouut west with " tclescoye 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 
stud to the north, and see that all the three 

How to put up the sector. feet are resting firmly on it : place the hcmi- 
spherical steel button under the base-plate screw, and test 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 sce 
that the three feet are resting firmly on the stone-cap i11 this new 
position. I t  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 tlie four levelling thumb screws to tlie centres of 
their threads. Yut 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 tllickness under 
the feet. 

Thoroughly clean the cup that receives the point of the vertical 
asis, and the three hemispheres that are fixed 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-heads, situated on the 
outside of the pillar near the top : these heads should be so screwed on, 
that the diameters cut across their surfaces are parallel to the grooves 
of the hemispheres : when the hemispheres are exerting pressure on 
the vertical axis, tlie grooves should bc vertical, but as they are out of 
sight, their position can only be told by means of the diamcters on tlie 
hcacls) . Having screwed on tlie heads correctly, turn the hemisplleres 
till their groovcs are vertical. 

Clean thc vertical axis and oil it near its junction with tlie table : 
insert thc axis into tlie cast-iron pillar, talting care that the'flying stop is 
properly situated between the two fixed stops. Let domil the dust-cap 
over the poh t  of the axis : test tlle rotation of tlie axis in tlle cast-iron 



ASTRONOMICAL LATITUDES. I37 

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 Vs of the table passes 3.2 inches to the east or west* of 
the meridian mark : by this means the adjustment of the instrument to 
the meridian can be somewhat improved. Place a spirit-level on the 
table and re-level the pillar approximately by means of washers under the 
feet. Tighten the three foot-bolts. 

Put on the cradle; in raising the cradle be careful not to lift by 
the microscopes, which are hollow; when the cradle is in position, 
secure it at 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, the 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 the 
cradle has to be removed. The dislevel~nent of the vertical axis is now 
shewn by the two vertical-axis levels: by means of the four thumb- 
screws make the axis perfectly vertical both in the meridian and the 
prime vertical : clamp the base-plate screw. 

Put on the cylindrical brass counterpoise at the back of the table, 
and place .ready to hand the two other counterpoises. Raise the tele- 
scope and sectors out of the box : do not touch the sectors in lifting, and 
remember too that the two wooden-tipped handles of the sectors are 
hollow and weak. So place the telescope that the horizontal axis 
points upwards and the brass cap, which shuts the window opposite the 
reflector in the telescope, rests on the truncated pyramid of the lid of 
the box. Remove the four capstan-headed screws situated round the 
telescope, and unclamp the sector-handles. 

Consider whether 360' or I 80' is to be under the index microscope ; 
this is purely a matter of -choice for the observer. Whilst two men hold 
the telescope steady, turn the sectors through yo0 : on the direction, 
in which they are rotated depends, whether I go0 or 360° comes under 

East or weat, according to which of the flxcd #tops is in coutact H-ith the flying stop. 
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tllc index. When the sectors are in position, screw in  again the four 
capstan-lieaded 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 tlie clamping cam and the tangent-screw of the 
arm attached to tlie cradle. Esaininc the friction rollers, situated at 
the junction of tlie telescope and the liorizoiltal axis. Clean the 
horizontal axis ; oil its collars and its steel bearings in the front \\-all 
and at  tlie back of the cradle. Affix tlie wooden guides and conical 
cap to the horizontal axis ; and clamp the handlcs of the scctors at riglit 
angles to tlie telescope. The telescope and scctors are now ready 
to be lifted. 

Beforc lifting, see how the tclescopc shoulcl be moved so as to make 
tlie two clamping arms on the sectors and cradle face each other. So 
arrange the revolving iron guides that the tnro large relieving wheels will 
be uncler the telescope, mllcn tlle latter is in position. Malie three men 
raise tlle telescope, sectors and axis vertically, and when clear of the box 
turn the axis liorizontal, keeping the eye-encl micrometer ztp. Place tlle 
asis so far into its hole in the cradle, that the iron guidcs are just free, 
but on no account allow the axis to rest on the craclle. Direct the iron 
guiclcs tllrougll their holes in the front wall of thc craclle, mnliing ccrtnin 
that tlie relieving wheels are under the telescope. Run tlre axis home 
tllrough the cradle, and sce that the two clamping arms mect and fit into 
each other. Tnlo mcn must still suyyort the tclescope, or thc wllole 
instrument will over-balance. 

Take off the wooden guides and conical cap ; fix on the mushroom 
counterpoise: connect thc iron guides with the brass yoke, alid into 
the latter screw tlie black co~zntcrpoise. Screw on tlie dcn--cap: put 
on the bridge-picce with screws towards thc countcrpoises : looscn the 
screws of the bridge-piece, to enable its springs to act. If the bridge- 
picce docs not go on easily, turn the tclescope slowly in altitl~cle, wllile 
~ u t t i n g  it on : if it  does not go on tlien, the horizontal axis is not 
properly home. Screw on tlie oblique eye-piece and thc brass handle 
for rotating the instrument in azimuth. 

Until the hridgc-piccc is fixccl, two mcn s1~onld support the telescope. 
When the l)riilg:.c:-piece is in position, tllc 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 thrce or 
four hours to settle, the following adjustments 

To adjust the sector 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. 

2 1 .  Two lamps are provided for the general illumination of the - 

instrument, each of which has one central and 
Adjustment of the lamps. 

four surrouncling lenses. They are set up east 
and west of the instrument on firm acljustable supports, and afford 
a 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 ut the same time tlie four surrounding 
lenses of tlie other lamp illuminate the portions of the limb under the 
microscopes, the light of the latter being focused by the lenses attached 
to tlie microscopes : when tlie instrument is revolved in azimuth, the 

- 

lamps simply interchange duties. 

Perfect illumination though difficult to attain is all important; and 
tllougli hours may be spent iu. adjusting the lamps the trouble is amply 
repaid aftcr~vards. 

The first step necessary is to bring the reflecting plate of the 
telescope to its mean position by means of tlie illuminating rod: if 
this is not dolie, tlie illumination of the wires may be obtained with 
the rcflector in one or tlie other of its extreme positions, and the 
obscrvcr will not thus have t l ~ e  power of regulating tlie amount of light 
in the telescope at will. 

Open the lamps and see that the heart of the flame in each is a t  
tlie point where the principal axes of tlie five lenses 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 towards 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 wedges 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 passes 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 surrounding 
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 away from 
it. This movement will probably disturb the adjustment of the central 
lens, which will have to be made again. 

When both central lenses are illuminating the field and the sur- 
rounding lenses of one lamp also have been got to give good results, 
those of the other lamp have to be adjusted: the difficulties of doing 
this are now enhanced through the lenses of the rnic1:oscopes having 
been placed to suit the former lamp and being therefore no longer 
available for the adjustment. As the leilses of the microscopes in one 
fixed position have to illuminate the limb with both lamps, they should 
never be placed in any abnormal position : it will often 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 tlie lamps have been once adjusted, 
mark on the ground the exact position of the supports, and on the 
euppolSts the exact position of tlie lamps, so as to have no difficulty in 
replacing them at any time. 

22.  With the oblique eye-piece get the horizontaP wire into 

of the telescope mi- focus : examine Polaris for parallax, and whilst 
crometer. i t  is in the field, make use of it to test the 

horizontality of the intersecting wire. Revolve the micrometer-head 
on its axis, until it  reacls 0.0 division, when the horizontal wire 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 be revolved on their axes 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 zero of the comb of A microscope as near the centre of the 
field as possible, and then with the tangent-screw of the sectors make 
a division of the limb exactly bisect that zero. Now intersect 1,he 
division with the wires by turning the micrometer screw, when the 
head of the micrometer should read 0.0 division; if it does not 
do so correct i t  by revolving the graduated head on its axis. When A 
microscope has been thus adjusted, intersect the corresponding divisions 
of the limb with B, C, D microscopes, and by revolving their graduated 
heads on their axes, make them all in the position of intersection read 
10. o division. To guard against possible mistakes in the number of 
the minutes, the B, C, D microscopes should always read 10 divisions 

Focue le not the same for the horizontal and vertical wirce. 
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more than A, but their combs need not be touched, as they are never 
referred to. The graclnated heads of microscopes are held in position 
by friction only, and can easily be rotated, if they are first clrawn a 
slight distance out from the micrometer box : it mill, 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 graciuations 
of the limb. The mean value of the error of the " run" is about 0". 264 
too small in  five minutes, so that 299.736 micrometer divisions are 
equal to 500 seconds of arc : at different stations tlle alteration of tlie 
focussing adjustment may dccrease the error of " run " to 0". I oo or 
increase i t  to o"'400; variations of temperature are believed too to 
cause changes in its value. 

The " run " of the microscopes has to  be determined some rg or 
I 6 times a night, (but never twice over the same 5' space) as follom~ :- 
T\vo consecutive divisions of the limb are irltcrsected 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 
"lligh" readings, the resulting difference being the value of the 
run correction. If the divisions of the micrometer heads were equal to 
scconds of arc, the mean of the " low" readings would equal that of 
the "high." 

Owing to differences in the malte of the four microscopes, an 
exceptional amount of care is required to avoid confusing in one or 
the other of them the " higll" reading with thc '( 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 tlie gratlliations of the head are passing the index in the 
order 0, 10, 20, 30, 40, 50 and 60)) thc wires are approaching the 
" high" division of the limb : if on the other hand the revolution of the 
micrometer is causing its readings to decrease and to pass the index in 
the order 60, 50, 40 . . . . . ., the sires are a1)proaching the "low" 
division of the limb. I t  is a matter of indii'ference whether the (( low" 
or " high" reading is taken first. 
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111 taking a "run" over any 5' spacc, say from 358' 10' to 358' IS', 
one is apt at first to imagine that the reacling of the I 5 '  division, which is 
the hiylio. divisiori on the limb, must be thc (' I~igll" rcacling : this is 
quite wrong, as tlie terms "high" and " low" when used in reference 
to the run havc nothing whatever to do with the limb. One is liable 
too, i f  in a hurry, to assume that the " high" reading must be ap- 
pronclied, if the rnicronleter head is turned with tlie " screwing-up " 
motion, this is also wrong, as in two of tlie microscopes, when the 
(( screwing-up" motion is employed, thc wires are receding from the 

('higli" reading and approaching the "low." A confusion of the 
'( lligh" and (' low" readings can oilly be avoided by a strict observance 
of tlie following rule :-Nerer fail, wlten a rzcn is being taken, to watch 
whether the reading of each nticrometer hencl is increasing or decreasing. 

An observer when reading the four microscopes must take care 
what graduation of tlie limb he intersects, or he will not afterwards 
be able to discover from the record the sign to be given to the run 
correction. Supposc the A microscope reads I 76' 32' 30" approximately : 
the zero of the microscope will be situated nearly midway between the 
30' and 3.5' gradnatiolls of the limb: if tlie 30' graduation be inter- 
sected, the nlicrometcr reading will be secn to increase as the screw is 
turnccl, ail(1 the (( run" correction will be consequently + ; if the 35' 
graduation be taken, tlie micrometer reading v-ill decrease as the screw 
is turned, and tlic correction mill be -. Tlle two consecutive gradua- 
tions will not read tlie same, but will differ by the amount of the " run" 
correction for a 5' space. If the value of the "run" correctioii were 
o" 264, tlie micrometer on intersecting the 30' and 35' graduations would 
rcacl rcspectivcly 2 9 . 8 7  and 30 I 3 divisions ; the corrcction for 2' .?of' 
is lialf tllat for 5' and is tliercfore . I 3  : in the first case the correction 
woul(1 be + , and tlie rending 2 9 . 8 7  + -13  = 30'" 00 : in the second 
case the cdrrection woul(1 bc -, and the reading 30.  I 3 - I 3 = 30". 00. 

If tllc obscrver will adlicre to the three following rules, no error can 
creep into tlie sign of a run corrcction :- 

(i) When the zero of A nlicroscope is conspicz~ously nearer to 
one division of thc limb tlian to any otllcr, intersect that 
division. 

(ii) If there is the slightest doubt as to which division of the 
liinb is the nearer, intersect eitlier, and tell the recorcler to 
note which: the recorder will tlien 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 -t, 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 z', the o' division being 
conspicuously nearer will be intersected, and the correction will be + : 
if it reads between 5' and 7', the 5' will be intersected and the correc- 
tion be + again : if it reads between 3' and 5' or between 8' and lo', 
the 5' and JO'  being the nearer will be intersected and the correction 
be -. If it 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 
division of the limb is being intersected with the wires of a microscope, 
the final motion given to the micrometer head must be in the " screwing- 
up" direction; if a division is being approached for the purpose of 
intersection with an "unscrewing" motion, whether it is to give an 
ordinary reading or a " high" or " low" one for run, the wires must 
be made to clearly pass tlie division and then brought back to it for 
intersection. I n  the zenith sector more discrimination is required than 
in other instruments to recognize instinctively, which is the " screwing- 
up" motion and which not, because two of the microscopes A and D 
possess a left-handed screw, and the other two B and C a right-handed 
one. 

One more caution is necessary to anyone working with these 
microscopes, and that is to take care that no mistake arises in reading 
off the graduations from the heads, after the intersections have 
been made : the graduations in two microscopes increase from left 
to right, and in the other two from right to left: it may happen 
and often does, that one number only, say 40, can be seen by the 
observer, those on either side, viz., 30 and 50 being invisible, unless he 
changes his position for the purpose of noting them. There is generally 
no time to spare, and the obverver simply sees the number 40. 
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Suppose the index is pointing to the second division to the left of 40 : 
in two microscopes this mould mean that the reading mas 42, and in the 
other two 38. 

It 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 givcn to all the micrometer heads must 
be tozoards 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 dozonwards on the limb, C and D upwards; 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 i t  will be found advisable to take 
them in the order A, B, D, C, for whilst intersecting with C microscope, 
one generally breathes on the eye-piece of D which prevents it being used 
for some ,minutes : if D is read before C, no such difficulty arises. 

24. Test the adjustment of the setting-circle to read zenith distances 

Eliminntion of the zero error by observing to some terrestrial object on both 
of the scctors. faces : if there is any facial difference, eliminate 

i t  by altering the bubble. n'hen the setting-circle is in good adjustment, 
set it to read accurately o0 o' : move the sectors in altitude until the 
inclex microscope reads I 80° or 360°, and the A microscope of, and clamp. 
If now the bubble of the level of the setting-circle is at the centre of 
its run, the sectors have been placed in their correct position with 
regard to the telescope, and no zero error exists : if the bubble is not at 
the centre of its run, it must be brought there by changing the relative 

* Tlie ~rorrl  I '  nppi~rellt" is uscd to denote the directiou of the limb grnduations as they appear 
tllrougll the inverting microscopes. 
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~ositions 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 tlie sectors, until the bubble comes to tile 
centre. It will be found very difficult to move the telescope witllout 
moping the sectors too: after every tap therefore the reading oji A 
microscope should be taken, ancl brought baclr 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 o3 o', the 
index microscope to 180' or 360") and thc A microscope is reading o' : 
when tliese four conclitions all hold simultaneously, screw in and 
tighten the four large screws.* To guard against mistalies, tcst the zero 
error by obser~ing a star on both Paces. A zcro error of 60" or uncler 
may be accepted : a larger might entail several stars being lost. When 
the zero error of the sectors has been eliminated, examine the micro- 
scope adjustments, mhich mill probably have bee11 sliglitly clisturbed. 

25. Examine the two vertical-axis levels, and see that they are 

Verhic:llity of the properly mounted on tlle craclle in accordance 
tlic meridinn. with the instructions given before. Talc e the 

readings of one of the levels in the instrunlental position telescope 
east : reverse the instrument and take them again wit11 telescope west. 
I f  tlie vertical axis is vertical in the meridian, the reading of the north 
end in the first position will be the same as that of the south end in 
the second. If the reading of tlie north end in one positiol~ cliffers by 
more than two divisions from the reading of the south end in the other 
position, the axis is not sufficiently vertical : its verticality can be 
improved by uilclamping the base- late screw D-ith its spanner, and then 
moving the lower end of the axis in the meridian by means of tlie north 
and south thumb-screws. 

This adjustment will often get disturbed and have to be re-made 
dul.ing actual ~1-ork, when there is but little time to spare for tlie opera- 
tion: in thesc cases always remember to cla~np the base-plate s c 9 . e ~ ~  
after the verticality of the axis has been secured: iu the hurry of tile 
moment i t  is likely to be forgotten, and if the base-plate screw is not 
clamped, the inclination of tlie axis mill be always varying. 

These four screws sl~onld 1,c put in lnnscly, and ~ M ~ I I R I I ~  screwed hotne together, one or two tllrns being 
Riven to encll ill rotlltion. 111 ~ l c i l l i n ~  wit11 delicatc instrumcl~ts this n ~ l c  is unirersal. If  tlle fll'st screw bO 
Bcrewcd home Ijcf(~rt. tllc sccontl is inserted, and thcn the sccoud mndc Light before t l ~ c  iusertion of Lllc third, 
and ao on, torsion may possibly result. 
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26. The readings of the transit axis level depend on :-(i) The 

Aorirontaliv of ~lor~zontal  position of zero of the level* itself. (ii) The 
ams. 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 clislevelme'lit really is. 

It 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 lias an inclination B to the east : 
if the horizontal axis is now made 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 & 13). 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 then note what the right end of one of the 
vertical-axis levels reads, when the telescope is in the meridian : rotate 
the instrument through go0 in azimuth, and then by means of the east 
and west thumb-screws, 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 telescope in azimuth to r So0, and it cannot 
therefore be brought both to the north and south of the instrument: 
the levels consequently can only be read in one position in the prime 
vertical and cannot be reversed end for end, as is practically done when 
the instrumental position is changed. When the reading of the end of 
a level remains the same throngliout the rotatioil of the telescope in 
azimuth from its eastern position to its western, the vertical axis is 
vertical both in the meridian and the prime vertical, and the base-plate 
screw may be clamped. 

The striding level can now be applied to the horizontal axis, and the 
dislevelmerlt of the latter corrected by means o'f the capstan-headed 

The zcro of the level is the reading of the centre of the bubble in the position of no dislevelment, i . 8 . ~  
wlll.n the level is npylied to a truly horizontal surface. 
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spi~lclle, 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, i t  will be seen that the dislevelment 
of the transit axis, arising as it does from two independent sources, will 
not be the same in thc two instrumental positions, and two distinct 
values must always be deduced for it. I n  determining their amounts 
apply tlie level to the horizontal axis in the position telescope east, and 
take its readings: reverse the level end for end and take its reaclings 
again. NOW change the instrument to telescope west and read the level 
a tliird time : reverse it end for end and read it a fourth time. 

Adjustinen t 
mutll. 

The " flying stop," affixed underneath the table, arrests the 

of tile sector in azi- rotation of the instrument in azimuth in both 
directions by coming in contact with one or 

the other of the fixed stops. If the instrument be adjusted to the 
meridian \17lien 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 colliination 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, it is always necessary to begin 
with that telescopic position, in which the plane face of the flying stop 
is in contact with a fixed stop : the reason is, that when the plane face 
is in contact, thc only method of correcting the deviation error is to 
rotate the whole instrument by means of the azimuthal stud screw, 
whilst when the screw face is in contact, the deviation of the telescope 
can be altered by making the screw protrude more or less from the 
stop : tlie adjustmeilt thcrefore in the former case would disturb that 

Whether the eastern or western depends on tho positio~i of the azinluthal stad. 
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in the latter, if it  had been perforinecl first. If the telescope be first 
placed in  the meridian wit11 the plane face in contact, the horizontal 
screw of the flying stop enables thc range of the instrument bct~v-cen 
the two fixecl stops to be acljnstcd to cxactly 180') and the elimination 
of deviation error in  the second telescopic position does not cli'sturb 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 tlie 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 near the zenith as possible ancl setting for 
it wit11 the setting-circle. Now compute out the chronometer times of 
transit of a circumpolar star over all the wires in both instrumental 
positions: recollect that in one telescopic position it will transit the 
wires in thc order I to VII arid in the other from V I I  to I. The time of 
transit of wire I V  should be the same in both positions : the time of transit 
of wire I with telescope east will, as stated before, be al~prosimately the 
same as that of wire VII with telescope west, but not, however, sufficiently 
near to allow of the same time bcing adopted for both events. 

Bring the plane face of the "flying" stop into contact with one 
of the fixed stops: about half an hour before the time of transit of 
the circumpolar star, set tlie telescope to the correct zenith distance. 
If the circumpolar is not in the field, slowly sweep with the telescope 
to the right and left: as the fixed stop arrests the rotation of the 
instrument in azimuth, the observer should talte care to so arrange 
the devistiori error, that the flying stop is able to travel a littlepast the 
prime vertical, and is not arrested before i t ;  unless this precaution is 
attended to, the obscrirer mill be only able to sweep with the telescope 
on one side of the mcrldian. 

I n  sweeping with tlie telescope; be careful that it is set to the exact 
zenith distance, corrected for refraction : a great number of circum- 
polar~ are often met with in sweeping, and one is very liable to observe a 
wrong one. 111 deciding whether it is the correct star in the telescope, 
three tests can be applied, viz., zenith distance, rate of motion, and 
magnitude. The rate with which a star passes from one mire to 
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another is an excellent test : the equatorial intervals of the wires are 
known, arid 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 mistake. 

When the correct circumpolar is in the field, bring it amongst the 
wires by sweeping the telcscope : 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 
wires 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 telcscope 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 do this, unscrew 
the nuts of the six steel bolts, that connect the uppcr portion of the 
cast-iron pillar to its base-plate, and rotate the pillar by means of the 
azimuthal stud-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 tlic 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 been brought round into contact with the " flying" one. 

The slotting of the six bolt holes will only permit thc upper portion 
of the pillar being revolvecl on the base-plate through about zO, SO 

that if the a z i ~ u t l ~ a l  stud-screw is brougnt to the centre of its run, 
when the instrument is first put up, z0 is the extreme deviation error, 
that can be corrected by means of i t :  if too lo even were corrected 
foi, the bolts would be hard down against one side of their slots, the 
screw would be at the very end of its run, and any small deviation 
error that might arise in the future could only be eliminated by rotating 
the whole instrument on tlie stone-cap. As it is very iuadvisable 
to  commence work with no room on the screw for further azimutllal 
adjustments, 30' may be considered the maximum allowable angle in 
both directions through which thc iron-pillar should be rotated when 
Jirst adjusting the instrument. If tlie meridian has not becn laid down 
accurately, or if the zenith sector has been carelessly put up, the observer 
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may find on placing a circumpolar amongst the wires, that the deviation 
error excccds 30' : if this is the case, (and he must judge whether it is 
or not by the distance betwcen the fixccl and flying stops, when the 
telcscopc is in the meridian) he mill have to loosen the three foot-bolts, 
that connect thc instrunlent to the stone cap, and revolve the whole 
sector by means of a crowbar placed under the base-plate. 

TIThen the circumpolar is approximately in  its corrcct 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 anotllcr N. A. Star, and if the chronometer error now differs 
from its earlier value, correct all the conlputed times of transit of the 
circumpolar over the scvcral wires in  accordance. Re-level the vertical 
and Ilorizontal axes. Tllc adjustment in azimuth must now be perfected 
by malrillg the circumpolar star transit some particular wire at the 
con~putecl time. One minute before the time, the recorder begins to 
count seconds, and the observcr brings the star on to the wire by means 
of the st~ld-screw : as the star moves off the wire, the observer con- 
stantly brings i t  baclr, and keeps it there, until the recorder reaches 
the computed time of transit. When a northern circumpolar is being 
talien, and the azimuthal stud is north, the observer cannot turn the 
screw Ilimself; this makes the adjustmcnt more difficult, as a third 
person, the tindal, is introcluccd: the observer, recorder and tindal 
should, however, with a little practice work well together and perform 
the adjustment without difficulty. Be most careful, when the stud 
screw is being turned at this final phase of the adjustment, to see that 
the two stops are in contact; they  are very a p t  not  to  be. 

Do not eliminate deviation error by moving the fixed stop in its 
channel round the neck of the pillar. 

When the circumpolar transits a wire at the right moment, the 
meridian has bcen founcl and the nuts of the six steel bolts may be 
tightly screwed down. I n  qcrewing the nuts down to the bolts, the 
azimuth acljustnlent will be slightly and inevitably clisturbed, but as it is 
always by the same amount and in the same direction, an experienced 
observcr soon learns homr to allow for it by placing tlle circumpolar at 
the computed time of transit not exactly on the wire. 

When the cast-iron pillar is rotated by means of the stud-screw, 
the vertical and horizontal axes will often become disleveled : wless 
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however both are nearly level, no accurate adjustment to the mericlian 
is possible, and consequently it is desirable to frequently take the 
readings of tlie .levels throughout the process. Not only docs the 
azimnthal adjustment disturb the levels, but the act of levelling alters 
the deviation of the telescope. 

TVllen tlie instrument has been accurately adjusted in  azimuth with 
the plane face of tlie flying stop in contact with a fixed stop, change the 
telescopic position and again observe tlie same circumpolar star. Bring 
tlie screw head of tlie flying stop into contact with tlie fixed stop, and 
decide whether the deviation error in tlie new position is to the east or 
mest, and whether the stop-screw must be made to protrude more or 
less in ordcr to bring the telescope to the meridian. As the time of 
transit over a wire clraws near, make the recorder count, and gradually 
bring the star nearer to the wire by turning tlie screw of thc stop. When 
the time of transit is reached, the screw should have been made to so 
protrude from the stop, that whcn i t  is in contact with the fixed stop, the 
circumpolar is transiting the right wire. When the stop-screw pro- 
trudes the correct amount, clamp i t  in  its position by tlie second screw 
situated 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 rcady for work. 

28. When the sector has for the first time bcen accurately adjusted 

Selection of a meridian mark. 
in azimuth, bring the telescope horizontal, and 
move the two collimators, until their crosses 

are cut by tlie centre wire, one in the position telescope east, the 
other in the position telescope west : these collimators, which are 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 causes cannot be observcd. If 
collimators have not been talten into the field, point thc telescope, when 
adjllsted in azimuth, to the horizon, and selcct some terrestrial meridian 
mark to serve for future refercnce. As a prominent natural objcct is 
not likely to exist exactly on t!ie meridian, tlie observer nil1 find i t  
advisable to draw on paper, what 1112 sees tllrougli the telescope, rnarl{i~lg 
the position of the centre wire on his drawing : if lie omits to do tllis. 
he may fail to recognise the view again. 
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sg. Every night before work the vertical and transit axes must be 

A~ljustments to LO mnde every accurately levelled, the microscopes examined 
niglit. for focus and parallax, the illumination of the 

limb tested, and the deviation of the telescope in both its positions 
from the meridian corrccted 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 

How to obscr,re tl,c zenitll a greater zenith distance than i 7 a0 cannot be 
of R star. read : all stars, whose zenith clistances 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 acceptcd 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 rqected.  Intersection of 
thc same star in both positions eliminates the zero error of the sectors : 
i t  is wllolly inadmissible to take a single intersection of a star and 
correct it for zcro error, tllc 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 scctors. 

(ii) Make the setting-circle read tlie same zenith distance, but the 
reverse way; that is, set the vernier to the proper reading 
belozu tllc zero of tlie setting-circle limb. The bubble will 
thcii bc at the centre of its run when the telescope is 
inclined at tlic same angle to the vertical as i t  is in its 
present position, but on the opposite side of the zenith. 

(iii) Bring the flying stop into contact with one of the fixed 
sto1>s. 
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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 talte the 
reading of the micrometer. 

(iii) Rise u p ,  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) Unclnmp and re-clamp the sectors. 

(x) Intersect the star again with the horizontal wire, and take the 
second reading of the micrometer. 

(xi) Read the two levels, and lastly the four microscopes. The 
observation is then completed. 

31. During an observation, take care that the flying stop i s  in contact 
Precantions to be taken when wit11 fixed stop : it is apt not to be. Bcwnre 

observing. too in tlie hurry of the moment of reading the 
levels, 6efore the bubbles are at  rest. 

Between the first reading of the microscopes and the first intcr- 
section of the star, no tangent-screw nor any otllcr part of the 

instrument may bc touched. The second intersection may bc approd- 
mately made with the tangent-screw of the sectors, but whcn completed 
with the micrometer, the tangent-screw must not be touched again, 
till the final reading of the microscopes has been takcn. The reason 
of the second intersectioi~ bcing first made approximately wit11 tile 
tangent-screw is, that tlla two intersections are then takcn at equal 
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distances from the zero of the telescope comb, and as the two readings 
of a co~nplete observation are supplements of one another, error in tlle 
value of the tclescope micrometer is cancelled. 

Colonel Hcrschel, 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 seconds : between VI and VII i t  is again about 14 
seconds. The time that elapses 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 is ample time to do all that 
has to be done. 

I t  may often happen, owing to accidents, mistalres or clouds, that 
the 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 22 seconds from the meridian. I n  these exceptional cases the 
observer must cause the recorder to note on the record the distance in  
time from the centre wire that the intersection was made, so that in the 
computations the correction for '( intersection off the centre" may be ap- 
plied for the actual amount artd not for the usual 21 seconds. Knowing 
the intervals between thc inner consecutive wires to be 7 seconds each, 
and the two outer intervals to be 14 seconds, the observer can estimate 
fairly accurately at what distance from any particular wire he has'made 
the intersection. Suppose, for instance, he makes the intersection, not 
as he ought midway between wires VI and VII, but just before the star 
transits wire VII : he says to the recorder "intersection made at VI 
+ 13")' Suppose again that he fails to intersect the star until it  has 
passed wire VII by a distance sliglitly less than half one of the inner 
wire intervals, he informs the recorder '(intersection at VII + SS." In 
the first of these hypothetical cases the correction for "intersection off 
the centre" would be for 27 seconds instead of 21, and in the second 
for 31 seconds, 
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When stars have been observed once, their correct readings on the 
scctor should be taken out, and these latter used when setting on future 
occasions : it is desirable to set as accurately as possible, so as to keep 
the readings of the telescope micrometer within 30 or 40 divisions of 
its zero. 

32. Suppose the instrument to  be in position and in perfect adjust- 
ment with its azimuthal stud to  the north. If 

To reverse the instrument from 
11 stun north" to 1L stud S O I I ~ I ~ ; ~  there is no prominent meridian mark easily re- 
or vice verad. 

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 mire of the telescope, when pointing in the 

- 

meridian, do not trouble to move the collimators, but make a drawing 
of the mires 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 : it 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 
wedge. Rotate the instrument on the button through I 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 accurately by placing waslicrs under tile 
feet, and then shift it approximately into the mcridian with the crow- 
bar. Screw up the foot-bolts tight, and level again wit11 the four 
thumb-screws. Point thc telescope to the distant horizon or collimator, 
unscrew the nuts of the six stcel-bolts and rotate the instrument in 
azimuth by means of the stud-screw, until its centre wire has takcn 
UP the samo position in regard to cxtcrnal ohjects, as it occupics in tho 
drawing made bcfore reversal, whcu deviation error will havc been 
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eliminated. Screw down the nuts of the six bolts : re-lcvel 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 talren to place the button well in the 
centre of the brass nut, for if 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 

To dismnntle tho sector. 
eye-end cover. Remove the dew-cap and screw 
on the telescope cap. Tie up the spring of the 

clamping arm with string. Loosen the clamping cam a i d  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 
p ides  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 it down. Remove the black counterpoise, 
and tie on the wooden guides marked (2). Remove the mushroom 
counterpoise and affix the conical wooded cap. 

Three men must now pull at the telescope, whilst a fourth supports 
the outer erld of the horizontal axis by means of tlie wooden cone : ~vhen 
the telescope has been pulled out some 4 or 5 inches, the horizontal 
axis must be supported between the cradle and sectors. The telescope 
and horizontal axis may now be entirely 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 all oil from the horizontal axis; take out the four 
large screws that attach tlie sectors to the telescope, and rotate the former 
until they are parallel to thc latter : replace the four screws. Turn the 
wooden-tipped handles of the sectors, so that they may lie in one of the 
diagonals of the box, when tlle telescope is paclred. Place the telescope, 
sectors, and horizontal axis in the box, lowering it with every care. 

Beforc packing the remaining parts of the instrument, wipe the oil 
off and tlioronghly clean the cradle- bearing^, vertical axis, hemispheres, 
and base-plate cup. 
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The stone-cap of tlie 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 whicl~ the selection of 
stars for littitude observations seconds from tlie astronomical latitude, the 
ougl~t to be governed. 

distance at transit of any star from the zenith 
can always be calculated.wit1i sufficient accuracy to allow of its being 
fouud with the telescope. 

To observe 40 zenith stars for latitude is a hard night's work: 
t o  observe 30 is easy. The 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 taken 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 catalogue 
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 
be 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. 
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(ix) The minimum difference in right ascension between two 
consecutive stars should be six minutes. 

(x) Two to four Kautical Almanac stars equally distributed north 
and south of the zenith should be included to enable the 
chronometer error to bc 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. ~ O ~ ~ O W S  :- 

(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 
wircs in each telescopic position : from this is deduced the 
deviation error of the instrument. 

(iii) The transit-axis level must be read before ancl after work in 
both telescopic positions, being reversed end for end in 
each position. 

(iv) The two thermometers outside the tent should be read every 
I 5 or 20 minutes. 

(v) The barometer should be read every hour, the mercury in the 
cistern being lowered and raised again to the zero pointer 
each time. 

(vi) The microscope run must be determined 1.5 times, the same 5' 
space being never utiliscd twice ; the high reading should be 
always recorded above the low, whether read first or not. 

(vii) I t  is of importance, that the temperature of the interior of 
the observatory tent should not differ from that of the 

Thcae clcvcn rnlcs for aoveraing the sclcction of thc stars were Inid down nftcr mncl~ considcration 
by Colonel tlcnvisidc, :11111 llnvc bccn closely nill~ered to by subsequent obscrvcrs. Ally depurture how.  WCLU 
will bc surely iullo~vccl by discorilunce in the rcsults. 
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outside air by more than i0 or z0 Fahrenheit : the thermo- 
meter attached to the barometer should therefore be oc- 
casio~~ally 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 hozo far .from the centre wire, he 
intersects his stars with the telescope micrometer, (vide para. 3 I ) .  

36. It must be borne in mind that the object of these obscrvations 

Progrnlnlne of work for one is the determination of astronomical latitudes 
station. 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. The mean of two 
zenith distance observations with the sector is, as a rule, a more rcliable 
measwe than the north polar distance of a star as computed from the 
Greenwich Catalogue, a fact, that spealts very highly of the sector as 
an astronomical instrument. 

Su~posing an observer to devote four nights to one station and to 
take 40 observations per night, i t  has been found tliat the probable 
error of his final value of latitude will be 

+ 0".06,3, if he observes the same 40 stars every night. - 
f 0 ~ ~ 0 4 9 ,  if he observes 40 stars the first two nights and 40 

different ones the last two nights. 

+ 0".039, if he observes 40 different stars every night. - 

I n  each of these three cases the numl~cr of observations taken on 
thc vhole and thc total amount of morl~ carried out will be the same. 
The result attained by observing 40 frcsh stars on each of the four 
nights will evidently be very much better than if 80 stars arc observed 
twice each. I t  is moreover easy of proof that but slight advantage 
accrues at all from taking a tllircl zeilith clistance per star, aud that 
a fourth szcch observation is absolutely wuste 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 o'"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 18th 
parallel of latitude, it is difficult to get more than 35 to 40 well-placed 
south stars from the Greenwich Catalogue. &I observer cannot of 
course work all night, but by commencing on one night shortly after 
sunset, on another at I 2 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 roo 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 taking 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. The 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 unless 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, - 

" Observed W to E " means that the flrst intersection of the star aas  made with the telescope west, 
and the second intersection with the telescope east. 
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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 talren E to W on the 
first and third days being now taken W to E and vice cersd: 
on the fifth night the second programme should be again 
taken up, the direction E to W and W to E being changed for 
each star from what it mas 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) If roo stars are to be talren they 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 second and cice versd. As three 
programmes have to be got through in six nights, no spare 
nights are available for picking up misses, but by judicious 
interchanges of stars between the three a star nlissed from 
one programme can often be observed again in one of the 
other two. 

(vii) The number of observations per station need not exceed 200, 
and should not be less than 140,* 

The errors of the chronometer, collimation, inclination, and deviation 
during any night's work ought to be computed out before the next 
night's observations are commenced ; the methods of computing them 

* I t  will be found as 8 rule that all the observations taken on any one particular n i ~ h t  will be burdened 
with some emnll conntant error, running throughout; the more nights therefore thnt the observutionB  are^ 
extended over, the better will be thc Anul 1.e8ult. 
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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 : vire 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 tlze field, he makes the recorder count seconds 
from the chronometer: as the star crosses mire VII, he notes the 
nearest half-second of time. Half-way between VII and VI he observes 
the 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 V I I :  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 whiah the 
star crossed the centre wire of the telescope. The difference between 
this mean and the right ascension of the star is the chronometer error: 
if the riglit ascension is the larger, the chronometer is slow. 

The right ascension of a star, that is to be used for finding the 
chronometer error, should be accurately known : i t  is therefore advi- 
sable to always select one from the Nautical Almanac. If a'star that is 
suitable for latitude observations is selected from the Nautical Almanac, 
i t  can be observed for zenith distance and time simultaneously as 
described above. If no Nautical Almanac star is included in the pro- 
gramme of latitude stars, special observations must be taken for the 
purpose of determining the chronometer error. 

I n  timing the transit of a star over wire VII in both telescopic 
positions, error of collimation cancels out. Error arising from inclina- 
tion of the transit axis does not cancel owing to the inclination being 
different in the two telescopic positiogs*; it should, however, be kept so 

* J'ida description of method of levelling the traueit-axis, (para, 26). 



I 64 HANDBOOK OF THE TRIGCONOMETRICAL BRANCH. 

DUTIES IN THE FIELD. [PART V. 

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 
mere 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 mere 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 = E,, 
Cross-level east 1 west-end ,, = w1, 

With telescope east 
East-end ,, 

r e s t  
= E2, 

J J  West-end ,, = w2, 

East-end of bubble = Es, 
Cross-level east 

West-end ,, = w3, 
With telescope west 

$East-end ,, = E4, 
JJ west i West-end ,, = W4. 

If n = value of one division of the level-scale in seconds of arc, the 
dislevelment will be 

JW1 + W,) - (El + 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 Csec 6 
4 x '5 

with telescope east, and 

+ (W, + W, - E, - E,) x n cos Csec 8 
4 x 15 

with telescope west, where and 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 azimuth. 
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 thc western end is 11igher theso expressions are positive, nnd as a star transits to0 soon with the 

west end 11igl1, a positive correction is wanted. 
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DUTIES I N  THE FIELD. 

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 
VII  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 wire crossed by a zenith star, and that the time of 
transit (corrected for the inclination of the transit-axis level) was 
2" om 5 6 8 . ~ :  suppose now in the position telescopic west, after the 
second intersection of the star has been made, the corrected time of 
transit over wire I, which has become the last wire, is again noted 
and is 2h 2" 2s*0. The elapsed time between the two transits is 66 - 0  

seconds. 

The equatorial interval of wire I is known: suppose it equal to 
28"55. The time, that the star would take to travel from wire I to 
wire IV, is equal to 28 55 x sec. 6 = 31 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 o 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 eastj and crossed too late and situated too far west with tele- 
scope west. 

If the collimation star had been observed from W to E, the 
time of transit would have been z h  lm 08, and the second 2" I *  58': 
the elapsed interval would then have been 58 seconds or 4 seconds 
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 
~bserved E to W, it will take too short a time when observed W to E. 

The following rule will prevent confusion of sign in  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 

above the collimation error, but with a reverse sign : then c" = cy x 
2 

15 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 the telescope, in which the Jirst of the two intersections are 
made, and the correction to a transit taken in that position is positive. 
For example in the first instance given above, c" = + 27". 3 when the star 
mas taken E to W : the correction for collimation to the time of transit 
of a circumpolar, of declination 85O, which is being observed for devia- 

27 ' set 854 when the transit occurred with telescope tion, would be + - 
15 

east, and - - 27 ' ' sec 8 jO, when it occurred with telescope west. Tran- 
' 5  

sits observed in that position, in which the f i s t  intersection mas made, 
when collimation zoas determined, take the 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 
determined nightly : it  has to be taken account 

Deviation error. 
of in the recess in computing the distances 

from the meiidian, at which the stars were intersected. I t  is necessary 
to compute out the deviation error every morning, and to re-adjust the 
instrument, if it is found large. 

The deviation error is determined as follows : T h e  times of transit 
of a circumpolar star are noted at night over one or two wires in both 
telescopic positions. These times are " reduced to the centre " and the 
times of transit over wire IV in the two positions thus found. Coi~ections 
to the transits of wire IV hare then to be applied, (i) for chronometer 
error, (ii) collimation, and (iii) inclination of the transit-axis. The 
corrcctiolls for chronometer error will have the same 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 Z, = its zenith 
distance; then 15 (T - R. A,) cos 6 cosec Z, = deviation of the instru- 
ment. 

If T is greater than R. A., and the circumpolar has been observed 
west 

at its * culmination, the deviation error is - of north. 
lower east 

E ~ e r y  night, after the time of transit of -a  circumpolar has been 
takeu, 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 interim. On a cloudy night therefore 
the deviation can be found from the observation of the collimator 
cross, whose distance from the meridian is known. 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 hag 
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, 
however, 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 made 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. 



ASTRONOMICAL LATITUDES. ' h9 

Under the head "duties in recess" are itich~cled the reduction of 
the observations and computations of the final results. 

I .  The computations should always be prefaced by a description of 

Description of statioils. 
each latitude station. The dimensions of the 
pillar should be given, and its situation with 

reference to the trigonometrical station described. The distances and 
directions of the ncighbouring villages slionlcl be ~iotcd, so that no diffi- 
culty may afterwards be experienced in finding the site : if the station be 
situated in a dense jungle o r  on a precipitous hill difficult of access, the 

- - 

best road leading to i t  should be mentioned. 

The observer should at the time of observation estimate the direc- 
tion, in  which he ~ ~ o u l c l  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 liills ; from the direction of the rivers he can ascertain the general 
slope of tlie ground in tlie vicinity; ancl from the Geological Survey 
records he can find the character of tlie soil of the surronnding country. 

The computations may be divided into tlirce principal parts:- 
(1) Zenitli distance of each star. (2)  North polar distance of each star. 
(3) Resulting latitude. 

( I ) .  Zenitlt, distance of a star. 

Before proceeding to describe the computatio~ls it may be as well 
to note, that each star observed is supposed to have been intersected 
both in the position telescope east and in the position telescope west. 

2. Tlie first step in tlie computations is to take out the means of - 

TIlc mic,.oqcope ,.cndi,,gs, the four microscope readings, and to then cor- 
" rtun " corrcct io~~.  rect these means for " run." A mean of the 

four reaclings lias been designated c, and the "run " correction c'. 

The amount of tlie "run" has first to be determined from the 
ohscrvnt,ioiis talreri for the l)url>ose, of which there ought to be from 
70 to 90 per station. Suppose from all these we find that 299.736 
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rnicrometric divisions* are equal to a 5' division on the limb: then 
299.736 divisions are equal to goo seconds of arc, and the correctioil 
to the rcading, when the micrometer has been run over a whole 5' space, 
is 0"*264. If the micrometer has been only run over a I '  space on 

0". 264 
the limb, the correction to its reading will be = of' ' 053, and the 

5 
correction to be applied to one division of the micronleter to obtain its 
value in seconds of arc will be o".ooo88. 

The above shews how the amount of the " run " correction is found : 
its sign is determined by the three following rules, always snpposing 
that the run is too small, (i.e., that one micronletric division is larger 
than a second of arc) :- 

(i) In the case of an observation, where a run lias been talien, and 
both the (( high " and " low " readings arc recorded, the 
" high " reading only should be used in deducing the zenith 
distance: the sign of the run correction in that caseis + ve. 

(ii) When a note has been made in  the margin of the record thus 
" referred to 22' ", meaning that the n' division of the limb 
has been intersected, the sign of the rut1 col-rection 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 reading of A microscope falls 
between o' o" and 2' 30" or between 5' o" and 7' 30") the sign 
is + ve., and when between 2' 30" and 5'0" or between 
7' 30" ancl 10' o", the sign is - ve. 

There is one tronblesomc, but happily very rare exception to the 
third rule: it is when the reading of A microscope falls so closely 
belolo a division of the limb, that the mean of the four lriicroscopes is 
above that division : the sign is then obviously + and not -. 

3. By the " instrumental " zenith is to be understood the inter- 
Instrumental zenit,] distance, section of the vertical axis of rotation with the 

m d  zero error. celestial sphere. I f  the telescope is directecl 
to this point, it  will continue to point to it, when the instrument is 

* A lnicroluetric division here means the mean valuc of one division of each of the four 
microscopes. 
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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  malres positive arcs too great. 

We will start with the assumption that latitude = declination +zenith 
distance always, 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 sinlts on the left : 
consequently when the telescope is east of the pillar, circle readings are 
positive, and when west they are negative, as regards thc sign of zenith 
distance. The 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 #ths of a second of arc; it  is in fact exactly cqual to + x 1''~0007. 
The reading of the telescope-micrometer at any intersection reduced 
to seconds of arc is designated by the symbol M. Suppose N 
= c + c' + M, NE denoting that the readings c and 3% were talren for 
the intersection in the position "telescope east ", and NW for the 
intersection in the position "telescope west." 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 zero is at the zenith. I n  both cases Z = 3 (NE - Nw), and o = 4 
(NE + Nw)- 180'. 

Thc zero error does not enter in any way into the computations : it  
should be taken out by the recorder at the time of observation mercly 
as a clleclr against gross errors. I t  may also be occasionalty employed 
as a criterion in rcjecting observations, but great caution must be 
excrcised in putting it to this use, as it is not even theoretically a 
coistant quantity, but varies with the verticality of the vertical axis 
in the meridian. 

4. The instrumental zenith distance has now to be corrected for the 
Corrcetioll for inclination of the inclination of the vertical axis. This inclina- 

vertical axis. tion is measured by two independent levels, and 
the results by both should agree closely, the mean of the two being 
adopted as the correction. 
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I f  tlie north end of the levels is too high, a south zenith distance is 
too small, and a north zenit,ll distance is too large : having regard tllere- 
fore to the signs of a zenith distance, the correction in both casas 

be + ve. The proper s ig~l  will tllerefore be always attained in 
every case by deducting the sonth rentliilgs from tlie north. Snp~ose 
s = south reading of bubble, ancl n = north reacling, and let SE = 12-8, 
in the position " telescope east," and SW = n - s in the position '( tele- 
scope west ". Then the correction for inclination will be ( Sw + SE ) 

x x -, where xn = one division of the icrel-scale. (In the printed forms 
4 

for reduction SW and SE are put equal to s - nJ and the corarection 
x 

made - ( SW + S g  ) x -: tlie result is the same). 
4 

The zero error of each level s l io~~ld  be taken out for each star, for 
though it does not enter into the computations, it serves as a check 
against gross mistalies 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- - 

Observed zenith distance. 
tion of tlle vertic:nl axis, may be clcsignated the 
observed zenith distance. Two corrections have 

to be applied to this observed zenith distalrce, viz., ( I )  For refraction, 
(2) For irlt,ersection off the centre. 

6. In computing the corrections for refraction the first step 

Correction for refraction. 
necessary is to find the readings of the baro- 
meter arid thermometers at the time of obser- 

vation of each star. A list of tlie stars observed on any one night 
is prepared, and their right asccnsions to the nearest minute ~vrittcn 
against them. The corrected* reacling of the barometer and tlie meall 
corrected* reading of tlie two thermometers are entered opposite 
those stars, which were observetl immediately before the pressure and 
temperature were noted: barometric arid thermometric readings are 
then intei~polated between those actually taken during tlie night ; the 
variation in both is considered proportional to the 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 thrce (Greenwich) tables. The argument with which 
to enter the first table is the zenith clistance of tlie star, that for the 
seconcl the barometric pressure, and that for the third the tl~errnometer 
rcading : a logaritl~lnic number is obtailled from e x h ,  the sun1 of the 
thrce being the logarithm of tlle " refraction." 

The correction for refraction always increases a zenith distance, and 
is therefore-having regard to the siglis 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-mericlional position of the star at 

Intersection off the centre. 
the time. of intersection, due, in the first place to 

the observations bcing purposely and of rlecessity* made off tlie centre, 
and in the secoaci, .to imperfect adjnstment of the instrnment. At no 
step in the reduction of tlle results is an observer so likely 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: they 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 
the 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 distance from it in both. 

There is another and more serious mistake which is very liltely to 
occur in compating the correction for " intersection off tlic centre ": 
it  is to assume that the ,difference between a meridional and an extra- 
meridional zenith distance of any star depends only on the dis- 
tance from t,he meridian, at which the star is intersected. Having made 
t,his assumption, the obserrrer combines the four causes, that lead to 

I n  order to pivo time for tho instrument to be rotated and for each star to 11e intersected in both 
tcleseoyic positions. 
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extra-meridional intersection and computes the total hour-angle of tlle 
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 
collirnation only, and determines a wholly erroneous correction to the 
zenith distance. 

I t  should 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 tlie measurement is made. 

I n  the case of intentional intersection off the centre, as also in that 
of collimatioii 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 latcrally 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 south 
zenith distances be the same, as the path of a north star is convex and 
that of a south concave to tlie zenith. 

From what has 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 oh these two 
causes is expressed by the following formula :- 

dC 
'52 -- - (k + c ) ~  tan 6 sin I", 

( k + c )  2 

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 
south zenith distances : it decreases the former as observed, and in- 
creases the latter. As north zenith distances have been considered 
negative and south zenith distances positive, the general formula* for the 
correction involving both cases may be written 

1 5 ~  = + - (k + c ) ~  tan 6 sin I". 
(k + c)  2 

* Chauvenet'~ Astronomy. F o ~ ~ r t h  Edition. Volume 11, para. 229. 7 = hour-angle = (k c )  6.  
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From this formula i t  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" 
dck + dc = + It (kg + c 3  tan 8 sin lf', 

C 

and this is too small by 

15= x k x c x t an8  sin I". 

Suppose for instance that the first intersection was pr~perly 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 
collimation error the centre wire is 30" too far east with "telescope 
westJJ' which has the effect of making both intersections nearer the 
meridian. Then the mean value of k will be + 27; and that of c will be 
- 2" and the value of d r will be 

(k + c )  

1 5 ~  + - x ~5~ x tan 8 sin I". 
2 

Now let the effect on zenith distance of an inclination in the transit 
axis be considered. If the transit-axis be inclined to the l~orizon at an 
angle bNJ the zenith distance of a north star as observed will be too 
great by 

ba cos (A + c) cos C sin I" - 
sin A , (Mr. EcclesJs formula), 

2 

where = north zenith distance, and A = north polar distance of star. 

As north zenith distances are negative, the correction mill be 

b2 cos (A + 0 cos r sin d $ =  +- . 
2 sin A 

When using this formula, the numerical value of ( must be entered 
regardless of sign. Thus suppose b = 4 0 ~ ~ 2 ,  A = 65') and = a north 
zenith distance of lo0, the correction will be 

(40. 2)2 cos (65' +, I oO) cos I o0 deb = + sin 1". 
2 sin 6 5 O  
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I t  might perhaps have been more consistent, to have consiclered a 
nortli zenith distance = - c, and to have so arranged the formula, that 
in the above example - loO would have had to he substitutecl for C: but 
this mas tried, and was found to lead to much confusioii ; the formuia 
has consequently been so written above, that in dealing with north stars 
the nu~,zerical value of the zenith distance has to be substituted for c 
without changing any of the signs as given. 

I n  the case of south stars the true meridional zenith distance is larger 
than the obsep-ved zenith distance : the latter has therefore to be increased, 
a.nci as ~ ~ t h  zenith distances are positive, the correction will be positive : 
the correction is 

b h o s  (A - C) cos c sin I" dC=+--• -. 

b 2 sin A 

b" is the mean inclination of the transit-axis in the two telescopic 
positions: it is a matter of indifference which end of the axis is high, 
and only alnount must be considered. Thus suppose nritli telescope east 
the inclination is 20" east, and with telescope west 14" west, the mean 

inclination is 20 + 14 20  - = r 7", and not 
2 

14. If with telescope east 
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 distance of a north 
star as observed will be too great by 

a" 
-sin 1'' x 
2 

sin (A + I )  sin ', (Mr. Eccles's formula). 
sin A 

As north zenith distances are negative the correction will be 

a2 d {  = + -s inlox sin (A + c) sin r 
n 2 sin A 

When using this formula, the numerical value of c must be entered 
regardless of sign, as explained before : thus if a" = 1 r 2'" I ,  A = 65') 
and C = a nortli zenith distance of lo0, the correction will be 

(112'1)~ dC = + sin 1" x sin (65' + I oO) sin I o0 
a 2 sin 65" 
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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 iu 

a2 
d f :  = -  -sin I"X 

sin (A - c) sin 
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 deviatioll 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 :- 

d f: 1 5 ~  = + -- (k + c ) ~  cot A sin 1" 
(k + c) 

2 

for both north and south stars, 

b2 cos (A f f:) cos (sin 1" 
d $ = + T o  sin A 

north 
for both s -  stars, 

a2 sin (A f c) sin sin 1" 
df :  = & - .  

a 2 sin A 

north 
for - south 

The first formula is independent of zenith distance : in substitutilg 
a numerical value for t i n  the other two the sign should be retained as 
written whether north or south stars are being dealt with. The signs 
in front of the corrections in all three formula: are given on the under- 
standing, that north zenith distances are inherently negative.* 

The instrzcmenlal zenith distance 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 

* Tllesc forrnulce are not appliaeble, if the zenith distnnce of a atar is measured at i t s  lower culmina- 
tion. 
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account of refraction, and three corrections on account of the extra- 
rneridional 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 distahce at the moment of observation is required. 

8. The mean north polar distance on the 1st of January 1872 is 

Firet correction. 
given in the Catalogue as 75' I 8' 53" 9 I. 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' 21". 67, and this applied to the above north polar distance gives 7.5' 
14' 3 2" 24 as the value of the mean north polar distance on January 
lst, 1886. 

9. The second correction is equal to Ee' + Ff' + Gg' $ Hh' + L + 1' 

Second correction. 
-300, where E, I?, 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 6"- 65. 

10. The third correction consists simply of the product of the pro- 

Third corntion. per motion and the fraction of the year: in 
357 the present instance it is equal to p x - 

= o"*oo. 
365 

By applying the second and third corrections to the mean N. P. D. 
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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I I .  Having computed the apparent N. P. D. at Greenwich mean 
midnight on December 23rdJ 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".oz. In  eight 
days the N. P. D. has increased 0"*43, and the daily variation is 
therefore + o"* 054. 

I 2. 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 rzh + 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 ~ ~  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'"022. 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 6". 00. For any intermediate day it 
can be obtained by simple interpolation, thus for December 30thJ it is 

( 1 6 ~ - o o  - 15"*57)7 
75O 14' '5"'57 + 8 

= 7 5 O  14' 15"'57 + oH*38 = 
75" I 4' r5"*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 : 

Tlrc star'a R.A. ahould theoretically be converted into its equivnlent In meen time, but practically t h i ~  
1s nn unnwessury refinement, as also in the correction of mean time at srdereal noon for lon~~tude.  
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and the mean co-latitude by south stars and its probable error : res~ l l t~  
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 differences 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, i t  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 with the zenith distance of the stars observed, i t  is due to 
some instrumental defect, probably flexure of 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. 

If 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, 2ndly, 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 error of co-latitude 
obtained by utilising both levels, it is evident that the second level 
should be discarded. 



TIDAL OBSERVATION8. 181 

CHAP. I.] INTBODUCTOBY REMABKB. 

PART VI. 

Tidal Observations. 

I. The immediate object of tidal observations is to determine the 
heights of the water, above some known datum 

Object of tidal observations. 
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 certain tide which is 
expected to give valuable information in regard to the rigidity of the 
earth. It 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 breaks, 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 lcno\rledge of the laws 
of the tides is expected to lead to an evaluation of the mass of the 
moon, to more definite information regarding the rigidity of the earth, 
to an approximation to the depth of the sea from the observed velocities 
of the tide waves, and to information regarding thc retardation of the 
earth's velocity due to tidal friction. 

Practically, the correct determination of the tidal heights at any 
station, enables zcros of level to be fixed for the purposes of sulsvep, and 
afforcls data for tlie calculation of the rise and fall of the tides at a 
future period aud thus subserves the purposes oE navigation. 
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2. To carry out the morlr properly the strength of tlie Ticlal Partv 
(excluding tlie Levelling Party) sliould be as 

Strength of n tidnl pnrty. 
follows :- 

Two officcrs of the Senior Branch ; 

Two officers of tlie Junior Branch ; 
Two Nativc mecllanics wit11 a knon.leclge of clock-work ; 

Twelve sub-surveyors and computers ; 

Oile writcr ; 

Twelve daftris, peons and khalasies. 

I. The clioice of a site for the erection of a ticle-gauge depends so 
much on local circumstances that a careful re- 

Selection of n site for n tide-gnuge. 
connaissance of the fore-shore is a neces'sary 

prcliiniilary to tlic selection of the best of the generally limited number 
of suitable positions. 

The gauge shoulci be placed so as to obtain a fair representation of 
the ticlal oscillatioiis of the surrounding area, and to sccure this it is 
necessary ( I )  that the sea should have clirect communication with the 
gauge, and not approach i t  through tortuous channels ; (2)  tliat the spot 
choscn shoulcl be sheltered from heavy weather, and (3) tliat there 
should be deep water at low-tide close to it. For example, a good posi- 
tion would be the end of a picr or jetty, or the wall of a doclr. I t  must, 
howevcr, be pointed out that a positioil in  a cove or in a minor bay at 
tlle llcad of a large bag, though i t  may apparently answer the above 
rcqnircmclits, is not a good one for a tidal observatory, as experience 
slio~rs tlint, at stations where tlie range is small (as in the south of 
Inclia) tlie tidal curves in such a spot often present a zig-zag appearance 
all along the rise aiid fall. Tllc irregularities are certainly not caused 
by rough or lumpy water ; becausc it has frepeiltly been noticed that 
tllep wcrc being rcgistcrcd inside tllc float cylinder, at times when the 
sml'acc of the water outside mas pcrfectly smooth and no swell or 
ripple was apparent to the cye. There seems to be a slow throbbing 
or pnlsatory action going on in such localitics, cluriilg hot11 rise mid 
fall, which the cpe does not rcndilp dctect ; for ii~stancc, during a rising 
tide mcolrling pencil will relnaiil statio~~ai*y, somctimrs for 1lem-l~ 
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five minutes, and then gradually fall for tvo  or three minutes to an 
extent reprcsenting 2 or 3 inches in actual fall of tide, then again 
remain stationary for a few minutes, and aftcrmards move up on the rise. 
This will be repeated at intervals during the entire rising of the tide, 
and the same thing will rccur 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 becn selected ncar deep water, a vertical cylinder 
is fixed in the water in such a way as to aclmit 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 where such 
an adjunct as a pier, a jetty, or a dock-mall is not available, and cannot 
be specially constructed iu deep water esccpt at a prohibitory cost, it 
must be erected on the shore, the cylindh sunk in the ground, or in 
a masonry well and connected with tlie 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, the subjoined example may be found 
useful. 

Calculations to show the relative level of the w ~ t e r  inside a cylinder of 22  inches 
diameter ancl that of the sea, tlle conneclion being made with a 2-inch pipe, 300 feet 
long, mliicll 111~s two bends of go0 each. 

From Beardmore's Hydraulics, Table 8. 

The discharge for a 2-inch pipe = ?69 cubic feet per minute, 2/;- 
where 

2 = the length of the pipe, 
& = the head of water. 

Now, assuming that tho water in the see has risen I inch higher than in the well, 
there is o, head of r inch, and 

Therefore, the discharge = 768 cubic inches per minute, supposing that there are no bend8 
in the pipe. 
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NOW the quantity of water required to raise tlie lerel in the cplindcr I inch is *+ or 
2 2 

I 1 2  x - cubic inches nearly, i .e ,  about 380 cubic inches. 
7 

Thus, a liead of I inch would discharge the quantity required in something less than 
half a minute. 

But  wl~cn tllere are bends in tho pipe, tlie 11en.d reqnired to overcome them varies ne 
tlio angles of the bends nnd the ve1ocil.y of the matcr tllrough tho pipe. 

2 2 
The area of the connecting pipe in section = TI.? = - square incl~es nearly. 

7 
Therefore the lengt.11 of pipe which would contain a volume of n-nter cnough to 

raise tlie water in the cjlinder I inch 

= fi inches = 10 feet nearly, 
2 2 

and if this amount is to be discharged into the cylinder in half a minntc, the relocity of 
the water must be 20 feet per nliriute, diininisliing as the hend of mnter decreases. 

Now by Beardmore's Hydraulics, Table 9, for a mean velocity of 20 feet per minute, 
I 

and two bends of go0 each, wc rcquire a head of .0048 x 2 inclles or - inch very nearly, 
100 

so that the bends need hardly be taliell into account. 

Now suppose that there is an 18 feet rise and f:~11 of tide a t  s p r i ~ ~ g s ,  i.e., a menu of 

&bout 3 feet per hour, then the rrater will rise on an a v e r a g e 3  of an inch in ) minute. 
1 0  

. Combining the above arguments, it follows that if the sea-lcrel was an inch highcr than 
the water iu the cylinder, the lntler would be raised this lleigllt in 4 minute, by wl~icll time 

the sea would be 3 of an inch Iiigher. 
1 0  

But the tide rising incrensrs the head, and the water would 1,encl on thnt account to 
flow quicker: nlso the sea-lerel would only be raised I incll in 12 m i n ~ ~ t c s ;  so that the 
Merences of l e d  undcr tlle conditions specified may be considcred as inappreciable. 

2 .  To facilitate thc detailcd description of the self-registering tide- 

Description of instruments. 
gauge, i t  mill be best to  bcgin ;ith a general 
account of it. 

3. Mention has before been made of the ' cylinder' placed in 

General outline. 
communication with tlie sea, either 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 riscs and 
falls with it, and to it is attached a copper ' band ' which yasscs over a 
wheel callcd the ' stud-wheel ', 
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I The rise and fall of the 'float' communicates motion to the ' stud- 
wheel ' by means of thc 'l~and,' arid the 'stucl-whecl' in turn, by 
means of a projccting axle on wllicll is fastcncd a 'toothed-wheel,' 
cornmllnicatcs motion to another ' toothed-wheel ', On tllc same axis 
as tlie latter, and consequently moving with it, is anothcr wheel round 
whicli a flcxible ' cliain' is passed, onc cncl of which is attaclied to the 
whcel ancl the otlier to tlie ' pencil '. The ' chain ' is kept taut by a 
' counterpoise meigllt ' to ellsurc the 'pencil ' following the movclncilts 
of tlie ' float '. 

The 'pencil' moves longituclinally along a cylindrical 'drum' 
touclling tlie surface mitli its point; tlie 'drum' revolves once in 24 
liours by means of ' clocli-work ' at  the opposite end to the float. 
'I'he ' drum' is supported on a cast-iron ' bed-plate,' and tlic whole 
instrument on wooden trestles. 

The instruments in use in India are of Newman's pattern, their 
distinguishing characteristic l~cing very long drums whereby the curves 
are delineated on comparatively large scales, alterable at will. The 
instruments were originally made by the late Jfr .  P. Adie, but improve- 
ments wcre effected from time to time, and their construction is now 
entrusted to blessrs. A. Lkg.6 & Co., London. 

Having thus disposed of the apparatus as a whole, a detailed account 
of each part will now be given. 

4. The size of the cylinder varies at different places, but it is generally 

The cylinder. 
24 inches in iriternal diameter, and is usually 
mncle of tlGn iron plate, in sections of from 

- 

4 to 8 or even 10 fect in length, with angle-iron flanges at each end for 
bolting the lengtlls together : the bottom of the cylinder is ordinarily 
closcd with an iron plate, while the top reaches to the floor of the 
observatory and sometimes to one or two feet above it. 

I n  some places wlierc durable wood can be obtained cheap, stout 
wooclen boxes are substituted for tlie iron cylinder. They are 24 inches 

square in internal section : the bottom is closed with a wooden grating, 
whicli does not rest on the ground but is at a depth of some 4 or 5 feet 
below tlic lomcst tides, the box being supported by the piles of the pier 
or wharf on mliich the observatory st.ands. 
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5. The easiest and best inlet for the water to  the cylinder is through 
a number of holes 3 to  & an inch in diameter, 

Idet for the water. 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 tlie cylinder 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 I q to 2% feet, with an internal 
diameter of 2 or 3 inches. I n  order to render the connections pcrfectly 
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 connected with tlie 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 with a stop-cock, for a purpose 
explained hereafter, from which the pipe is talcen straight clown to the 
sea along the slope of the shore to tlie low-water line. Here lengths 
of flesible suction-pipe are joined on and' talten out to  deep water. 
This piping is a helis of coppcr wire coatecl with inclia-rubber ancl canvas, 
and 2 inches in diameter. I t  is made in lengths of 50 or 60 feet and 
fitted with couplings and means of connection. At  the end of the outer 
length, a cylindrical copper rose of about 1.5 inches in lcngth and 2 

inches in diameter, and having some 150 holes of $5 of an inch bored 
in it, is scren-ed on. The rose is supported above the ground on a tripod 
fixed in the ground in deep water. Sometimes a small basket is made 
to answer the purpose of the copper rose. 

The rigid and flexible pipes arc connected as follows :-To the end 
of the rigid pipe a brass connecting piece is fitted. It is T-shaped and 
to either of its two outer extremities a length of the flexible pipe 
may be fixed, the otlier being closed with a, brass disc with a good 
washer. When the flexible pipe has to be removed for cleaning, the 
brass disc is unscrcacd, a lengtli of spare flexible piping with a rose 
at its end attached and talien out to deep water temporarily: the 
original pipe is then taken off and cleaned, the disc being screwed 0x1 

for.the time in its illace ; then, when finished, the pipe and the disc are 
replaced in their original positions. 
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I n  connections of this sort, there is a decicled tendency for air to 
collect in  tlle piping and this canscs a retardation of the flow of watcr 
into and out of thc cylinder. I t  is to remedy this defect tliat the stop- 
cock, alluded to above, is placed at the upper bend of the rigid pipe. As 
this stop-cock is bclow high-water marl: it is clear that, if it  be opencd 
at tlie time of any high-n-ater, thc air will be expclled and the levels 
of tlie water inside and outsicle tlie cylinder become identical. I t  is 
occasiollally found necessary to keep tlie stop-cock open for 4 or 5 
hours while the water is above the height of the cock. 

6. The float is a cylinclrical copper vessel I foot in diameter and 
9 inclies deep, and is of such a density tliat 

The float band and stud-wheel. 
it  will just sink if nnsuyportcd. The bancl is 

a copper ribbon, about I inch wide, yerforatecl kith holes about 2 &  

inches apart. 

The stud-nrheel is of brass, about 94 inchcs in diameter, with a rim 
an inch wide : it  lias studs of the samc diameter as tlie llolcs in the band, 
placed in the rim at intervals also of about 24 inches, so tliat when the 
band is passed round the whecl the studs exactly fit into the Iioles, thus 
ensuriug the revolatioil of the ~vlicel as the float rises and falls. The 
bancl is attacllecl at one end to tlie float, by means of two millccl-lieacleci 
screws passing through holes at the encl of tlie banci illto a disc revolv- 
ing underneath small rollers fixed on tlie top of the float : the arrange- 
ment forms a smivcl and prevents the band being tn-isted. Tlic band 
is cut to such a length that it passes over the stud-wheel ancl about 
6 feet beyond ~rlictl the float is in its lorn-est position in the cylinder. 
To the cnd of thc band, as a counterpoise to tlie float, a nreiglit is at- 
tacllecl, and from its bottom a copper chain is suspended n-hich tlieore- 
tically should be equal in weight, length for lcngth, to the coppcr band. 
The other end of the chain is attached to a hook below the float so as to 
form with tlie balicl a sort of endless chain passing over the stucl-wheel 
and reaching to the bottom of the cylinder. This contrivance is intro- 
clucecl in ordcr that the pull on tlie float shall be constant, otliern-ise a 
systematic error is introduced betnrcen rising ancl falling water. The 
counterpoise weight should be such as to give a decided preponderance, 
of say 3 or 4 Es, on the float side; but wlien once adjusted it shoulcl not 
l)c altcl.cd, without noting tlic fact in tlie inspection book. Wlien the 
n-llolc srstein of float, bancl ancl countcrl~~ise wciglit is hanging in posi- 
ti011 in tllc cylinder, tlierc should be 3 inclies space between 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 in  couples so as to enable 

The toothed-wheels. 
the working scale of the tidal diagram to be 
varied at  pleasure, from the natural or full scale 

to that of Qth, according to theerange of the tide. Six couples are 
supplied with each gauge, giving scales of +, +, +, +, + and & ; and as the 
drum is 5 feet long any tide whose range does not exceed 30 feet can 
be safely registered. At BhAvnagar where the range is over 36 feet a 
+5 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-rollers. upright, and on each of these a pair of friction- 
rollers is fixed, the pins on which the rollers 

turn being screwed into the uprights some 5 inches above the bed-plate. 

11. The drum which is 5 feet 3 inches long and exactly 24 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 passing 
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 ahout of an inch deep are cut' round the drum near 
each end and exactly 5 feet apart and a third is cut miclmr y between 
the two first. The groove at the clock-end is generally adol~-~ed as the 
zero-line of the gauge. When the paper is fixed on the (!rum, the zero, 
middle and end lines can be indicated on it by rubbing ovey i;le 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 
- - 

are two bars of solid brass &.awn to angle 
Arrangements for the pencil. 

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-holcle~ slice wllicll is a 
double T-shape nloves along the bars and is puslied ior;ra;ds o;le of 
them by means of a spring so that i t  has no lateral motion. The bars 
are prevented from buckling or having lateral motion by two arched 
atiffcners which are screwed on to the outer sides of the ba-:s 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 illese nearest the 

The chain and counterpoise 
weight. float, a flexible chain is fastened alld carried 

from thence round the chain-wlleel, 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 upr)~-i. p!i.,e of the 
sliile and by means of which the pencil can be set exactly Lo ;:lie ze1.o of 
the gauge for heigllt. To tlie other loop, a silver K '  e c: czcl;lx,-cord 
is tied which passes over a rimmed pulley at the toy of the J clock 
and 'has a weight oE about 5 t h  attached to its o her e-16. -4s the 
pencil-slicle moves hctmeen the bars, the weight rises and falls and a 
suilicient space must be allowed for its drop. 

14. The pencil-holder is a small tube which screws into tlie slide 
and is adjusted so that i t  almost touclies the 

The pencil-holder. papcr on tlie drum. I t  is made to contain 

common leads wliicli are pressed down on the paper from above by a 
weight of two or three ounces. 
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15. The driving clock is a 'regulator clock' with English lever 
escapement (gold hair-spring) . The movemerlts 

The clock, 
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. In  order to prevent any back-lash which may exist between the 

The back-lash weight. 
gearing of the clock and the drum, a cord carry- 
ing a weight of about -5 Bs,  is attached to and - 

encircles a barrel on the a=le of the drum and over a pulley on the 
bed-plate. This barrel carries a pawl which drops illto a ratchet-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 end of the 
pinion is square so that the key which winds the cloclc fits it. I n  wind- 
ing the pinion the barrel is also turned, thus winding up the weight 
which prevents the back-lash, while any backward motion is stopped 
by the pawl and ratchet on the drum. 

1 7 .  As the drum for the diagram may not be quite circular the 

Ellipticity of the drum. position of the pencil, as the clock shows the 
exact hour at  four different tirncs of the day, 

is marked on the diagram which is afterwards re-divided in accordance 
with these marks. 

18. The tidc-gauge is set up on a wooden trestle the top of which 

Trestle. is 5 fect long, 1 foot broad and 2 inchcs thick : 
the legs are splaycd and firmly braced. 'l'lle 

trestle is placed longitudinally in the observatory and touches the 
of the float cylinder at one end. 
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19. No system of tidal observations can be considered complete - 
The nuxilinry instruments. 

which does not contain a continuous rccord 
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 cnable its iiidex error to be dcterminccl ; 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- 

T l ~ c  self-registering aneroid. 
chambers or boxcs coupled together; the top 
one is attached to a screw used for setting the 

- 

metallic registering pointcr 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 hookcd at the bottom to the 
lower edge of the lever and at the top to a screw working in the upper 
part of the frame, by which its pull in connection with the lever is so 
adjusted that the reading of the instrument corresponds to that of t l ~ e  
mercurial barometer 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 
pressure on the boxes is multiplied by the lever above mentioned and 
then again by a second lever which is supported on two uprights and 
counterpoieed. These two levers Ere connected together by a steel rod 
pointed at both ends and pivoted in conical holes out of which it is 
prevented from slipping by means of forks. 

Projecting from the cloclc is a third lever of the same length as the 
second and attached to it by a joint whose 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 marlring on the prepared paper 
on the barrel; tile i~ointer can be adjusted to press more or less heavily 
as ;.equii*e(l. Tlie mode of marking is .as f o l l o ~ s  :-Attached to the 
baclr of the third lever there is a sliding-piece which is pulled by the 
cloclr iuovement three times per hour ancl 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 
pivols, 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 lxuomcter. 
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 
84 days. The recording barrel on which the specially prepared paper 
is fixed rests by its own weight on the revolving r l r~~rn and has a lrnob 
on the top with a hole through i t  of the same size as the hollow in 
the size1 tubc. The several parts are fitted on a substantial brass plate, 
about 21 ?-~clies 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 macle 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 self-reantering memo- 
meter. of Beckley's standard anemometer. A spe- 

cial 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 
sharpei. angle than usual and the screw worlring 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 ccntrc and a shaft passed through 
the hole having at one end a pinion gearing with the rcading barrel 
and at the othe;., in front of the clock, a milled-headed screw. This 
arrangement allows the registcring drum to be easily set, for by 
loosening the screw the shaft becomes frce and after the drum is set 
$0 correct time, the clock connection is made by clamping the screw. 
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To prevent the back-lash of tIie recording I~arrel, the pinion on 
the centre spiddle oE the driving-Lure1 of the cloclr in gealing with 
the recording baiiel is double ; one part of this pinion is fiscd on to 
thc spindle and the other is loose hut attached to the fired ymt by 
means of a circular wire spring and this being pressed back 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 escapement with gold hair-sljring 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. 

Sometimcs it 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 mood and is usually so 

The obserratory. 
made as to be readily taken to pieces and put 
togetlier again in order to be removed and 

re-erected. 

-It is about I 2 feet by 9 feet in plan and I 2 feet high in the middle 
up to the ridge, from which the roof slopes down to the sides which 
are 8 feet high. 

zg. Outside the observatory and attaclled to a pile of the pier or to  

The graduated staff. 
the wharf wall, a graduated 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 

Bench-mark#. 
tidal observatory and connected with the bed- 
plate by first-class levelling described afterwards 

in Part VII. Thev arc either cut in the dock-wall, or on the steps of 
some neighbouring building, or are cubical blocks of masonry, about 
31 feet each way, containing a large stone irnhedded 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. In  the centre of this stone, a square depression of 5-inch side 
and a 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 

T o  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 as 
the datum for local surveys and the instrument is adjusted accordingly. 
For example, when sonndings are being taken in the vicinity and the 
times are noted, the gauge readings may be made to indicate the 
amounts to be subtracted from the soundicgs to find the distance of the 
surface 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. 
I n  making these measurements, called ' zero measurements ', a special 
apparatus is employed. 

26. A flat strip of brass with a right-angled hand is fixed by two or 

Zero mcaaurements. 
three countersunk screws to the 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 2 3  

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; thcre is a line drawn across the tape, so as to show exactly 
how it is to be placed relatively to the top of the brass clip. The top 
of the disc is slightly 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, care being taken to keep the tape close to 
the side of the 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 increments of 
length. When the disc is seen to be close to the surface of the water, 
warning is given to the clerk who is standing by, ready to mark the 
exact position of the pencil on the barrel. The lowering is continued 
vcry carefully, and actual contact with the water is noticed by the disc 
causing a tremor on the surface; at the moment of contact a signal 
is made to the clerk who marks on the diagram the position of the 
ccntre of the lead pencil, and the distance in fcet is read off the tape 
wllilc the tenths, hundredths and thousandths are read off the scale. 
This distance is entercd in the inspection book in one column: the 
measurement of the position of the pencil above the zero-cut on the 
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druln is then carefully made, by using another scale, and entered in 
another column. Tlle latter entry is multiplied by the denominator of 

the fraction indicating the working scale of the gauge ancl entered in a 

third column. The sum of the cntries in the first and third columns 
gives a value of the distance of the water from the bcd-plate with the 
pencil on the zero-line, or, in other words, the distance of the zero of 
the gauge from the Led-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 i t  is well on the rise or fall) and the mcan 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 
tootller'.-wheels connecting the stud-whkel and chain-wheel. I f  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 clerlr provided, who is generally 
one of the writers in  the Port OEce and 

Duties of the clerk in charge. 
receives a small increase of pay for the ob- 

- .  

servatory dnties ; but in some cases a special man has to be engaged. 
Printed instroctions are give11 to him concerning his work which sllould 
be carried out as follows :- 

28. The observatory should be visited each clay at  7 and 10 A.M., 

Houre 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 weelc and the 

The tide-gauge. 
back-lash weight every evening. The positions 
of the pencil on the barrel should be marked 

by a circle of ink round the pencil, on each visit to thc observatory, at 
the exact hour and the date of the month written alongside, the preceding 
day's cuwe should also be inked in with one of the colourcd inks supplied. 
Simultaneous readings of the position of the pencil on the diagram and of 
certaiu white lines marked on the float-band sllould be taken ollce daily 
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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, or with a watch previously 
taken to the telegraph office, where Madras time 

can be correctly obtained at 4 P.M., and local time deduced by applying 
a correction for longitude : the error of the cloclc should be noted in 
the report with a mark as to whether it has been corrected or allowed 
to stand. I n  setting the clocl<, 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 4oS; but if i t  is slow, the minute 
hand should be turned forward 2m and the clock stopped as before 
for 205. Any stoppage of the clock must be noted on the diagram 
and also in the report. The reading of the pencil on the diagram 
and the height of the water at the same moment on the graduated 
staff (if there is one) should be taken once a day and entered in the 
report. If there is an unmistakable difference of two-tenths of a foot 
when the water is calm, the cylinder should be flushed out and the 
communication holes examined. The diagram must have the zero, mid 
aud end lines marlced by rubbing a hard pencil over the grooves cut 
in the barrel at these points. A line about half an inch long should 
be rubbed at the hours of 10 A.M., 2 P.M. and midnight in a part of 
the paper not marlced by any curve, if possible. The marking should 
be done on the day after the diagram is put on and again on the day 
i t  is taken off, and the date entered against each set of marks. 

3 1. The diagram must be changed once a fortnight, generally every 
second Monday, when the tide has well turned 

Changing diagram. 
so as to make sure of getting the highest and 

lowest tides. The change is made as follows :-the new diagram is 
numbered, dated, and has a narrow slip one inch long cut out in 
readiness for setting the zero-line: it is damped all over with clean 
water and paste applied to the overlap. The hour and date that the 
work was stopped is noted in ink on the old diagram and the pencil- 
holder is talcen off. 'l'he diagram on the barrel is next cut carefully 
aloiig tlie 1 2  o'cloclc line, tlle back-lash wcigllt removed, the clips 
unscrewed and tlie diagram taken off, carefully rolled up and put 
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O n s r n v a ~ o a ~  A~RANGEMENTS.  [PART VI. 

aside. The barrel and the clock are then disconnected and the new 
diagram put on the barrel, by first malting the I 2 o'clock line of the 
paper agree with that marlred on tlie barrel and tlie zero of the diagram 
with that of thc barrel; this can be done by means of tlie small slits 
that have been cut out of the diagram. The clips are now screwed 
down and the barrel turned round by liand till the outer edge of the 
diagram comes in contact with the I 2 o'clock line and tlie height lines 
meet. The pencil-holder must then be fixed and tlie clock and barrel 
clamped, care being talcen that the pencil is over tliat part of the dia- 
gram wliich corresponds, as nearly as possible in time, -4th the time of 
the cloclc. The back-lash weight is carefully and slowly put on and 
the hour of commencing nrorlr noted on the diagram. It only remains 
to  regulate tlie position exactly for time. Tliis is done by selecting any 
conveiiient hour, say noon, arid at  one minute bcfore unclamping tlie 
clock-barrel connectiug-screw and, when the second liand sliows the 
complete hour exactly, bringing the centre of tlie pencil exactly over the 
hour-line of the diagram and clamping very firmly, otherwise the clock 
may fail to drive tlie barrel. 

32.  Any remarks regarding the stoppage of the clock, or in fact 

Stoppage of clock. 
anything unusual, must be noted on the diagram 
and in the daily report. I f  the cloclc should 

stop, the weight must be removed from the pencil-cup and the pencil 
slightly raised; the clock-barrel connecting-screw must then be un- 
clamped, the barrel, being held so that the back-lash weight does not 
run down, revolved by hand so as to bring the over that part of 
the diagram rhicli corresponds as nearly as possible to allout 5 minutes 
in advance of the aneroid cloclr or reference watch time, and tlie pencil 
weifit replaced : tlie cloclc must then be startcd nncl stopped again ; when 
i t  s l l o ~ s  the first exact hour after starting tlic pencil slioulcl be 1)roag.ht 
exactly over the liour-line, tlie clocli and the barrel firnlly clamped 
and the cloclc re-started when the exact hour is shown by tlle watch. 

33. If by any chance the band should come off the stud-wheel, it 

Displnce~ne~~t of band. shollld he rcplaced carefully by turning the 
~ h c e l  until the pencil is on the zero-line of the 

diagram and fitting tlie hole of the band rnarlced with paint on the stud 
similarly marked ; as the marks are made when the zcro-line rnarlccd on 

float-l)and is hroligllt to agree precisely wit11 tlle bed-plate, OY the 
wheel ljei~lg released, the pencil will assome its proper position. 
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34. Should the chain between tlie pencil-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 taken out and re-rivetted. The ends 
must then be attached to the traveller and the sheave as before, and the 
stud-mlicel turned by hand tiil the 2.  j line painted on the band is on a 
level with the bed-plate. If the deviation of the pencil from the 2.5 
line on the barrel is small, it  can be set right by the adjusting screw 
attached to the pencil-holder; but if the deviation is more than the 
screw admits of, one of the change wheels will have 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 sliould be talcen, one end inserted through the hole in the 
rim of tlle sllcavc and tied firmly with a stop-knot. The wire should 
then be wound round the groove of the sheave and the zero of the 
band held in position agreeing with the plane of the bed-plate. The 
pencil-holder should now be brought exactly over the zero-line of 
barrel and tlie other end of the wire securely fixed through the stud- 
loop on the traveller. The traveller should then be released, the float- 
wheel bcing still held so that the zero on the band is in position, in  
order to ascertain if the counterpoise weight will allow the pencil to 
be over the zero of the 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. The stop-cock should be opened at some time every day, at  high 
water or as nearly so as convenient; but on no 

Stop-cock. account must i t  be opened if the level of the 
water is nearly the same as the height of the stop-cock. 

36. The aneroid and mercurial barometers and the thermometers 
- 

attached thereto should be read daily at  7 and 
Aneroid barometer. 

ro A.M., and at 4 and 6 P.M. 

Should the'clock of the aneroid stop, the hand must be gently 
turned round till it  points to the proper time as shown by the tide- 
gauge clock. The barrel of the diagram must then be turned until 
the pencil points to the proper time, but in doing this great care must, 
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be taken, otherwise the gold thread in Adie's pattern or the marker in 
Lkgk's may be broken. I n  the former, i t  should not be attempted if 
the clock hands are between 5 minutes to an hour and lo minutes past 
the hour as the pe~lcil 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 
minute hand forward if slow ; but for one or two minutes' error it need 
not be altered. 

The aneroid diagrams should be carefully numbered and changed 
every Monday morning, and the sheets should be carefully inked as they 
are taken off and put away. 

37. The anemometer clock must be wound up every morning by 

Anemometer. 

bed-plate. 

pulling the cord with the small weight and 
thus raising the heavy weight close to the 

The anemometer diagram must be changed daily 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 snch a time. l'he number of miles of 
wind for the last 24 hours must be entered in the report, and is ob- 
tained by counting the number of velocity lines and multiplying by 10. 

The diagrams must be carefully inked in daily. 

The instruments should be all oiled occasionally; and in  the case 
of the anemometer, if the direction of the wind has been steadily from 
one point for many days without altering, as in the S.W. monsoon, 
the fans of the direction gear should 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 

*ports. 
sent by post to the head office. ~ n y t h i n g  
unusual must be marked on the diagram and 

noted on the back 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 
mspcctiOn of ,, ,,,, 8ervP- oftener. Of course if any interruption has 

tory. General remarks. takcn 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 observatioris pending re- 
pairs, then an inspection should be made as soon as possible after the 
information has been received. 

When i t  is intended 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 which measurements for determination of working 
zero will be made, and which have been marked on the tape in the way 
described at page I 95. 'l'he tape should not be used continuously 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 by a mechanic to dismantle, 
clean, repair if necessary, and refit the instruments, attends to the 
following points when making an inspection ; and at the time of inspec- 
tion writes in the observatory inspection 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-marlts. 

Details of levelling. 
Self-registering tide-gauge. 

Details of determination of working zero. 

Auxiliary instruments. 

The general remarks should contain an account of the working of 
all the instruments since the last inspection, and should dram attention 
to the manner in which the observatory clerk performs his duties, and 
to anything else requiring special notice. 
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40. On arrival at the tidal observatory, it is necessary in  the first place 

Connection of bed-plate, bench- to ascertain if any settlement of the tide-gauge 
n~nrks and staff. has taken place, by conllecting the float erld 

of its bed-plate by spirit levelling of precision with the bench-marlr 
of reference, which in its turn should be similarly connected with the 
other bench-marlts, and with the graduated staff, in order to test the 
accuracy of the zero of the latter. The report should give both tlie 
results and the details of the levelling, and should mention the condi- 
tion in which each bench-mark and the staff is found; i t  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 measurementsand and zero at a rising tide and another at a falling 
clock comparisons. tide, each set to .consist generally of not less 

than 20 measurements, should be taken; their mean will givc a 
value of tlie distance of the working zero below the bed-plate. 'l'his 
eliminates the influence of the lost motion, or back-lash, between 
the toothed-wheels connecting the stud-wheel with the sheave for the 
wire of the pencil-slide (page I 96) ; it also cancels the error arising 
from looseness of the pencil in the pencil-holder. If i t  shoulcl be 
necessary to continue these measurements, another pair of sets should 
be taken before proceeding with the inspection. These measliremcnts 
for determination of the worlting zero should bc made when the tide is 
well on the rise and fall, and not when i t  is almost high or low water. 
The method of taking them is explained at page I 95 and, in entering 
them 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, mentioned in the preceding paragraph, a comparison of 
the reading of the pencil on the drum with the reading of the bed-plate 
on the float-band, and with the reading of the paduated staff, 
should be made both at a rising and falling tide, and entered in the 
report. 

Before cleaning the gauge, its clock should he compared with the 
telegraph or gun time by the inspecting oflicer, as a check on the 
previous recent comparisons entered by the observatory clerk iu his 
daily reports. 
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42. The balance of the gauge ought also to be tested before begin- 

B:11nnce of gauge and netting of ning to clean the instrument. This may be 
pencil. done with sufficient accuracy by raising the 

float completely out of tlie water by gently turning the stud-wheel, 
and then taking the reading of a spring-balance hooked, for the pur- 
pose, to one of the holes of the band on the counterpoise side. The 
reacling of the spring-balance will give the preponclerance of the float. 
There ought to be a decided preponderance of, say, 3 or 4 Es .  on 
the float side, but the weight when once adjusted should require no 
alteration, as it would affect the value of the zero-line. Should tlie 
preponderance be found to have increased, it points to a probable flaw 
in tlie float sufficient to have admitted an influx of water. 

After testing the balance of the gauge, and before cleaning it, the 
2.5 paintcd lirie of reference on tlle band should be brought to the l c ~ l  
of the bed-plate, when the pencil sllould be exactly on the z. j or mid- 
line of the drum (not diagram). If the pencil be found out of this 
position, the discrepancy sho~ild be measured and noted. 

43. Then, the float and band should be raised into the observatory 

Dismantling gauge. 
for examination and measurement, and the 
time noted. This is the first step in the dis- - 

mantling of the gauge, preparatory to cleaning it. The total length 
of the band should be measured, also the distances from the painted 
2 - 5  line and from the painted 0 line upon i t  to its junction with 
tlie float. During the inspection of the Bhiivnagar tidal observa- 
tory in December 1887, i t  mas found that the readings of the band and 
pencil agrcccl, but the measuremerits for determination of the morlting 
zero differed largely from what they ought to have been. The mea- 
surements ancl examination of the band disclosed that it had brolten 
close to the float, and it mas founcl that the observatory clerlc had tried 
to coiiceal the l~rcaltage by attaching the float to the band at the place 
where the breakage had occurred. The float shduld be closely ex- 
amined and, if any water is found in it, it  should be repaired or re- 
nerved. I n  such a case it is interesting if the quantity of water which 
fourlil its way into tlie float can be ascertaincd. The influx may have 
been sufficient to alter the balance of the instrument and raise the 
~ o r l i i n ~  zcro. As an instance of this it was found that water had 
entcrcd the float of the Dublat tide-gauge in November 1882, in suffi- 
cient quantity to raisc the worlting zero 0.14 of a foot. 
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The dismantling of the gauge should now be completed, and it 
should be thoroughly cleaned scd oiled where necessary; but the re- 
ference lines painted on the band and stud-wheel at the last inspection 
should not as yet be oblitcrated. I t  should be mentioned specially 
whether or not the driving clock required cleaning. 

44. After the several parts of the gauge are cleaned, they should 
be refitted carefully, the band being replaced 

Refitting gauge. 
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 drum from its zero to 
the highest line of the diagram, should be tested; and it is best if 
this can be done at low water so as to reduce 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 studs freely. Any hole 
found too tight may be enlarged slightly with a file. 

If 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 
renewing it being about low water as there is then least danger of 
causing a kink in the band. The method described on page 199, 
indicates suficiently well how a chain sllould be fitted, but a renewal 
of the latter is not likely to be often required. 

The bed-plate should be made level both longitudinally and trans- 
versely if necessary, and if this operation be found, by spirit-levelling, 
to have altered the level of the bed-plate relatively to that of the 
bench-mark of reference, the alteration of level should be recorded. 

45. The refitted gauge being now clean, level, and connected by 

Adjueting gauge. 
levelling with the bench-rnarlz of reference, is 
still unadjusted. To ascertain the amount 

of adjustment required, measurements for determination of the working 
zero at rising and falling tides should now be taken and recorded 
as having been made after cleaning the gauge. If a combin.ztion 
of the results of these measurements with the final level of the 
bed-plate make the distance below the bench-mark of refcrence of 
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~vorlring 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 
working 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 strealts, 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 :- 

S tandard 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 dismantling, cleaning, and refitting, and these operations 
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 agree with the reading shown on the dial, and adjusted, if necessary, 
by the screw ; the diagrams should be examined to see if the marker is 
working freely; if they show a straight line, i.e., no rises at 10 o'clock 
nor depressions at 4 o'clock, then the marker will be moving stiffly and 
requires 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 beell 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 wind, 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 examincd and the cloclr looked at, to see if 
new catgut or anything else is required. If thc diagrams are faintly 
marlred the bearing of the helices should be looked at-they should be 
quite free. 

49. Before ending his inspection, the inspecting officer should see 
- 

Miscellaneons duties before clos. the observatory clerk make an accurate com- 
ing inspection. 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, and enter the comparison in the report. 
The clerk must also show that, in addition toabeing able to rate the 
clock, he knows how to bring i t  to correct time when i t  is fast or 
slow, according to his printed instructions. A comparison of the read- 
ing of the pencil on the drum with that of the band at the bed-plate, 
and with the level of the water on the graduated staff, should be made - 
and mwxded after the tide-gaugc has bcen put into adjustment. Tile 
inspecting officer should see that a conspicuous note is contnincd in the 
observatory report boolt, for the information not only of the ol~serva- 
tory clerk but of the local official appointed to  s~lpcrvisc him 2nd 
superintend the working of tlie observatory, to the effect that whenever 
any interruption in the vorliiog of the tide-gauge takes place, owing 
e.g. to the stoppage of the driving cloct, hourly readings should be 
taken on the diagram by day and night during the intern~ption. If 
for any rcnsoil these readings ennrrot be talcen, then hourly readin9 of 
the gra[luate[l staff (the zcro of sllicll should agrce wit11 that of the 
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CHAP. 111.1 COX PUT AT ION^. 

gauge) should be taken 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 liigll and low water should be taken day 
and night ant1 registcred in the daily reports. I the cause of the 
interruption be of so serious a uature 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 yeduction in - - 

Preparation of tidal diagrams the head-~l~arter  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 the pencil at the exact 
hours of 7 A.M., 10 A.M., 4 P.M., and 6 P.M., and these lines are the 
bases for drawing vertical lines at the intermediate hours of the day. 
The daily reports are next examincd to see if there are any clock 
errors amounting to 3 minutes or more, as coml~ared with telegraphic 
time or gnn signal; if there are, then ( x  ' s )  crosses in red ink are 
made on the tidal curves to show the exact position of each hour. 
The limit of 3 minutes error has been adopted because & of an inch is 
the smallest distance which can be conveniently and accurately laid 
down in measuring along the curve, and & inch = 3 minutes. 

I f  the cloclc is fast, the cross is placed in advance of the hour-line; 
if slow, then behind the vertical time-line. Thus, suppose the clock 
4 minutes fast the cross ( x )  is plnced between the 2 and 3 P.M. lines 
at -& of an inch from the 2 P.ar. line ; if, however, the clock was slow by 
4 minutes, then the cross ( x ) is put between the I and 2 P.M. liues at  

of an inch from the 2 P.M. line. As a rule, however, there is rarely 
any correction oE this lrind required, for when tlie cloclis are properly 
attended to, errors of over 30 seconds are at once corrected by the clerks. 

Interrupted curves or non-recorded curves caused by the stoppage 
of the cbck, 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-lincs to which all the measurements for height are referred 
ere 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 
the datum-line for heights in the tide-tables. 

True eero. 
Its 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 mas 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 
adjustment, and its working zero may be altered. The position of the 
working zero on the diagram is always marked by the clerlr rubbing 
over the groove cut in the drum with a hard pencil. I n  general at an 
inspection, the working zero is made to agree with the true zero by 
adjusting the instrument, 

4. The acoepted value of the true zero is the distance of the true zero 

Accepted value of true nepo. 
from the hed-plate, which was determined when 
the bed-plate was fixed as regards its relative - 

level with the benchmark of reference. 

5. The adopted level of the bed-plate means the level of the bed- - 

Adopted level of bed-plate, plate with reference to the bench-mark, which 
has been adopted in determining the truc zcro ; 

as a rule this will correspond to the level obtained when the observations 
commenced. 

6. The inspection book must Arst of all be examined to see if the 
~ n l e a  tor fixing true zero on bed-plate has altered in level relatively to the 

disgraw. bench-mark. If there is any difference from 
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thc acloyted level exceeding -02 of a foot, a correction will have to be 
applied on this account. The measurements for the clctermination 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 shoulcl 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 beforc and aftcr adjnstment 
must be grouped separately, and the means 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 froni the bed-plate must be taken 
as the mean of the values obtained at the inspections. 

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 the true zero will be less than from the 
working zero. 

11. Bed-plate raised above adopted level.-In this case the true zero 
will be placed below the working zero. 

111. Bed-plate unaltered and working zero a t  greater distance from 
bed-plate than accepted value for true zero.-The true zero in this case 
will be placed above the worlting 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 below the working zero. 

V. Bed-plate settled and working zero a t  greater distance from 
bed-plate than true zero.-In this case the true zero would be placed 
above the working zero at a distance equal to the sum of the corrections 
on account of each event. 
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VI. Bed-plate settled and working zero at less distance from bed- 
plate than true zero.-If the correction for scttlement is the greater of 
the two thc true zero will be placed above the working zero, aud 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 tlie amount in each case would be the difference of the two 
corrections. 

VII .  Bed-plate raised and distance of working zero from bed-plate 
less than that accepted for true zero.-In this case the true zero wo~ild 
be placed below the working zero at  a distance equal to the sum of the 
two corrections. 

VIII .  Bed-plate raised and distance of working zero from bed-plate 
greater, 9-c.-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 0.005 of the true zero on the diagranz, 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 meant 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 m~ould have to be treated under IV, VI, or VII, according as 
the bed-plate had remained unaltered, had settled, or had been raised. 

A kink in the band.-If this occurred, and zero-measurements were 
talcen, i t  would have the effect of showing the zero so determined as 
being nearer the bed-plate than it would be if the kink were removed, 
and if the band righted itself in the course of working, the determina- 
tion for zero at next inspection would be at a greater distance from the 
bed-plate than formerly. 

Information to be recorded in the book entitled ' Determination of 
the True Zero on the Diagram ' should be somewhat as follows :- 

(1) Level of bed-plate with reference to B. M. unaltered, or sebtled 
by . . . . . or raised by . , . . . . 
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No correction necessary, or correction under rule equal to  . . . 
has been applied to a11 diagrams from . . . , to  , , . . , 

(2) Distance of working zero from 
bed-plate at inspection of , 

. . . . . , 1 8 9  = value 
Distance of ditto ditto at 1 feel from . . . to  . . . 

inspection of . . . . 189 . . . . . . . 
Correction on account of (1) or (2) or (1) 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 will have to be specially treited. All ordi- 

nary cases arc 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 of tidd obper- obscrvstions are manipulated numerically, it 

vations. mill be advisable to give a brief sketch of some 
of the properties of harmonic curves, their connection with the tidal 
observations and the means of determining the various constants. 

8. Any curve of the form y = a cos (n x + b)  is called a harmonic 

Harmonic curves. 
curve. Tlle curve is periodic, that is to say, 
after a certain period it takes its original 

2 7  form : for if x + - is put for x, y again becomes a cos (n x + b ) .  
n 

27r 
If - is put equal to X, then the quantity 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 

21r 
greatest displacement. The angle nx + b or - x + b is called the X 
'phase' of the curve: the constant' b 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 

ZIT 21r 
y = a, cos (h x + 6,) + a, cos (- x + bp) 

h 

27r 2~ = (a, cos b, + a, cos 6,) cos -x - (a, sin b, + a, sin 6,) sin - x 
h. h 

2 T  = A cos (J; x+B), 

where A9 = a,2 + a,2 + 2 a, a, cos (b, - b,), 

and 
a, sin b, + a, sin b2 

tan B = 
a, cos b, + a, cos 6,-' 

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 different 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 

y = a, cos (z z+bl)+a,cos  (z x+b2)+a8c0s (? x t b 3 ) +  
Xl  A2 A3 

and let X be the least common multiple of A,, A,, As, kc., so that their 
X X X  actual values are - - - &c., where m,, m,, m3, &c., are integers ; 
m,' m,' m,' 

then 2lr 
y = a, cos (X n, r + b,) + a, cos (F nt2 x + 6,) + kc-, 

and if 2 + 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 llarmonic curves, and the 

Connection ,lnrmonic next thing to be done is to point out the con- 
curves and tidal obscrvotio~~s. nection between harmonic curves and tidal 

observations. 

I n  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 hciglit of the tide at any time: 
each term, which is of the harmonic form R cos (nt - c), 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 tlle series, and the height a£ each 
simple tide is equal to a constant, R, multiplied by the cosine of a 
certain angle nt - C called the ' argument ', which is partly made up 
of a simple function of the 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 reprcscnts the rate at which the argument increases : 
i t  is called the 'speed' of the tide and is reckoned in mean solar 
hours. Also since the tide's maximun? occurs when the remainder of 

C the argument, viz., ( is equal to nt, it  follows that - gives the time which 
R 

must elapse from the beginning of the observations till the time of the 
first high water of the tide : c is therefore called the 'epoch '. 

I o. For the purpose of arithmetical calculation the form R cos(nt - C), 

Deterninetion of constclnts in which the tide is presented, is not conve- 
~l and 5. nient and it is therefore expanded into 

A cos nt + B sin nt, 

so that 

and the immcdiate objcct of the numerical reductions is to fincl the A's 
aud B's, from which the X's and r s  arc at once obtained by means of 
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COMPUTATIONS. [PAI~T VI. 
- 

the above equations. It now remains to  explain how the A's and Bys 
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 nt)  + Z  (13 sin nt). 

Now among these n's will be found n,, en,, 3n1 &c. ; n,, 2n2, 3n2;  and 
so on, and it would be practically impossible to dctcrmine the corre- 
sponding AJs ancl B's in a direct manncr. It has, ho~vevcr, been found 
possible, by a mctliod of manipulation of thc obscrretl qnaiititics 1~11ich 
will be explained below, to scl~arate the terms containing n, from all tlie 
otlicrs ancl thcn the problem presents no difficulty. As will bc explaiiied, 
it is reduced to the question of determining the constants from a.series 
of equations of the form 

h = A, + A1 cos nt + B, sin nt + A, cos znt + B,, sin 2nt + kc., 

where t has any integral value from o to  so that ttt goes through its 
n 

variations from o to 2 ~ .  

Now i t  is clear, if r and s be any two integers, and the summation 
2 T  extends from t = o to t = --, that 
n 

d cos rnt = o, and 2 sin rnt = o, 

since to each positivc value, thcre is a corresponding nept ivc value 
of the cosine or sine. 

7T Also Z CO@ rnt = 4 2 ( I  + cos 2rnt) = - 
n J  

and 7T 2 sin2 rnt = 4 2 - cos lmt) = - . 
n' 

2 cos rut cos snt = + 2 cos (r  + s) nt + 4 2 cos (r - 5 )  nt = Or 

and similarly 
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Consequently for determining the constants thel-c are tlrc following 
equations :- 

IT n 
Z h = -  Ao, or A , = - d h ;  n ZT 

T n Z h  cos rnt = - A,, or A, = - 2 h  cos mt ; n T 

T n 2 h sinrnt  = -B,, or B , =  - d h  sin rnt .  
n IT 

The A's and B's bcing now determincd, tllc R's and f;'s are calculated 
fro111 tlre two formulz given above. 

I. But in order that a compaiison of the records of differcnt years 

Deterlniuntion of constants may be made, i t  is necessary to exhibit the 
H alld K. height of the tide in yet a different form; for - 

when it is represented by R cos (nt - c), it 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 comparable with each other. 

Such being the case, let i t  be supposed that the results of the 
analysis are presented 'in a number of terms of the form 

f Hcos ( V +  u-tc). 

Here V is a linear function of the moon's and the sun's mean longi- 
tudes, the mean longitudes of tlrc moon's and the sun's perigees, and the 
local mean solar time at the place of obscrvation reduced to angle 
at  15' per hour. V therefore increases uniformly with the time and 
its rate of increase per mean solar hour is the n of the first method, 
or the ' speed ' of the tide. 

I t  is supposed that u stands for a certain function of the longitude 
of the node of the lunar orbit, at an epoch half a year later than oh 
of the first day. Strictly spcalting, u should be taken as this same 
function of the longitude of the moon's node, varying as the node 
movcs; but as thc variation is but small in the course of a year, u may 
bc trcatcd as a constant and put equal to an average value for the year, 
which avcrage value is talren as tEre true value of u at cxactly mid-year. 

Together V + u constitute the whole ' argument '* according to 
the equilibrium theory of tidcs, wit11 the sea covering the whole earth ; 

and it therefore follows that f is tlre lagging of the tide wlricll arises 
n 

- .. 

* See Schedules LU, i], [U, ii], [U, iii] and C of P~~ofessor Darwin's lleport. 
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from kinetic action, friction of the water, imperfect elasticity of the 
and the distribution of the land. 

It is also snpposcd that H is the mean value in British feet of the 
scmi-range of tlie 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 : tlie method of determining i t  is fully 
explained in, and its values tabulated at the end of, Professor Darwin's 
licport and also in the Auxiliary Tablcs appended. 

It is obvious, then, that, if the tidal observations are consistent 
from year to  year, H and K should come out the same from each year's 
reductions : and it is only when the results are presented in such a form 
as this, that i t  will be possible to judge whether the harmonic analysis 
is giving satisfactory results. 

The determination of H and K from R and is made as follows :- 
R 

Clearly H = - and is at once found; also nt - r is identical with 
f 

V + u - K,  SO that if Vo be the value of V at oh of the first day, that 
is when t = o, then, 

so that = C +  V o + u .  

Thus the rule for the determination of K is :-add to  the value of the 
value of the ' argument '* at ol' of the first day. 

12. Hitherto the tides have been spoken of as if they each were 

short 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 
tides 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 
and the latter have periods equal or nearly equal to 24 mean solar 
hours. Besides these there are also some ' over-tides ' and ' compound- 
tides'; their origin is explained in Professor Darwin's Report, and 
their periods appyoximate to some submultiple of I 2 mean solar hours. 
The long-period tides have periods of about a fortnight, a month, half 
a ycar or a year as the case may be. 
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The method of determining the A's and B's described above is only 
applicable to the short-periocl tides : the means of determining them 
for the long-period tides will be described hereaftcr. 

13. The tide-gauge gives a graphical record of the height of the 
water al~ove some known datum for every in- 

Description of numcricnl harmo- 
nic rlnnlysis for sllort-period stant of time. The first operation performed 
tides. 

on the tidal record is the measurement, in 
feet and decimals, of the Ileight of the matcr above the truc zero of the 
gauge (the lleight 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 rncasurement corresponds to noon, but it has been found incon- 
venient hitherto to have the same initial noon at the several ports. 

It mould seem, at first sight, preferable to take 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, it approximates more or 
less nearly to 24 mean solar hours, and if it be divided into 24 equal 
parts, each part may be spolien of as a T-hour, while for brevity mean 
solar time mill be referred to as S-time. 

Suppose, now, that there are two clocks, each marked with 360' 
or 24 hours, and that the hand of the first or S-clock goes round 
once in 24 S-hours and that of the second or T-clock goes round 
once in 24 T-hours ; and suppose that the two cloclrs are started at o0 
or 0'1 at noon of the initial day. For the sake of distinctness, imagine 
that a T-hour is longer than an S-hour so that the T-clock goes slower 
than the S-clock. 

The measurements of the tide-curve give the height of the water 
exactly at each S-hour ; and it is required from these data to determine 
the height of the water at each T-hour. For this end, it is necessary 
to count T-time ; but this must be done with reference to S-time and, 
moreover, the time must always be specified as an integral number of 
horns. 

Beginning, then, with oh of the first day, it is necessary to count 
o, I, 2, &c., as the T-hand comes up to its hour marks, But as the 
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- 

S-hand p i l l s  on the T-hand, there will come a time whcn the 1'-hand, 
being csactly at  tlic p hour-mark, tlie S-hand is nearly as far as p + a, 
\tTlien, however, the T-hand has advanced to the p + I hour-mark, 
the S-hand mill be a little beyond p + I + 4 ; that is to say, a little 
lcss than lialf-an-hour before p + 2. Counting, then, the T-hours 
in S-time, it is ncccssary to jump from p t o y  + 2. The counting 
will go on continuously for a numbcr of hours ncarly equal to 2 p ,  

and tlicn another number will bc drol~ped, and so on tllrougliout the 
whole ycar. If the T-hand went fastcr than the S-hand, i t  is obvious 
that one number would be repeatcd at two succcssivc hours instcad of one 
being ciroyped. Each such process may be described as a ' change '. 

Now if there is a shcet marlcecl for entries of heights of watcr ac- 
cording to T-hours from results measurcd at  S-hours, thc S-mcasure- 
ments must be entercd colitiiluously up to p : tlicn comes a ' changc ' and 
thc dropping of one of the S-scries, after which the entry goes on 
continuously until another 'change' when another is dropped, and so on. 

Since a 'change' occurs at tllc timc when a T-hour falls almost 
exactly between two S-hours, it will he more accurate to insert the 
two S-entries wliich fall on each side of the truth. If this be done 
the ~\rliole of the S-series of measurements is entcred on the T-sheet. 
Similarly if it is the T-liand which gocs fastcr than the S-hand, a gap 
may bc left in the T-scrics instcad of duplicating an entry. For the 
analysis of the T-tide tlicre is, tlicrefore, prepared a sheet arranged in 
rows and columns: each row corresponds to one T-day and the CO- 

luinns are marked oll, 15 . . . . 2311; the 01"s may be called T-noons. A 
dot is put in each spacc for entry, and where there is a ' change ' two 
dots are put if there is to be a double entry, and a bar if there is to be 
no entry; black vcrtical lines mark the end of each S-day. These 
black lines will, of course, fall illto slightly irregular diagonal lines 
across tlie page, being stecper and steeper tlie more nearly T-time 
approaches to S-time. They slope downwards from right to left if the 
T-hour is longer than the S-hour, and the other way in  the opposite 
case. The ' changes ' also run diagonally with a slopc in the opposite 
direction to that of the black lincs mlicn the T-hour is longcr than the 
S-hour, and in thc same direction in the opposite case. 

A sample is annexed of parts of pages drawn up for the entries of 
the M-series and J-series of tides, in the former of which T-time is 
mean lunar time. 
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. . 
21. I .  . . . .  
31. 1 .  . I . - 
31. I .  . . . .  - 
31. I . .  ( . . - . . .  1 . 1 . .  
31. IT . . . .  

. . .  a 1 . l .  I 
31.1. . . . .  
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Since the first day is numbered I and the first hour 0'1, i t  follows 
that to find the number of hour values entered in the form from 011 of 
the first day, i t  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. In  this mray 24 numbers are found which give 
the mean height of the water at each of the 24 special hours. 

14. I t  is obvious that if this process were continued over a very 
- 

long time, in the end, the tide under analysis 
Eli~ninating effects of other tides. 

mould 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 n1t + B1 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 a i t h  the nl-tide. 

The expression may then be put equal to  

{ A1 + A, cos (nl - n,) t - B, sin (n, - n,) t ) cos nlt 

+ {B, + A, sin (nl - nJ t + B, cos (n, - n,) t ) sin n,t; 

which shows that the tide may be regarded as oscillating with a speed 
n,, but with slowly varying range. Now, in the column appertaining 
to any hour in the form, nlt 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 nlt = lsOp for diurnals and 30°p for semi- diurnal^. 
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Hence the sum of all the entries, of which suppose there are q, in  
the column numbered p-hours, ia for diurnal tides, 

2w 15P) cos I ~ O  p ( ~ , q  + A, [ cos (n, - nJ cp + cos (n, - 3 (K + - 
n1 n1 

27f I 5 P  + cos (mi- n2) ( 2  - n1 + n,)] t BP [kc.]) + sin igop{&c.) . . . . (a )  

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 series is exactly re-entrant and is nearly the case, if nearly re-entrant. 

The condition is exactly satisfied, if 

27r 
(n, - n2) q - = 27r r for diurnal tides, 

n1 

or (n, - n2) q 9 = 21r r for semi-diurnal tides, 
n1 

where r is either a positive or negative integer. 

That is to say, if 

(n, - n,) q = nl r for diurnal tides, 

or (n, - n,) p = 3 n, r for semi-diurnal tides. 

It 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. 

It is of course impossible to choose for each tide n,, a period which 
shall minimise the effects of more than one of the tides of short-period 
n,, in vitiating the values of the mean semi-ranges of the tide n, ; and 
accordingly the periods have been chosen so as to minimise the effect 
of the principal solar semi-diurnal tide S, on the principal lunar semi- 
diurnal tide M,, and of the M, tide upon the other semi-diurnal tides : 
in the case of the diurnal tides, the periods are chosen to minimise the 
effects of either 0 or K,. 
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Returning now to the general notation and considering the 24 mean 
values, each pertaining to the 24 T-hours, i t  may be supposed that all 
the tides, cxcepting the T-tide, are adequately eliminated, and, ill fact, 
a computation of the necessary corrections for the absence of complete 
elimination, 'which is given in the Tidal Report of 1872, of the 'llidal 
Committee of tire 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 

Aagrnenting factors tor correcting 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 hnlE 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+B, s ine+ &c., &c. + A, cos r e  + 13, sin r e  + kc. 

But the results of analysis give instead of this the mean of all the 
a a h's between the limits 0 + - and 8 - -. 
2 2 

That is ha  = d h between these limits 

= kc. + d A, cos r 8 + 2 B, sin r 8 + &c. between these limits, 
2 ra 2 ra or h a  = kc. + A,-  sin - cos r 8 + ~ ,  -sin - sin r e  + r 2 r 2 

ra ra sin - sin - 
2 2 whence h = &c. + - A, cos r e + --- 

T a  
B, sin r 0 + kc. 

ra - - 
2 2 

Consequently the coefficients that express the oscillation which goes 
through its period r times in 24 T-hours, must be augmented by 

r a  - 
2 factor - 

r a  to give the true A, and B,. 
sin - 

2 

Remembering that a is 15' and putting for r, 1, 2, 3, kc., in slrC- 
cession, the augmenting factors for the diurnal, semi-diurnal, icr- 
diurnal oscillations, &c., become 

7 - . 5 =  . - 1.5 = 22- ,5 rr ; &c. I 80 sill 7 O  30" I 80 sin I 5" ' I 80 sin 2zY 30' 
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Thus, the augmenting factors are :- 

for A,, B, . . . . 1*ooz86 
A,, B, . . . . 1-01152 

A,, B, . . . . 1.02617 
A , , B ,  . . . . 1.04720 

*6, B6 . . . 1'11072 

A,, B, . . . . 1.20920 

I n  the reduction of the S-series of tides, the numbers treated are the 
actual heights of the water exactly at  the S-hours, and therefore no 
augmentil~g factor is requisite. .. 

.A 

16. If now t denotes T-time expressed in hours and n is 1 . 5 ~ ~  the - 
height h, as expressed by the averaging process 

Determination of A's and B's. 
explained above, is given by the formula 

h = A, + A, cos nt + B, sin nt + A, cos 2nt + B, sin ant + &c., 

where t is o, I, 2 . . . . 239 
Then, if 2 is the sum of the series of 24 terms found by giving t its 
24 values, as before shown, 

Also, since n = I 5' and t is an integer, all the cosines and sines involved 
arc equal to one of the following :- o ; + sin I 5' ; + sin 30' ; +sin 45O ; 
+ sin 60'; + sin 75"; + I. These are denoted in the computation - 
forms by o, + S,, + S,, + S,, + S,, + S5, - + I .  

This enables the forms to be arranged in thc neat tabular form on 
pages I, 2 and 3 of the Analysis of Short-Period Tides, a specimen of 
which is given in Form No. VI, where the 24 hourly values to be sub- 
mitted to analysis are written corltinuously down columns I and 11. The 
subsequent operations are sufficiently indicated by the headings to the 
columns, and it will be found on examination that the results are in  
reality the sums of the several series given above. 
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- 
[PABT VI, 

P P  

Speed in eylnbole and in m. a. hours Name of tide 

7-7 
2 (7-v) 
4 (7-7) 
6 (Y-1) 
8 (7-7) 
7 -29  
2Y-31 
y - u - p  and 
y - u + v  

2 (7-6) 

(W, 
p2 or aMS 
(193f)a 

( M 9 K ~ ) 3  

(2hf2KJ3 

(MaN14 
MSf 
Mm 

Mf 

9s  
Sea 

1 Pr:ipd Solar Diurnal 
,, Semi-Diurnal 

/I Principal Solar Series Over-Tides 

Solar (Declinational) Diurnal 
Larger Solnr Elliptic 

Principal Lunar Diurnal 

I a) 

,, Bemi-Diurnal 

I \ Principal Lunar Seriee Over-Tides 

Luni-Solar Diurnal (Declinational) 

,, ,, Bemi-Diurnal ,, 

Larger Lunar Elliptio 
Lunar Elliptic, 2nd order 

Bmaller Lunar Elliptio 

Larger Lunar Evectional 
Lunar (Declinational) Diurnal 

Larger Lunar Elliptic Diurnal 
Lunar Elliptic Diurnal 

1) Compound  tide^ 

Luni-Bolar Synodic Fortnightly 
Lunar Monthly 

,, Fortnightly 

I Solar Annual 
,, Somi-Annual 
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Initial Argument = Vo + u 

Zero 

I* 

- h o + b r  

- (ho-~ l )  
(h, - V) - (so- €1 + Q - +A whei 

tnn Q=if  t a n P  

(ho-v)-z (so-€) 

9 Arg. M2 
2 Arg. M2 
3 Arg. M2 
4 Arg. M2 

ho- vJ- ) r where 
sin v 

tan v' = 
cos v + '464 k 

2 h0 - 2v'l where 
sin zv tan 2v" = 

cos zv + -464 k 

Arg. M2 - (so -PO) 
Arg. N2 - (50 -PO) 

Arg. M, + (so-po) - R + r w h e ~  
sin zP tan B = 

i; cota )I- cos 2 P  

h g .  M2+ (so-po) + 2 ho- 2 so 

(ho-4-2 (so-€) + f  r 

Arg. M2 
Arg. M4 

2s- Arg. M, 
Arg. M2 + Arg. K1 
Arg. M, - Arg. Kl 
Arg. 11, + Arg. N2 

~r-A1.g. M2 

so -Po 

Unity 

I Factor for reduction = - 
f 

a *  

Fac. 0 + J ; + ; c o s z ~  

Initial 

(COB t W COB t 9' 
cos ) I 

(Fnc. M ~ ) *  
(Fac. M2)l 
(Fac. M2)3 
(Fac. MJ4 

I .  46407 k where k = 

dl + (.qGq k)" -928 k cos v sin 20(r -4 
sin 2 I 

I '46407 k where k= 
J i  + (.464k)" -928 kcoe zv sin2 w (1-% sin2;) 

sin2 1 I =' 

E'ac. M 2 t  dr - 1 2 t a n 2 t I c o e z P  

Fac. M, 
sin w cos2 ) o ~ 0 ~ 4 ~  # i 

sill I coe2 + I 

sin 2o ( I  - 3 sin2 2') 
sin 2 I 

Fac. M2 
Fac. MI 
Fac. M2 

Fac. M2 x Fnc. Kl 
Fac. M, x Fac. Kl 
Fac. M, x Fac. N2 

Pac. M, 
( ~ - + s i n ~ o )  (I-+sin2i) 

( I  - 3 sin3 I) 
sinZ o cos.' ) i 

sina I 
Unity 
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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 t.idea. arguments and factors for reduction. The 
syull~ols in the table have the following meanings :- 

ty = earth's angular velocity of rotation. 
a = mean motion of the moon. 

'7 = )J ,J ,, sun. 
w = 9 ,  I )  ,, lunar perigee. 
h = sun's mean longitude. 
1) = mean longitude of the moon's perigee. 
v = riglit ascension of the ' intersection ' or descending node of 

the equator on the lunar orbit. 
- s = moon's mean longitude. 

lj = longitude ' in the moonJs orbit ' of the intersection '. 
I = obliquity of the lunar orbit to the equator. 
o = I ,  ,, 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 
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, 
tile height of the water at one instant for each day gives sufficient data. 
Thus thcre will, in a year's observations, be 365 heights to be submitted 
to harmoilic analysis. In  leap-ycars, the last day's observation must 
be-dropped, because the treatment is adapted for analysing 365 values. ' 

In  finding the value of the height of the water for each day, the 
algebraical mean of 24 consecutive hourly values, beginning with the 
height at noon, is taken: the result will then apply to the middle 
instant of the period oh to 2sh, that is to say to I 111 3oin at night. 

19. The formation of a daily mean does not obliterate the tidal 

Clkrance for ahort-period.tidw. 
oscillations of short period, because none of 
the tides, excepting those of the ~rincipal solar 

eeries, have commensurable periods in mean solar time. 
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A correction, or 'clearance of the daily mean', should therefore 
be applied for all the important tides of short period, eicepting 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 analysis for the same year : and 
let a be the value of nt-C at any noon. Then the 24 consecutive 
hourly heights of the water due to this tide, beginning with that noon, 
are :- 

sin I 2n 
the sum of these is R cos (a + I I an), so that the ' clearance 

siu &n 
sin I en 

of the daily mean ' is - &R --- cos (a + I I an), and is additive. sin hn 

I t  has been found, practically, that only three tides of short period 
viz., M,, N, 0, exercise any appreciable effect, so that clearances for 
them have to be applied. It mas 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 procedure 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 365 quantities.is now taken to give the mean 
height of the water for the year; and it is evi- 

Uncleared equations. 
dent that, even if the daily means are uncleared 

from the effects of the short-period tides, as is the case in practice, 
this yearly mean cannot be sensibly vitiated. 

The yearly mean height is next subtracted from each of the 365 
daily means, and 365 quantities, 8h, are found giving the mean daily 
height of t h e  water above the mean yearly height. 

These quantities are to be the subject of harmonic analysis : and 
the tidcs cllosen for evaluation are those which have been denoted 
above as Mm, Mf, MSf, Sa and Ssa. 
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- 
[PART VI. 

Let 
8h = A c o s ( s - ~ ) t  +Bs in (u -= ) t  

+ C cos 2ut + D  sin 2ut 
+ C' cos z(c -q)t + 1)' sin z (a-q)t 
+ E cos qt + F sin qt 
+ G cos 2qt + H sin 2qt, 

where t is time measured from the first I r h  3om. 

Then a little manipulation, for which the reader is referred to 
Professor Darwin's Report of 1883, gives the following equations :- 

t 8 h  x cos ( v - v )  t= 

,, xsin(u-w)t= 

,, x cos a v  I? = 

,, x sin l o t  = 
,, x cos n(v-r)) t= 

,, x ain a(#-?) t= 

,, X COS r)  t = 
,, x sin g I? = 
,, X COS 9g t = 

,, X 81II Ir) t = 

Coefi- 
cient of 

D 

Coeffi- 
cicnt of 
C' 

Coefi- 
cient of 
D ' 

Coefi- 
cient of 

E 

Coeffi- 
cient ol 

H 

- 0'69 

+ 0'69 

- O'IC 

- 0.19 

- 0.2: 

- 0'23 

+ o'oa 

+ O'OC 

+ O'W 

+ 182'57 - 

Coefi- 
cient of 

F 

- 0'34 

+ 0.34 

- o.10 

- 0.08 

- 0.11 

- 0 '10  

+ 0'00 

+181'57 

+ 0.00 

+ 0'00 

21. The left-hand sides of these equations must now be cleared from 
Numerical determinationof the effects of the three tides of short period. 

auces. This is done in the following manner :- 

Coefi- 
cient of 

G 

+ 4'96 

+ 3'88 

- r 'gr 

+ 3-06 

- I"1O 

+ 3-07 

- 0'14 

+ 0'00 

+181'43 

+ 0 '00  

I t  has been shown before that the ' clearance ' is 

sin I 2n - 2~ sin 4 1 ~  
cos (nt - c+ I I Jn) .. 

The proper clearances therefore to be applied to the left-hand side3 
of the first and second equations mill be 

sin I 2n -&XR- sin an cos (nt -C+ I z in)  cos (u-=)t, 

and - 2 ~ ~ ~ ~ ~ 2 n  
sin an cos (nt - c+ I I an) sin (u - 5 )  t ,  

the summation extending over 365 days. 
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Writing RcosC= A and RsinC= B, Professor Darwin in his report 
of 1883 has deduced these clearances in the forms 

XI A + X2 B and Y, A + Y2 B, 
where 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. Having now obtained the 'cleared' values of the left-hand 
sides of the equations, the left-hand side of the 

Solution of equations. 
first equation is divided by the coefficient of A 

in that equation, the left-hand sicle of the second equation by the 
coefficient of B in that equation and so on, the results being approxi- 
mate values of A, B, C, &c. These are now substituted in the ten 
equations and the final values of A, B, C, &c. deduced. But the initial 
instant of time is the first 11'' 30" in the year, instead of the first 
noon. Hence, if as before, 

Ra = A2+B2 and tan C, - B - x' 
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- 
then, in order to reduce the results to the normal form in which noon 
of the first day is tlie initial instant of time, the increment of the 
corresponding argument for 11'' 3om must be added to c, to get 5: 
Having thus determined R and & H and tc will be found as before by 
multiplying R by its proper factor of reduction and by adding to 5 the 
initial argument. 

23. It may happen from time to time that the tide-gauge breaks 
down for a few days, from the stoppage of the 

Interrnption in record. 
clock, the choking of the tube, or some other 

accident and that other readings are not taken during the interruption. 
I n  this case there mill be a hiatus in the values of Sh. Now the 
whole process employed depends on tlie existence of 365 continuous 
values of Sh. 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, it 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 the values of Sh 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 
6h 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 possible the same as they were during the gap might be 
used and, as a matter of fact, these methods have been used. When 
the hiatus is of considerable length the preceding methods are inapplic- 
able, and tlle plan employed is as follows :-The actual Sh's are 
entered in their proper places ; then in tile ten final equations all the 
h ~ m s  with small coefficients are neglected, and in the terms whose 
coefficients are approximately 1 8 2 . 5 ,  a coefficient equal to I 82 5 dimi- 
nished by half the number 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 care obtained for each long-period tide. Prom tliese approxi- 
mate values of R and & the height of each tide for cach day of the gap is 
computed from the formula Rcos(nt-c), wliere t is the number of 
days since the commencement of the year of observation and n 
speed of the particular long-period tide per mean solar day. Thlls 
five heights, above or below mean-water level, are obtained for each 
day of the gap. These fire heights are added together and the sum 
is the missiug ah for the particular day. The gap having been thus 
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filled in with computed Sh's, the whole computation is repeated with 
the completed series. 

Where a break extends over two or three months in the first half 
of a working year, the observations antecedent to the brealc in that 
half-year are rejected, and the date of the working ycar put forward to 
the date following tlie end of the break : but if the break occurs in the 
second half of the worlting year, that year is considered to end at the 
commencement of the break, and to begin 365 days before it. And the 
year following the break will begin at the end of the break. 

24. As the determination of each of the.ten quantities 26h cos(u - m) tJ 

Method of equivalent multipliers. 
fi6hsin(u- o)t, &c., by multiplying each of 
the 365 ah's by its proper cosine or sine and 

adding 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 nearest to I o, 9, 8, 7 . . . * 2, J ,  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 6h which belong to one of these groups are collected 
together, summed and the sum multiplied by the corresponding mul- 
tiplier. Since there are as many positive as negative values of the 
cosine or sine, the signs of half of the 6h's must be changed : this is 
effected mechanically as follows :-In the spaces in tlie forms for the 
entry of the sh's, those ah's whose signs are to be unchanged are to 
be entered on the left side of the space if positive, and to the right if 
negative. Thus, in the column corresponding to each multiplier, there 
are two sub-columns : these are separately summed and the difference 
of these sums gives the total of the column for the ah's whose signs 
are to be unchanged. This process is carried out in the upper half 
of the form and the result is called a. Exactly tlie same course is 
adopted in the lower half of the form with the ah's whose signs have to 
be changed, and the result is denoted by b. The complete sum of the 
ah's is thus a- b, and the value of a- b in each column is multiplied 
by the multiplier corresponding to that column, when the sum of the 
products will give the result required. A pair of forms, one for the 
cosine and the other for the sine series, is of course required for each 
long-period tide. 
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25 .  From the analysis of the observations at  any port, one value of 

Prcpnrntion of data for prediction H (the mean semi-range) and oue value of 
or tides. (which may be called the mean epoch) are 

01)taiiied for each constituent for each year of observation analysed, 
For the larger tides MI, S2, 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 a t  Karschi for 1891; 
the values of the R and C are computed for oll January I st, 1891 for 
Karachi for each of the constituent tides represented on the tide- 
predicting machine. The value of R gives the proper throw of the 
correspoliding crank and the angle at  which i t  has to be set in start- 
ing the tide-predicting machine belonging to  the Indian Government at 
present located in the India Store Dep6t a t  Lambeth. 

The computations of the R's and r s  are carried out in  the may 
described in the account of the reductions of the observations, the 
only difference being that to find R from H and 3 from K, the formulae 
R = f H and 3= K - (V, + u) are used. 

When a11 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-predicter. 

The depth, also, below mean sea-level of thc datum-line of reference 
from which the heiglits are estimated is requiredJ in order to enable 
the 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 between Pro- 
fcssor Darwin, Major Baird and Captain Wharton, the British Hydro- 
grapher, it was determined to use for Indian charts a datum termed 
the " Indian Low-water Spring-Tides ,'. This is the depth below mean 
sea-level of the sum of the mean lunar semi-diurnal, the mean solar 
semi-diurnal, the mean luni-solar diurnal and the mean lunar diurnal 
tide, or i11 the notation used in this handbook, 

The maclli~le is started with the proper setting of the cranks and 
the tide-curve for a whole year is automatically traced on a roll of 



TIDAL OBBERVATIONB. 233 

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 ~bservations being 
reduced separately for each month in thc year, and the semi-monthly 
curves obtained from the means of tlic corresponding months through- 
out the total period of the observations. 

26. I n  entering the heights of the water, read off the diagrams, in 
t l ~ e  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 the forms themselves. The forms given below 
have for convenience been 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- 
sively measured and entercd in the respective 

Form I. S-Series. 
hour columns of this form, the first entry being 

that of oh of the 1st day. The first day is called r in the forms for 
short-period tides and o in those for long-period tides. The date for 
each day is generally written in pencil on the left-hand margin. 

The measurements are made to hnndredths of a foot, by means of 
a paper scale divided into tenths and hundredths in accordance with 
working scale of the instrument which registered the diagram under 
treatment. When the reader has called out the entry for each ~ 3 r d  
hour, the recorder checks the record by calling out 'end of the dayJ 
and then gives the date of the next day. 

The reading and entry of the heights in the S-Series is done in 
duplicate, the original set being generally measured by a surveyor and 

"---+P bv a native computer. While the measurement for the 
- - A  olerk matches the entries in the original - 

- 7 -  n - n c  of a foot ac- 

e 
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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 way, the observations bcing 
reduced separately for each month in the year, and the semi-montllly 
curves obtained from the means of tlic 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 the forms themselves. The forms given below 
have for convenience heen 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- 
sively measured and entercd in the respective 

Form I. S-Series. 
hour columns of this form, the first entry being 

that of oll of the 1st day. Tlie first day is called r in the forms for 
short-period tides and o in those for long-period tides. The date for 

- 

each day is generally written in pencil on the left-hand margin. 

The measurements are made to hundredths of a foot, by means of 
a paper scale divided into tenths and hundredths in accordance with 
working scale of the instrument which registered the diagram under 
treatment. Whcn the reader has called out the entry for each egrd 
hour, the recorder checks the record by calling out ' end of the day ' 
and then givcs the date of the next day. 

The reading and entry of the heights in the S-Series is done in 
duplicatc, the original set being generally measured by a surveyor and 
the duplicate by a native computer. While the measurement for the 
clnplicate is going on, a second clerlc matches the entries in the original 
ancl if the rcadiug differs by morc than o.01, 0.03 or 0.05 of a foot ac- 
cording as it is the natural, half or smaller scale, that height is at once 
ren~ensurcd ancl a correct valne entcrcd both in the original and the 
duplicate. The original and duplicate are now compared, and if there 
are any discrcyancies larger than. those above mentioned, they are 
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notcd, remeasured at the completion of the comparison, and correct 
values entered in both copies. 

28. The heights are next copied from the original of the S-Series 
into the M-Series, from the M-Series into the 

Form 11, LC. M, kc.,  Seriea. 0-Series, from that into tlie K-Series and so 
on, the last being now the zMK-Series. 

Wliere a double dot occurs in the forms, i t  indicates that two suc- 
cessive hourly values of the S-Series are to be entered, the first above 
the 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 corrcsponds to a zgrd solar 
hour. A double dot with a short black vertical line opposite the uppcr 
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-hand side of all the forms, except the S-form, is a 
column headed S-hour giving the day and hour of the S-Series corre- 
sponding to the 23rd hour of the particular day of the series in ques- 
tion. This is a further check hut is rarely used. 

29. When the 2MK-Series has been copied from the MK-Series, it is 

Cornpariron of entriea. 

- 

compared simultaneously with the original and 
duplicate of the S-Series, and if it agrees with 

the original the copying is perfect. The comparison with the duplicate 
guards against gross errors which may have escaped notice in the corn- 
parison of the original and duplicate. 

Errors found in the zMK-Series are searched for in the other series 
in the reverse order until one is reached in which the error does not 
occur, and corrections are made accordingly. 

3 0  The heights in each column are then added together, the units, 

UdMon of hourly heights. 
tens and hundreds being separately summed, 
and the sums entered 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 1 2  hours on page I oE S, since the last entry 
on page I of M corresponds to 74d I I of S. I n  comparing the totals 
after the first page, account must be taken of the number of 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 
number of observations is correct : it should be 

Form V. Summations and means. 
the sum of the five quantities, one on each 

page, at  the bottom of the page under the corresponding hour. 

The remainder of the forms for short-period tides are self explana- 
tory . 

33. The mean height of the water for each day is taken from the 
column ' daily means ' in the S-Series, and the 

Form IX. Long-period tides. 
mean height of the water for the whole year, 

or A,, is determined in the form for the S-Series which corresponds 
to Form vr. The latter mean is subtracted from each of the former 
quantities, giving a number of small positive and negative quantities 
ah, one for each day. These are entered in Form IX, of which there 
are two for each long-period tide, in the manner described in the foot- 
note. 

I n  solving the first equation, the second line is obtained by intro- 

Form XI. 
ducing for B, C, D, &c., the first approximate 
values obtained in the preceding form. In 

solving the second equation, the second approximate value of A is 
introduced and the first of the other quantities, C, D, &c., and so on. 

Thc rest of the computations is sufficiently cvident from an insyec- 
tion of thc forms given below. 
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Astronomical time, 1st May, 1883. 

hgument ( y=  za). Foaaa III.-SEBIE~ 0. Motion per mean 80lar hour= 13O.9430356. 
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Astronomical time, 1st May, 1883. 

hgument ( y +  a-P). 

S H O R T - P E R I O D  TIDES. [KARACHI, 1883-84. 

FOBM 1V.-SERIES J. Motion per mean Solar hour= 15". 5854433. 
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BHORT-PERIOD TIDES. FOBM VI1.-VUUES OB Vo + u FOB KARACHI, 1883-84. I 
i883, May let, oh. N. Lat. 24' 47', Long. 66' 58' E. (=4h.4645). 

Arerage Long. Moon's Node for year beginning with Average Long. Moon's Perigee for Computation of R and Q 
1st May, 1883, Midyear oh 81et October, 1883. L Tide (round numbera). , (round numbers). 

(from below) PO = 16.079 colog. [i cot2 #I -  coe PPI = + 9.23950 
Auxiliary Tables N - 2 I :as4. motion in 18qd 13ih = - 20.560 log sin 2P= + 9'99988 

P+€ = 36.639 
-- 

- € =  7,695 log tan.  R = + 4.239.38 
Extract from Auxiliary Tablee. P =  44'334 for L Tide, R = 9'845 - -- 

cot )I = + 5.89 I log tan P= + 9.98990 
I= 1;.26~, v=  -kz56, €= - ;'69j. 
For K Tidee v'= -5'366, 2v"= - 9.906. cot2 )I = + 34.704 log 4 = 9'69897 - a cotZ )I = + 5.784 log. tan Q = + 9.6888; .-. 

Hid. Time a t  M. N. 
(Naut. Alm., p. 11.) 

= 2 36.2913 

0 

= 39'073 
E. Long. Cor. = - o 183 

ho = 38.890 
v = -8.256 

ho-v = 47.146 
2&, = 77'780 

-(so-()= 22.213 
§ MI= 69'359 

( x  2) for M2=138'718 
( x  3) for M3= 208'077 
( x  4) for M4=277'436 
( x  6) for M,= j6.154 
( x  8) for M,=194.872 

5 as above M, = 69'359 
(see above) + Q = 26.036 

-COSZP=- '023 
0 I 

for M, Tide, Q =  26.0~6 
Moon's mean long. 

'332 32'4 cotz) 1-COB 2 P  = + 5.761 
(Naut. A h . )  - - 

=332'540 PI 
Po Extract from 1 0 

E. Long. Cor. = - 2.448 Hansen's Tablea de to Lune, \ 0 Auxiliary Table ) P1 = 280'940 
So =330'092 p. ~ o o .  *for 188.3, Jan. o. ) ' ~ ' 4 ~ 4  ho= 38'890 

Motion in  interval from t = - 7'695 1 = 13.480 bo-p ,=  I 17-950 Jan. o, or I 21 days. 

80-E =.337.787 
Constant = 0.136 

Sum = 16.100 lotion Eaet Long. per mean 
280-2€ =315'574 E. Long. Cor. = - 0.021 Solar hour. Correction. 

Po = 16.079 v =  o0'o4lo686 (-0~~18.3) 
280 -300'184 SO =3.30.092 a= o0'5.+9o165 (- ~ ~ ' ~ 4 8 )  

A SERIES. so-p, = jlq'01.3 o = 0 ° ~ o o ~ 6 q ~ g  (-oO.021) 
K2 SEBIES. for N = 18i70j  
zho= 7°7*780 -2h0= 282.220 M,N SERIES. - 2YN = 9'906 0 + 2s0 = 300' I 84 for M2 = I 38.7 I 8 

for I( - 87'686 + r = r8o.000 + for N = I 84.705 Mm SEBIES. = -- 0 

for A=zz7.1og for M,N = .32.3'42.3 #o-P0=314'013 

K1 SEBIES. v ~BBIES .  
0 0 

hg- 38.890 for M2= 138'718 2M2K, SEBIE~. o 

-,, = 5'366 + (s0-~0)=314'013 for bf,= 277.436 . - 

- f~=2jo .ooo + 2h0= 7 7 . 7 8 ~  -for Kl = 45'74.4 Mf SERIEB. 
-2r0= 59.816 for K1=314'256 for zM,Kl = 3z.3.180 for v=z.30.327 (250-26) =.315'574 

O I 



S H O R T - P E R I O D  TIDES. [KARACHI, 1883-84. 

Augmenting Factors.-For All B1... 1~00286, A2, B2...1.01 152, A3, B3... 1.0261 7, A4, BA...~~04720, A6, B6... 1.1 1072, Ag, Be... 1'20920. 

Log Bl= + 8,67486 Log B,= + o'oqojz Log B3= +8.28556 Log B4= + 8'526.34 Log B6= + 8'.39094 Log Be= + 6'00000 
Log 8,- +8.98677 Log A,= -0.37612 Log A3= -8'34830 Log A,= -7.707 j 7  Log As= -8.63043 Log A,= + 7'6.3347 

L. tan Cl= +9.688og L. tan cz= -9.66440 L. tan c3= -9.93726 L. tan c4= -0.81877 L. tan c6=-9 ' ;60j~ L. tan c8= +8*36653 

Computed by Checked by Compured by 



t d h  ein (a-  ~ ) f .  F O B M I X . - L O N G - P E R I O D  T I D E S .  T I D E M ~ .  [KARACHI, 1883-841. I 

t 

7 
- t - J .  

1 
-t J. 

1 
-t-J 

+ ?  
J 

t- 7 I 
J 

-+? 
J 

-7 
J 

3 0 a  
N o T E . - T ~ ~  arrows show t h e  direction of the sequence of the entries of dh in t h e  columns in which points are  inserted, t h e  values being entered under their proper sims- 

e.g., in  the drst row (marked 7 t o  0) with arrow from riglit to left, t h e  entry (irrespective of sign) for day 0 is to be entered in col~~mn 0, for day 1 in column .2, for day 2 in 
column '4, nnd so on. After tilling in  t h e  first two rows of t h e  upper half, t h e  first two row8 of t h e  lower half are to be filled, and so  on alternately, t h e  alternation of entry 
being indicated by the curved arrows. In the spaces containing double points two successive entries are t o  be filled in-the first entry above, t h e  second below : e.g., in  row 7 t o  0. 
column 1'0, there are double points, and t h e  entry of dh for day 6 is to be made above t h e  line and to left or right according as i t  is + or -, and for day 7 it is  t o  be made below the 
Line, and t o  left or right according as it i s  + or -. 

Computed by Compared by 

" 15 

Z(a-b) x Mult.= +5.37. Z(a-b) x Mult.=-1.57. Zdh sin(u-w)t=Zo (a-b) x Mult,.= +3.80. 

.4 
- + 

'12 ' 

-18 

* '09 

-03 
1-25 1-30 

-0.05 

-98 

'25 

2'40 0.71 

+ 1 . 6 ~  

-1.74 + 
-0.70 

.5 
- 

.16 
'52 

-21 

-18 

1-28 1'1j 

+0.13 

'11 ' 

'43 . 

.38 

-09 
0.92 2-60 

-1.68 

+1.81 
+ o a 9 1  - -  

+ - 

'25 ' 
-67 . 

'.;2 
'Ij 

1.44 I.Ij 

+ o S 29 

'28 ' 

'92 

-31 

'19 

1.j6 1.32 

+om24 

+ o m o 5  
+oaor - . 

-ti 
+ - +  

'-I I 

- 1 8  

'07 
' 

-21 

0'94 1.55 
--'-------- 

-0.61 

- 8 1  . 
' 10 

1.83 0.99 
- - - - - ~ ~ ~ ~ V Y V  

+ o S 8 4  

-1.45 + 
-0.87 

'15 

- 

.39 

- 

.II 

,+ 

4 

- 

- 

- 3  j 
+ - 

'22 

'54 
&c. 

-29' 
"9 

1-47 1.~6 

-0.01 

'27 ' 

'39 

&c. 

'31 

-17 
0.99 1-78 

-0.79 
+0.;8 
+ o e 2 3  - -  

.8 
+ - 
. .22 

-19 
'23 
' 2 5  

. .04 
' '34 
' .oj 

'07 
2-46 1.49 

+0'97 

'09 

'03 . 
0.98 2-02 

-1.04 

4-2'01 
+1.61 - .  

'2 
- + 

'21 • 

'33 

• '22 

'01 

1-88 0.88 

+I.OO 

1.j3 0.56 

+ o S 9 7  
+ o a o g  
+O.OI - .  

.7 
+ - 

'17 
'44 ' 

' *.38 . -08 

0.87 1-36 

-0.49 

-0.3' 
'38 

-58 

'02 

'39 
'02 

1-51 2.15 

-0.64 

4-0.15 
+O.II - 

Multiplier -- 
NO. of the day 

? t o  0 

8- 13 
34-28  
35-41 

311-316 
337-331 
338-344 
364-359 

Total a 

2 0 t o l 4  

21- 27 

48-& 

325-330 

351-345 

352-358 

Total b 

a-b 

(a - b )  x Mult 

1.0 
+ - 

'27 : .20 

'09 
• 'or 

'02 

' 1 6  ' 
'20 

-16 
'25 ' 

3'1~4.32 

-1.22 

-10 

-36 ' 

'43 ' 
'29 

' 19 

-05 

'02 • 

2.374'13 

-1.76 

-1-0'54 
C + o m j 4  
I -  - 

( '9 
+ - 
. .2j 

'08 ' 
'18 ' 
'I3 ' 

&c. 
-06 
'32 
'07 

'02 

3 - 1 9  3 . 5 0  

+0°49 

'13 
'40 ' 

'35 . 
'54 

&c. 
'27 ' 

'33 . . l9 
-06 

2.16 3.84 

-1.68 

+2'17 
+ 1 * 9 j  - .  
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CHAP. 111.1 COMPUTATI~N~.  

LONG-PERIOD TIDES. [KARACHI, 1883-84. 

FOBM X.-~UMMATIONE AND EVALUATION O F  LOKU-PERIOD TIDES.-CLEABANCE 
PROM EFFECTS OF TIDES OF SHOILT-PERIOD. 

NOTE.-A and B to be extracted from harlnonic analysis for Tides of Short-Period. 

Tide Bim or ( a -  v). Tide Mf or 213. 

Cosine Series. Products. Cosine Series. Products. 
A2 = - A, = - 2.378 = - 0.01 

multiplier = - 0.0556 multiylie~ = + o . o o ~ o  
b e  + 1-98 =-o.19 I 13, = + 1.098 1 - - - 0.04 

multiplier = - 0 '1  704 m~iltiplier = - 0.0377 1 
A = - 0'035 1 = + onoo A = - o'ogg = - 0'00 

multiplier = - 0.0588 ) multiplier = + 0'0.368 
B = + 0'599 = - o ' I f  

lnultiplier = - 0 . 0 ~ 7 6  multiplier = - 0'22.34 
A = - 0.382 

3 
multiplier = - 0.0649 multiplier = + 0.0167 

B - 0'405 B = - 0'405 = +oerq 1 = + 0.03 
multiplier = - 0.3477 multiplier = - 0'0779 

Total + = + 0.29 Total + = + 0.03 
Total - = - 0'24 Total- = -0'19 

Total clearanco = + 0'05 .Total clearance = - 0'1  6 
Uncleared Zdh cos ( a - m ) t  = + 1'29 Uncleared Zdh cos zat = + 7.10 

~ d h  cos (a- w ) t  = + 1-34 Zdh cos aat = + 6-94 

Divisor 18.3.05. 1st approx. A = + 0.007 Divisor 183'18. 1st approx. C = + 0.0.38 
- 

Sine Serics. Sine Series. Producbs. 
A, = - 2.378 = -O.10 I mul!iplier = - o' I 708 multiplier = + 0'0417 

BZ = + 1'098 
= + 0.05 

1 
1 B2 = + 1.098 1 = +,.,, 

multiplier = + 0'0.441 multiplier = + 0.01 o j ) 
A - 0'0.35 1 = + 0'00 

A = - 0.035 1 = 
multiplier = - 0'0206 multiplier = - oer52j j 

B - + 0'599 = + ...;, 1 = + 0.599 = -0.05 
multiplier = + 0.1 I 38 multiplier = - 0.0854 

t 
A =  -o'.z82 -+0.,3 3 A = - 0 . 3 8 2  - 

multiplier = - 0'.3452 mukipiier = + 0.0842 ] - -0'03 

B = - 0'405 ? = - 0.02 B = - 0'405 
= - 0'01 

multiplier = + 0'0405 ) ruulliplier = + 0.0338 

Totnl + = + 0'66 
Total - = - 0.02 

Total clearance = + 0.64 
Uncleared t d h  sin (a -  m ) t  = + 3.80 

Total + = + 0.02 

Total- = -0.19 

Total clearance = - 0.1 7 
Uncleared Zdh sin aat = + 2.14 

- - 

Zdh sin ( a -  P) t = + 4'44 t d h  sin zat = + 1.97 

Divisor 181'95. 1st approx. B = + 0.024 
-- -. 

Divisor I 81 -82. 1st n.pprox. D = + 0.0 I I 

The 1st npproxinlntions of the cnnstnnts for the other three tides are dcduced in tho snme wr)., rind are 
for MSf, C1=-0-oor, Dr=-o-oog; for Sn, E= +o.oPg, F=-o'oox ; aud for Saa, G=-0.003, H=+o.IR~. 

Computed by - Checked by Compared by 



L O N G - P E R I O D  T I D E S .  

FORM XI.-EVALUATION OF LOSG-PERIQD TIDEB, 

~ ~ ~ ' d h . s i n ( u - m ) t = + q . 4 4  = +  2'14A+181*9jB- 4'1.jC+ 1.o2D- 4'90Ct+ I . o ~ D ' +  
+4-44 = + '01 + 181.9jB- -16 + 'or + '00 - '01 + 
+4'13 = 181'9j B 
+ o.023= B 

2;"dh. cos zut = + 6.94 = + 0.73 A- 4-15 B + 18.3.18 C + 0.88 D + 0.61 C'+ 0.92 I)'- 
+ 6.94 = + -00 - -10 +183'18C+ '01 - '00 - '01 - 
+ 7 . 2 1  = 183'18 C 
+ 0'039= c 

&c. &c. 

[KARACHI, 1883-84 

L ~ N A R  MONTHLY Mm. LUNAB FOBTNIGHTLY BIf. LUNI-SOLAR FOETNIGIITLY SOLAR AKNUU Sa. SOLAR SEMI-ANXUAL 58s. 
MSf. 

Log B = +8'36173 Log D = + 7.95424 Log D' =-8.04139 Log F = - j.ooooo Log H = + 9'27646 
LO:, A = + 7.69897 -- Log C = + 8 59106 Log C' = + 7,ooooo Log E = + 8'94448 Log 8 = - 7.60206 

L. tan Sl = + o 66276 L. tan = + 9 36.3 1 8 L. tan S, = - 124139 Tan = - 8 0 j j j z  Tan cl = - 1'67440 
0 0 0 

51 = 77'735 51 = I2'99j (1 =27j'IY4 Sl '359'349 51 = &'.21 2 
Motion for)  = 6.260 Motion for \ _ I 2.627 Motion for \ _ 

.6g3 
Motion for \ - - 0.472 Motion for ) 

1 1 p  .,. ) - r l t h  ,.. ) I I ~ ~  ... ) I I ~  ... ) I lth ,.. ) "'943 -- 
S = 83'995 1 = 25'622 5 = 286'877 5 =359'821 5 = 92'1.57 

Vo+u =314.01.3 Vo+U =3I5'5 74 vo + a  = 38 890 T o + %  = 77.j80 
-- Vo+u  -221'282 -- 

K = 38.008 -- K =.351'196 K =148 - - 159 - K = 38.711 
- -- a K =169937 

BP = 0~000j29 D' = o 000081 (D')? = 0~000121 F2 = o ooooor HS = oo.?5721 
A z =  0. 25 C2 = 0' 1521 (C')? = 0' I EZ = ' 1444 G? = • 16 

Sum = R2 = o.ooo5;4 Sum = R2 = 0.001602 Sum = R2 = o 0001 2 2  Sum = R2 = 0'001445 Sum = It? = 0.0.3;,37 
R = 0.024 R = 0.040 R = 0.011 R E H = 0.088 R = H = 0.189 l~y = 0.900 llf = 1.440 ljf = 0.969 --- 

H = 0.022  H = 003s 
-- - H = 0.01 I -- - 

Computed by Checked by Compared by 



34. Tliesc tal~lcs liave 11cci1 constructed to  facilitate the corn putat ions 
~.ccli~iretl for tlie Iiarmonie analysis of the tidal 

A ~ ~ \ i l i , ~ r y  tt~blcq. 
ol>scr\-atioi~s. 'I'lie follonilig explanations ancl 

examples :ire giver1 to illustratc tlic usc of tllc tables. 

35. This tal~lc, for co~ i r - e r t i~~g  dcciinals of a dcgrec into tlieir cor- 
rcspontlii~g valucs of minutes and seconds of 

Tnblc I. 
:ircl, ciitcrs frcquciitly into thc computations, 

more c s ~ ) c c i : ~ l l ~  in t : ~ l i i ~ ~ g  oilt tlie \.allies of tile ti.igoiiomctrica1 func- 
t i o ~ ~ s  from Sliortrcdc's T~ogaritli~li Tablcs. Its usc Iiardly reqilircs 
cspla~iatioll. 

3 6 .  Tliis tablc is tlic converse of Tal~le  I, but liatl to be made out 

Table 11. 
sonic~\-hat cliff crently . '1'11~ correct valiie t o  
tliree l~laccs of dcciinals of a tlcgree is all that 

is gcncrally rcqilirctl ill tlie compntations. Tliis is gi\.cn in the 4th 
t.olninii, and it will 1)c o1)scrrctl tllat tlic figiircs i l l  tllc 4th colnrnn 
are arranged mitl\r;iy l)etwccl~ tliosc ill tllc 3rd and also midway between 
thosc i11 tlic 5th columii, I\ liere tlic actual values correspondit~g to the 
angles in tlic 3rtl colunin arc givcii. 

I t  will also 11c ol~scl-rctl tliat t l ~ c  t;tl)le is dividccl into six groups. 
Tlie rcasori of this is as follonls :-6 llliilutes = - I of a degree, I 2 

rniiil~tes = 2, I 8 lniliiltes = 3, ant1 so on. Tliercforc, any number 
of seconds ntltlccl to 6 rniiilltcs \\ill givc the sanle figures in t l ~ c  second 
slid tliird place of decimals (ill the cqnirnlei~t ~ a l n c  of a dcgrec csprcssed 
in clecimals), as tlic siiriilar niunbcr of scco~lcls atldod to I 2 mii~ntcs or  
1 8  miiiutes 1ro11ltl givc. Sinlilarly, I miii~lte, or 7 ~niilutes, or  1.3 

nlilintcs, arid so many scconds would enell have for the sccon(1 and third 
l)lacc of dcciilials tlic same figilrcs it1 expressing tlieir corresl)onding 
~ ~ l n c s  in clccimals of a clcgilcc (the first figurc of t11c dccin~als of course 
a1 ters) . 

To ilsc tlic tal)lcs, first look for the nliniites in one of tlie groiips 
O F  collimn I ; opl~ositc i t  in the 211tl column \rill be foulid the first 
figilrc of tlie cqni~alcnt  valne in tlecimals of a tlcgrce. Iceepiny to  the 
.rn,,~e group, look in tlic 3rd coli~mn for tlie secontls (most prohably the  
cvact 11111nl)c:r will 11ot be fouiirl), entering this colulnn at  tlie spuce 
l)ct\re--ll t l ~ c  nnn11)cr of sccontls nest less ant1 tlic ul~ml)er of scconds 
11cst greater tliaii that lool\ctl for, in the 4th C O / I O I ~ ? Z  ol)l)osite t h i s  S ~ I U C E  
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the second and tl~irci figures of tlle corresponding value of the ciecimals 
of a dcgree will be found. If the actual ~lumher of seconds looketl for 
is fourld in the third column, then the corresponcling value is ohtailled 
in column 4 opposite the space in colzi~~zn 3 below the number of 
seconds. 

Example.-Required the decimals of a degree corresponding to 
I 8' 25" : 

..Column J ,  group 1 ,  I 8' ... . . .  . . . = ' 3  incol .2  

,, 3, ,, I ,  25" (between 2f.d and 27'"o) = 037 in col. 4 

Value requircd = ' 307 

Again :-If the clecimals of a degree corresponding to -10' o" we 
required : thcn as in the above cxnmple, 40' 3" woilld just equal -668, 
and anything lcss than 40' 3" must be less tllan -668.  Again, 39' ,5yW'4 
would just cclual -667, arlcl anytllirlg glscater than 39' 59'"4 must be 
equal to - 657  or more. TllerelIore 40' C" would equal '667. 

37. This is extracted and decluccil from Hallsen's Tables de la Lune, 
pages 299 arid 300. The ~ralaes of y, the mean 

T*ble 111. 
longitude of the moon's perigee (or T as it is 

written in the tidal eompl~tatiorl forms) is for a h a t  is called 
January o of each year ; hut in the Prefacc to I-Iansen's Tallies it will 
be found that January o and Decernhcr t l ~ c  3 I st Incan the same date ; 
tl~erefore the values given in the tables are for o hours December 3 1 st - 
of the prcccding year. Brlt this is not tile case for leap-years; 
values given in the tables as regarch those years are for o ]lours 
January I st. 

If the value of rr for o hours January 1st is required for any year 
which is not leap-year, talre the value of 7;- given opposite in the next 
column, and add one day's motion (Table v) ; if i t  is leap-year, the 
day's motion has not to he added. 

Example.-Required rr for o hours Ja,nuary I st, I 89 1. 

I n  Table 11 I opposite I 89 I . . . 3 28°.00632 
I n  'l'able v one day's motion for rr . . . o ' I I I 40 

.- 

, .rrforollours January ~ s t ,  1.891 = . 3 2 X 0 ' 1 1 7 7 2  
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Again :-Required T 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 I V  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 T is given for every day from 
I to 366. 

39. This table gives the correction to the value of p or T 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 shows the exact correction for the difference of longitude 
given immediately opposite in column I ; and column z gives the cor- 
rection which has to be used, for all values occurring between the 
longitudes given in column I. 

Example.-Required correction for T for 30' 30' E. longitude. By 
Table 11 30' = -500 of a degree. 

From Table v1.-30~-5oo lies between 27O.468 and 30~~700  in column 
I, and in column 2 opposite the space bctween those two longitudes is 
-009, which is the correction required, and the sign is - 

40. This table will be found much more convenient than Crdlle's 

Table VII. 
for the particular multiplicat.ions required, 
and admits of much more rapid computation. 

The three augmenting factors R,, R,, and R, occur so selcloln that 
it has not been thought necessary to extend the tables on their 
account. 

The usual multiples of the factors are one integer and three places 
of decilu~ls, or two figures only preceded by o ;  f o ~  instance, 1'41 2, or 
000.26. Sometimes, however, two integers and three places of decimals 
have to be multiplied by the augmenting factor. The use of the table 
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- - 

hardly roquires explanation, care being taken to  put down the decimal 
poiilt correctly. Tlie values in  the tables are the products of the factors 
by whole numbers. 

41. Tliese tables require no explanation. They give the value of 
S,, S,, S,, and S, multiplied by every number 

Tables VIII, IX, X, and XI. between -001 and -999:  from whicli the pro- 
ducts of these factors wit11 othcr numbers can be rapidly obtained, 
care being talcen about the decimal point. 

42, This table has been made up in  order to  permit of the natural 
numbers corresponding to  logarithms, with 

Table XII. 
indices 6, 7, and 8, being taken out much 

more rapitlly than could be done with I-Iutton's Logarithm Tables. 
Tlie natural number correspollding to the givcn logaritlim is only 
required correct to tliree places of decimals ; the table has been made 
up on the same principle as explained in Table I I. 

43. This table gives thc values of N (longitude of moon's ascend- 

Table XIII .  
ing node) for o hour January I ,  Greenwich 
mean time, for each year from 1850 up to 

1g49. 

44. This table shows the amount to. be subtracted from the values 

Tnble XIV. 
given in Tablc 5111, to  obtain N at any parti- 
cular date. The mean value of N to be 

used in the tidal reductioils is the value at  mid-year of the ob- 
servations: and as half a year after o hour of the first day under 
analysis falls at midnight, the values i n  Table XIV are computed for 
each miduiglit. 

45. This table gives the value of the solar perigee for o hour 
Tnble SV. Janl~ary 1 ,  from 1850 to 1949. 

4 This table shows the increment to be added to the qnantities 
. - .  

Table XVI. givcn in Table xv to obtain the value on 
certain-days of thc year, as the value of the 

solar pel4gee (pi) is reqtiimil for mid -yea tb  the observations. 
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47. This table givcs the values of I (inclination of the lunar orbit 

Table XVII. 
to the equator); v (the right ascension of the 
intersection of the lunar orbit and tlie equator) 

and f (the longitude ' in the moon's orbit ' of the intersection) corre- 
sponding to each half clegree of N (the longitude of the moon's ascending 
node) from o0 up to I So0. 

When N is negative I has the same value as when N is positive; 
but v and change sign with N. 

The values of I, v and ( corresponding to N at mid-year will be 
easily fourid by interpolation between the two nearest half degrees. 

48. This table is subdivided into seven parts (I), (2) '  &c., and is 
used for the determination of tlie factors ~ / f  

Tnble XVIII. 
and f required in calculating H from R and 

vice versa". The values are given corresponding to each o O . 1  of I, the 
inclination of the lunar orbit to thc equator. The values required in 
the computation are those -corresponding to I for mid-year; so that I 
is first obtained from Table XVII to correspond to N at micl-year and 
then the 11f  or f will be easily calculated by interpolation from the 
.particular part of this table. 

49. This table gives the values of u' corresponding to each oO.r of 
I. The v' is required in computiiig the values 

Table XIX. of ]A,- V' - 4 T, the initial argument for the 
itide Kl. 

50. This table is similar to Table XIX, and gives the value of 2uM 

Tablo XX. 
employed in determining the initial argument, 
zh, - zv", for the tide K2. 

Attention should be paid to the uotcs at the foot of these tables. 
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[PABT VI. 

TABLE I.-For converting Decimals of a Degree into Minutes and 
Seconds. 

E2ample.-Required the value of oo08;5 in minutes and seconds : 

FrornPart1 ... -8  = 4 8 '  

J )  2 ... '075 = 4' 30" 

*87 j = 52' 30" 
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CHAP. 111.1 COMPUTATIONB. 

TABLE 11.-For converting Minutes and Seconds into Decimals of a 
Degree. 



HANDBOOK O F  THE TRIGONOMETRIOAL BRANCH. 

- - 

COMPUTATIOKB. [PART VI. 

TABLE 111.-Values of p the Mean Longitude of the Moon)s 
Perigee (the T of the computation forms) for every year from 1850 to  
1949. 

These values are for January o (i. e., noon December 31st of preceding year), except 
in  the case of leap-years, when the values are for o hour January 1st. 

The d u e s  giren in the above table require 0O.1,~6 to be added to give the true value0 
of p or r (see page 36, Preface to Hanscn's Tables), but as the form for the cornputatlop 
of tidal obserrations has been constructed showing the ;onstant 0°.1,36 to be added, lf 
haa been thought advisable not to make thie correction in  the  above table. 

p or T 

0 

36.96088 
77'73479 
118'39i29 
159'05979 
193.72229 
240.49619 
281.15868 
321.82118 
2'48.367 

43'25756 
83'92004 
124ej82j3 
165.24;01 
206.01889 
246'681.37 
287.34385 
328.00632 
8.78020 
49'44267 
90.10~14 
1.?0.76i60 
171.54147 
212'20.~93 
2j2.86639 
293'5288j 

TABLE 1V.-Number of Days from January o. 

Year 1- 
1875 
76 
77 
78 
79 

1880 
81 
82 
8.3 
84 

1885 
86 
87 
88 
89 

1890 
91 
92 
93 
94 

1895 
96 
97 
98 
99 

r e a r  

1850 
5 1  
5 2  

3 
54 

185; 
56 
57 
58 
59 

1860 
61 
62 
6.3 
64 

1865 
66 
67 
68 
69 

1870 
71 

72 

7.3 
74 

I 
p or T 

0 

99.52920 
140'39176 
181'16571 
221'82826 
262.49081 
303'153.36 
34.3'92731 
24'58985 
65'25239 
105'9'49.3 
146.08887 
18j'.35140 
228.01.zv.3 
268.67646 
309.45040 
350.11292 
30'77545 
71'43597 
112'21189 
152.87441 
193'53693 
234' 19944 
274'973.36 
3 ' 5 ' 6.3587 
356.29838 

Year 

1900 
1 

2 

3 
4 

1905 
6 
7 
8 
9 

1910 
1 1  

12 

13 
14 

1915 
16 
17 
18 
19 

1920 
2 1 

22 

23 
24 

- 

Leap-year 
1 - 

181 ' 
212 

243 
2 73 
304 , 
334 

Month 

January o ... 
February o ... 
March o ... 
April o ... 
May o ... 
June o ... 

p or r 

0 

271.42549 
j12'08810 
i52'75050 

33.52471 
74'18731 
114'8qggo 
155'51250 
196.28649 
236.94908 
277'61167 
318'27426 
359.04825 
.39'71063 
80.37341 
'2"03599 
161,80997 
202.47254 
24.3'13512 
28.3' 79769 
.~24'57'~~ 

5 ' 2.1423 
45'89679 
86'55935 
127'33.332 
167.9958~ 

p or r 

0 

334'19130 
14'85.396 
55.j1661 
96.17926 
136'9j.3.31 
1;7'61.~96 
218.27861 
2.i8.94125 
299.71529 
340'37793 
21.04057 
61 '70320 
102'q7;24 
143'13987 
183.802j0 
224-46j1.3 
265.23915 
305.90178 
346.56440 
27'22702 

68.00104 
I 08 66.365 
149.32626 
189'98888 
230'76289 

I y e a r  

1925 
26 
27 
28 
29 

1930 
31 
32 
33 
34 

19.35 
36 
37 
-38 
39 

1940 
4J 
42 
4.3 
44 

1945 
46 
47 
48 
49 

common 
year 

o 
31 
59 
'90 
120 

1 5 1  

~ e a p - y e a r  

- I 
30 
59 
90 
120 

151 

Nonth 

July o ... 
Auguet 0 .., 
Seplembcr o ... 
October o ... 
November o ... 
December o , 

Colnmon 
year - 

181 
212 

24.3 
273 
304 
334 



TIDAL OBSERVATIONS. 25 5 

TABLE V.-Value of Movement of y or .rr for 1 to 366 Days. 

Days - 

I 

2 

3 
4 
5 
6 
7 
8 
9 

I 0  

11 

1 2  

13 
14 
1.5 
16 
1 7  
18 
19 
20  

21  

2 2  

2.3 
24 
2.5 
26 
27  
28 
29 
30 

31 
32 
3.3 
34 
35 
-36 
37 
38 
39 
40 

41 
42 
43 
44 
45 
46 
47 
48 
49 
50 

51 
52 
53 
54 
55 
56 
57 
58 
59 
60 

T 

0 

0'11140 
0'22281 
0'33421 
0.44562 
0'55702 
0.66843 
0'7798.3 
0.89124 
1.00264 
I'Il.105 

1'2254.5 
1.33685 
1'44826 
1'55966 
6 0  
1.58247 
1.89388 
2.00528 
2.1 1669 
2'22809 

2'3.3950 
2'45090 
2.562.30 
2'67.371 
2'78511 
2.89652 
.3.00792 
3'1193.3 
,3'23073 
3'34214 

3'45.354 
3'56495 
.3 '6i6.~j 
3'7877.5 
-3.89916 
4'01056 
4.12197 
4'233.17 
4'34478 
4.45618 

4'56759 
4.67899 
4'79040 
4.90180 
5.01320 
5.12461 
5'2.3601 
5'3.1742 
5'45882 
s ' j7023 
5.68163 
5'79.304 
S.90444 
6.01gRj 
6.12725 
6-2.3865 
6.35006 
6.46146 
6'57287 
6.68427 

Days 

62 
6.3 
64 
65 
66 
67 
68 
69 
70 
7 1  

72 
7.3 
74 
75 
76 
77  
78 
79 
80 
81 

82 
8.3 
84 
8s  
86 
87 
88 
89 
90 
91 

92 
93 
94 
95 
96 
97 
98 
99 

roo 
101 

1 0 2  

log 
104 
105 
106 
107  
108 
109 
110 

1 1 1  

112 

11.3 
114 
11.5 
116 
I 17 
118 
119 
120  

1 2 1  

T 

0 

6.90708 
7'01849 
7.12989 
7'24I;lo 
7'35270 
7'46410 
7'57551 
7'68691 
7'79832 
7'90972 
8'0211.3 
8'1.32j.~ 
8.24394 
8'355.34 
8'46675 
8'57815 
8'68955 
8.80096 
8.91236 
9.02377 

9'1351i 
9.24658 
9.35798 
9'46939 
9.58079 
9'69219 
9.80360 
9.91500 

10.02641 
10.13781 

10.24922 
10'.~6062 
10'4720.3 
10'5834.3 
10.69484 
10.80624 
10'91i65 
11~02905 
I 1'14045 
11.25186 

11..36,326 
11.47467 
11'58607 
11.69748 
11'80888 
I I '92029 
12.0.3169 
12'14.309 
12'25450 
12.36590 

12.47131 
12.58871 
1 2 ' 7 0 0 1 2  

12.81152 
12'9229.3; 
1,3'0.34331 
13'14574, 

'Days 

12.3 
124 
125 
126 
1 2 7  
128 
129 
1.30 
1.31 
132 

1.3.3 
134 
135 
136 
137 
1,38 
139 
140 
141 
142 

143 
144 
145 
146 
147 
148 
149 
I j O  

151 
152 

153 
154 
1.55 
156 
157 
158 
159 
160 
161 
162 

163 
104 
163 
166 
167 
168 
169 
1 7 0  

171 
172 

173 
174 
175 
176 
1 7 7  
178 
179 

1.3.25714, 
1.3'36854~ 

, 1 ~ ' ~ ~ ~ ~ ~ 1  
180 
181 
182 

T 

0 

13.70276 
13.81416: 
1.3'9255; 
14'03697 
14.14838 
14.25978 
14.37119 
14'48259 
14.59399 
14'fOj40 
14'81680 
14.9282~ 
1j.0.3961 
15'15102 
15'26242 
15'37,383 
15'48523 
15'59664 
15'70804 
15'81944 

15'9.308j 
16'04225 
16.15.366 
16.26506 
16.37647 
16.48787 
16'59928 
16.71068 
16'82209 
16'93349 

17'04489 
17'156.30 
17.26770 
17'37911 
17'490511218 
17.60192 
17'713.32 
17'8247.3 
17'93613,' 
18 '0 - (75~  
18.15894 
18'2f03j 
18.,381js 
18.49315 
18.604561 
18.71596 

' ~ n y s  1- 

184 
185 
186 
187 
188 
189 
190 
191 
192 
193 

194 
195 
196 
197 
198 
199 

201 

202 

203 

204 
205 
206 
207 
208 
209 
2 1 0  

211 

2 1 2  

213 

214 
215 
216 
217 

219 
2 2 0  

2 2 1  

2 2 2  

223 

224 
225 
226 
227 
228 
229 

0 

20'49844 
20.6098~ 
2 0 ' 7 2 1 2 4  
20.83265 
20'94405 
2 1  '05546 
21.1668O 
21.27827, 
21'3896; 
21.50108 

21'61248 
21m;2389 
21'8.3529 
21'94669 
22'05810 
22.16950 

20022'28091 
22',392.31 
22'50,372 
22'61512 

22.72653 i 
22'8.3793 
22'9493.4 
23.06074 
23'17214 
23'28355 
23.39493 
23'50636 
23'61776 
23'72917 

23'84057 
23'95 198 
24'063.38 
24'17478 
24.28619 
24'.39759 
24.50900 
24.62040 
24'73181 
24.84321 

24'95.162 
25'06602 
25'1774s3 
25-2888.3 
25.4002.3 
25'51164 
25.62304 
25'73445 
25.84585 
2j.95i26 
26.06866 
26'18ooi 
26''20147 
26.40288 
26.51428 
26.62568 
26'73i09' 

0 

27'29411 
27.40552 
27.51692 
27'628,3.3 
27'7397.1 
27.851 13 
27.96254 
28'07~3g4 
28'185.35 
28.29675 

28'40810 
28'51956 
28.63097 
28'742.77 
28.85378 
28.96518 
29.07658 
29'111799 
29'299.39 
29.41080 

29'52220 
29'63,361 
29.74501 
29'85642 
29.96782 
.30.0792.+ 
.4oa "063 
.30',3020;1 
30'41.344 
30.j2-184 

30.6.3625 
30.74765 
.30'8j906 
30'97046 
31.08187 
.31.1~).327 
,31'30468 
31.41608 
31.52748 
31'63889 

31.75029 
31'861;o 
31'97.310 
32'08451 
32'195S)I 
32-.3o;rs32 
32'41872 
32'53012 
32'64153, 
32'7529.3 

32.864.34 
32'97574 
.33'08715 
33.19855 
3.3'30996 
33'42136 1 
33'5.327; ' 

Days 

24j 
246 
247 
248 
249 
250 
2 j 1  

252 
25.3 
254 

255 
256 
257 
258 
259 
260 
261 
262 
26.3 
264 

265 
266 
267 
268 
269 
270 

271  

2 7 2  

273 
274 

275 
276 
277 
278 
279 
280 
281 
282 
283 
284 

28s 
286 
287 
288 
289 
290 
291 
292 
293 
294 

295 
296 
297 
298 
299 
.zoo 
301 

20.05282 

18.82737 
1Ba9.3S7j 
19.05018 
19'161j8 

19.27299 
19'384.39 
19'49j79 
19.6oi20 
19.71660 
19.8.3001 
19'94141 

241 

230 
2.31 

232 
2.33 

234 
235 
2.36 
2-37 
2-38 
239 
240 

Days 

306 
307 
308 
309 
310 
31 I 
312 
31.3 
314 
315 

316 
317 
318 
319 
320 

323 
324 
325 

326 
-327 
328 
329 
330 
.3.31 
332 
.333 
334 
335 

336 
3-37 
3-38 
.339 
340 
341 
342 
343 
344 
345 

346 
,347 
348 
349 
350 
351 
552 
.353 
354 
355 

356 
357 
358 
359 
360 
.z61 
.Zh2 

26.94849 
26.959901 
t7'071.3oj 

3.3.6441i ' 
J i ' i 5 i S i  
.~.~.806g81l 

0 

34.08979 
34'20119 
34'31260 
34.42400 
34'5.3541 
34.64681 
34.75822 
.3~'86962 
34'98102 
35'0924.3 

35.20383 
35'31524 
35.42664 
35.53805 
35'64945 

321135~i6086 
32235.87226 

35'98.36; 
.36.09.joi 
36.20647 

36'31i88 
36.42928 
36.54069 
36.65209 
36.76350 
.36.87490 
36.98631 
37'09771 
.37'20912 
37'320j2 

37'43192 
.37'54.333 
37'65473 
37.76614 
.lj '87j54 
.77 '~889j  
38'100.1 
38'21176 
38.32316 
38'43457 

38'54597 
38'65737 
38'76878 
38.88018 
38.99159 
.39'10299 
39'21440 
.19'32580 
39'43721 
39.j4861 
39.66002 
39'77142- 
.39'88282 
39'9942.3 
40' 1056.3 
40'21704 
4 0 . 3 ~ ~ 4 4  1 302 

30.3 
.304 

20.16422 1242 
36.3 

1.364 
.z$! 20-2756.4 I 243 

40'4.3985 
40.55125 
40.66265 
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COXPUTATIONS. [PART VI, 

T*I)LE VI.-Value of the Movement of p or ~n for differencesof 

-- 

Value of r 

0 

'028 

'029 

-030 
'031 

'0.32 

'0.33 

'034 

'0.35 

' 0.36 

' 0.3 7 
.038 

' '039 
040 

,041 

'042 

' 043 

' 044 

'045 
046 

'047 
048 

.049 
' 050 

'OjI 

-052 

"'53 

'054 

'055 
'056 

Longitude +. 

Difference 
of 

Longitude 

6 

88.865 

92'097 

95.328 
98 - 560 
101'791 

105.023 

108'254 

111.486 

114.717 

117.949 
1~1.180 

124'41 I 

127.643 

130,874 
1.34'106 

137'337 

140'569 
143.800 

147.032 
150. 263 

153'495 
156.926 

'59'958 
163- 189 

166.421 

169'65a 

172.884 
176.115 

159'346 
182'578 

- , for W. 

Actual value8 
of r corre. 

eponding to 
Degrees in 
Column I 
-- 

0 

'0275 

'028 j 

'0295 

'0.305 

'03'5 

'0325 

'0335 

'0345 

'O.Zj5 

' 0365 

'0.375 

'03~5 

"3295 

' 0405 

'0415 

'0425 

'0435 

' 0445 

'0455 
-046; 

'0475 

'0485 

'0495 

'0505 

'0j15 

'0jz5 

'05.35 

'0545 

'0555 

' 0565 - 

Actual vnlues 
of s corre- 
eponding to 
llegrees in 
Column I 

0 

*OOOO 

. 000 j 
'0015 

-0025 

'00.35 

'0045 

'0055 

0065 

'0075 
-0085 

009 j 
'0105 

*or 15 

'0125 

'01.35 

'0145 

"='I5 5 
-0165 

'0' 75 
-0185 

"'195 
-020 j 

'0215 

'0225 

'0235 

'024 j 

-02 j5 

-0265 

'0275 

for E. Longitude 

Longitude 

Difference 
of 

Longitude 

0 

0' 000 

1.616 

4'847 

8 '079 
I I '310 

14'542 

17'773 
21.00; 

24- 236 

27'467 

30'699 

33' 930 
37' 162 

40' 393 

43'625 
46.856 . 
50.088 

53'319 

56.jj1 

59' 782 

6.3'014 
66- 245 

69'477 
72.708 

75 '939 

19'171 
82.402 

85'6.34 
88.865 

Greenwich. 

Valne of r 

0 

' 600 

-001 

'002 

-003 

004 

005 

006 

-007 

so08 

009 

'010 

'01 I 

'012 

'013 

'014 

-015 

-016 

'01; 

-018 

-019 

-020 

'021 

'022 

'023 

'024 

mo25 

,026 

-0a7 

Correction 
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CHAP. III,] COMPUTATIONS. 

TABLE VI1.-Products of Augmenting Factors R,, R,, and R, 
multiplied by 1 to 99. 
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-- 

TABLE VII1.-Products of S ,  x -001 up to S, x 1.000. 
S, = sin 1 5 O  = -25882. 

. . . . - - - - 

-004 

'0010,35 

'00362.3 
.oob212 
'008800 

lzg'o11.388 
'01.39i6 
'016564 
.org15~ 
,021 741 
'024329 

'029505 
'032094 
'0.34682 
'0372iO 
'0398 j8 

'042446 
'0450.15 

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

.oo3 
__L_____--p-  

18"000776 
.oo.3,365 

.008j41 
O I I  

'01.?717 

.016~306 

.or8894 
*02 1482 
'024070 
.0~6Gj8'026g17 

029247 
'0.31835 
'03.1423 
.o.~~oI I 

'039599 

'044776 

- - -- - 

.o05 

'001 294 
.oo.3882 
'006471 
. O O ~ O  j9 
'011647 
'01423j 

'016823 
019412 
.0220oo 
'024588 
'0271f6 

'029764 
'0.323j3 
'034941 
'0.37529 
'0401 I 7 

'042i05 

909 

'002.329 
.oo491H 
'00;506 
o 10094 
012682 
'OIj270 

'01 78j9 

.0230.35 

.02561.3 
'02821 I 

~o.zo800 
'0.33388 
'0.359;6 
0.38j64 
'041 152 

'04.3 741 
0460i0'046j29 

.ooe 
---- 

'0020; I 

.oo;24; 
'00983 j 
'01242.3 

'01 7600 
'020188'020~4i 
.0227;6 
'035.364 
'02igj,3 

'0.3.31 29 
'o.~s~I 7 
'038.305 
'040894 

-- 

NO. 

-00 

.oz 

.0,3 
-04 
.oj 
'06 
'07 
.08 
'09 
'10 

.I I 
'12 

'1.3 
'14 
' I  5 
'1 6 
'1  7 

.OOG 

'001 5 j3 
.oo41q1 
'006;29 
'009.318 
'01 1906 

'01 7082 
'01g6;o 
,022259 
'02484; 
'0274~j 

030C23 
'03261 I 
'035200 
'0.37;S8 
'0403 76 

'042964 
'04;294"045jj2 

KO. 

'00 

'01 

.o2 
'03 
.04 
'Oj 

'06 
'07 
.oS 
'09 
'10 

'1 1 

'12 

'13 
'14 
'I5 

'16 
'17 

'048917 
'0.51505 

'Oj4093 
056682 
Oj')liO 
,0618 j8 
'06.1446 

0 6  
'07221 1 

'074540'074799 
.07j.~g; 
'0799; j 
'08356-1 
'085 152 
'087740 
'090.~28 

'095.50.i 
'09809.1 
. I O O ~ H ~  
'10.~269 
'10585; 
'108446 
'I 110.34 
.11.1622 
.116210 

18~40.118598 

'12.3075 
'126.304.126j63 

'129151 
1.317.39 

- 

.ooi 

,0002 jg 
.oo2847 

76.005435 
'008023 
'010612'0108jo 
'013200.01,34j9 

-015;88 
.018,?76 
.020964 
'023 j53 
.oz61~1 

-028729 
'0.31 .?I 7 
.o3,39Oj 
0,36494 

.041670 
,0442 j8 

---.- 

-003 

'OOOOOO 

'002588 
'oojr 
'00) 76 j 
'olos3j3 
:012941 

'01jj29 
'0181 17 
'020706 
'023294 
'02j882 

'028470 
'0.~1058 
'0.33647 
'0362.3j 
'038823.039082 

'04141 I 
'043999 

( . o m  

'0018 I 2 
'004400.0046j9 
'006988 
'009 j 76 
'01216j 

'014494.014;5,3.01~012 

.OIj341 
'01gg29 
'02251; 

'025 106 
'027694 
~0~30282~0~30j41 
,0328;o 
'0.154 j8 
'038047 
'0406.3 j 

'0~~22:f'04~3482 
'0458 I I 

.04;62g 
'0j021 I 
'Oj2799 

29.055387 
. 0 5 7 7 1 7 . 0 j i 9 ; 6 . 0 ~ 8 2 ~ ~ l . 0 ~ ~ ~ ~ ~ ~  

~060564 
.063 I 5 2  
'06 5; 40 

.o;og17 
.073246.07.350j 

.0;609.3 
078681 

'081 269.08 
.o8.38 j8 
,086446 

~091363.091622~091881 

.og421o 
'096799 
.o9338; 

. I O I ~ I ~ . I O I ~ ~ ~  

'107151 

.11232R 

. I  

,122681 

'18 
'19 
'20 

'21 

'22 

'23 
'24 
'25 

'26 
'27 
'28 
'29 
'30 

'3' 
'32 
'33 
'34 
'35 

'.z6 
'37 
'-38 
'39 
'4' 

'4l 
'd2 
'43 
'44 
'45 

'46 
'47 
'48 
'49 
-10 

,047364 
'0499j2 
.oj2j40 

.OJ;I 

.060s30j 

I 

'068o;o 
.o706j8 

'0758.34 
.0;8164.078422 

.08 IO J  I 

.o8.3 

.086187 
-08877; 

'09.39 j2 
096540 
,0991 28 

'10~046'10430~'104~6~~ 

'10689.3 
'109481 

11810.112o6r) 
.l~4~4o'114.zgF1'1:~65;.114gl6.11 

' I  17245 

'122422 
'125010 

'127.Z39.127j9R 

- 
-- 

.UDB 

'COO j 
'00.3 106 
005694.oog95~3 
'008282. 

.o16047 
-01863j 
'02 I 22.3 

'02.381 I 
'026qoo 

.o28988 
'03 ~576 
'0.34164 
'0.367 j2 
'039341 

'041929.042188 
,0445 I 7 

-18 
'19 
'20 

-2 [ 
'22 

'23 
2 4  
'2 j 
.26 
'27 
-28 
'29 
'.lo 

'31 
-32 
'3.3 
'-34 
'35 

'36 
'37 
'.,8 
'.39 
'40 

'41 
'4.2 
'43 
'44 
' 4 5  

'46 
'47 
'48 
'49 

.0468.+6 
'049435'04969.3 

.o34611 
'0j7~91'0574j8 
'059;S; 

'064964 

'0675 52 
'Ojol40 

'Oi5058'o75.317 
'o77S)Oj 

'0g049~ 
.08,308 I 
085669 
'0882 j8 
'090846 

'09.34.34 
'095i63.096022 

'ogY0 10 
"OC94@'1olI99 

.lo:j8; 

'106.375 
'108j04.108903 

'1115.51 

16469'1~67?~'~ 

'I21c)04 
'124234'124402 
"i"S22'1~io~1 

,046 j88 
049176 
'oj1jG4'0j~02.3 

'054352 
'0.56940 
'0.50529 
'0621 1 i 
'06470j 

'06;293 
'069881 
'072470 

'077646 
'0802.34 
'082822 
'~8.541 I 

'08i999 
'090587 

''9.3175 

'098.152 

'103j28 

'1061 16 

'11 1 ?9: 
'11.3RS1 
'1 

'12164j 

.04St158 
0jJ246 
0 8  j 

. O ~ ~ O I  I 

.c61599 
.063929.064187 

.0667;6.06fo34 

.069105~069~364 
,071952 

'077128 

082.305 
.08489.3 
087481 
.090069 

'092,399.0926j8.092916 

,095246 
.09;834 

.10016.3.100422 
'10.3010 

.10j599 
.1o;g28.108187 

.11o;ij 
.11,3104.11.3303 
.11569~.11s~)j1 

'I 

.12.3;16 

.I.~I J R I  

'04710j 

'0j~zS2 

.064870 

'060046 
.062.3;6.o6z6,3qao62893 

.06j223~06548 

.o6;811 

.o;o399 
'072728'072987 

'07.5 j7j 

'0807 j2 
.083340 
.085928 
.088 j16 
,091 loj 

'09.3693 
.096281 
,098869 
'101457 

,106634 
'109222 
'I 

16~87 

.12216.3 
'124751 

-129~10~'121:6691'121)928.1301861.~.3044s 

,048399 
.ojogRR 
0 0  
056164.oj6423 
'058; j2 
'061.340 

.o66; I 7 

.07169.3 
'0 74281 
.0;68;0 

.079199.0;94j8.0i9717 
.082046 
,084634 
.08:222 
,0898 I I 

'09498; 
'097 57 j 

.I02752 

' 1 0 ~ ~ ~ 0  

- 1  10516 

18281 

.~zgqsi 
'120045 

.1.31~22 

.0~;882'.0~81~1 
0j04i0~.0j0j29 

9 ~ j 3 ~ 8  0 . 1  

~ 0 5 s 6 1 6 ~ ~ ~ 5 s 8 ~ S  

'0608~31'~61082 
'06,341 I -06.36;~ 
'06 

.068328.06Sj87 
-071 1;6 

.0;6~352 

.0;85)40 
I 528 

.0841 I 7 
'086705 

.0890,34.08929.3.089;j2 

'094469 
.09;0j8 
,099646 

'10~822 

'109;40'109999 
. I  12587 

1;504'11;;6,3 
~ ~ ~ 9 ~ S i ~ ~ ~ 9 . ~ ~ 6 ' ~ 1 9 5 7 j ~ 1 1 9 8 ~ 3 4 ~ 1 2 0 0 ~ 2 ~ 1 2 0 ~ 5 1 ~ 1 2 c 6 1 o ~ r 2 0 8 6 ~ ~ 1 2 1 1 2 8 ~ 1 2 . 1 3 ~ ~  

'125269.12j528.12578i 

.1.30704 

jg99"0662 j~ 

.o68846 
'0714.34 

07.3764'.07~02~ 
20;66~ I 

-08 r 78; 
,084375 
'086~64 

'092 140 

'094728 
'09~,f16 
'09990.; 

'Io22~4'102~g~ 
'10~081 

.107410.10;66g 
'1102j; 

.I 12840 
j1;5.~~;q34 

.I 18022.1 

122940~12~3198 

~~~~~~~~~~~~~~~128.~;5.1286.~,~.1~8892 
.130963 



TIDAL OBSERVATIONS. 2!i 9 

TARLE VII1.-Products of S1 x -001 up to S, x 1.000. 
S, = sin 15' = 025882. 
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 COMPUTATION^. [PART VI, 

TABLE 1X.-Products of S, x -001 up to S, x 1.000. 
S, = 
'003 
-- 
.ooa I 2 1 
'009192 
'016264.01697~ 
'02.33.35 
9 ~ . 3 ~ 4 ~ 6  
'037 47 j 

'044 j48 
0516 19 
'og8690 
'06 j761 

'05990.3 
086975 
'094040 
,101 I I j 
'108188 

'115259'1l5966 
.I22330 

'1.36472 
'14.3543 
'I 

'157686 

,171828 
- I  

'2001 I 2 

207 

.220618.221325.2220.3.3 
'228.39; 
'23j468 

'249610 

-256681 
'26.37 52 
'270823 

'29ao.z6 
'299108 
'3061 79 

'311128'3118.36' .3~2543'3I.Z25~'313957~314664.315371 
'320321 

'.z2739a 
'33446.3 
'3415.14 
'348605 
'3.55676 

sin 45' 

.004 

'002828 
.ooggoo 

'024042 
'0.31 I 13 
-038 184 

'045255 
'0 j2326 
,059897 
'066468 

'0728.32'07,3539'074247 
'0806 I I 
087682 
'0947 j3 
'101824 
'108895 

.I 2.30.37 
-130108 
'1.371i9.137886 
*144250'14q98 

j0614.151.322 
'158,393 
'16j464 
'1725.35 

'1859j0~186677 

.zoo8rg 
18.z.zo7890 

214254.214961 

*229104 
'2361 7s 

22425539.243246 
'250317 

'264459.265 
.271530 

.277894.278601 
~284258~284965.285672~286380 

'292744 
'a9981 
'306886 

'32 1028 

'3.35 170 
'342241 
'349.31 
-35638.3 

NO. 

.oo 
-01 
-02 

.o3 
'04 
.Oj 
'06 
'07 
.08 
'09 
'10 

.I I 
'12 

'13 
'14 
'I j 
'16 
'1; 
'18 
'19 
'20 

'21 

'a2 

'2.3 
'24 
'Zj 
016 
'27 
'28 
'29 
'30 

'31 
'32 
'33 
'34 
'35 

'36 
'37 
'38 
'39 
'40 

'41 
'43 
'43 
-44 
'45 

'47 
'4' 
'49 - 'so 

'001 
- - - -  

'000707 

'007778 
'014849 
'021920 
'028992 
'036063 

'043134 
'050205 

'057276 
'064347 
'071418 

.o85560 
'0926.3 I 
'09970.3 
-106774 

'113845 

'13j058'135765 
'142129 

'149200 
'156271 
'163.342 

'184556 
"90920"91627'J92334'I93041 

'198698 
'205062~20j769~206476 

'212840 

I 
'226982 

'23.3346'1.3405.3 
'241 125 
'248196 

'a54560.255267 
.262.3.38 
'a69409 
'276480 
'28.355 r 
'290fi22 
'29769.3 
'304764 

'318200.318907 

'325978 
'333049 

'347191 

'008 

'005657 
.OI 2728 
'019799'020506 
,026870 
0 
'04101 1 

6 ~ 4 8 ~ 8  
'0 j5 I 5 
'062226.0629~33 
'069297 
'076368'077075 

.08.3439 
'0905 1 0  

'09758 I 
'104652 
'1 I 172j 

r l S ;  
.I 25866 

'140008 

'154150 
'161 221 
.168292 

.18~434'18.3141 

19j162.19j869'196j77'197284 
-20.3648 
'210719 

~21708p7790.218497 

.224154'224861 
.23 I 9.32 
'23900.3 

~45367.2~6074 
'25.3145 

26 

'28072.3.2814~30 
.288 jor 

..30264.3 

..3097 
.316078.316785.317492 

'323856 

'3.30927 

',345070 
52141 

-359212 

'000 

.OOOOOO 

*007071 
'014142 
.021213 
.028284 
'0353 j6 

'042427 
'049498 
'056 j69 
,063640 
'0707 I I 

.077782.078489 
'0848 j.3 
'091924 
0098995 
-1oGo67 

.I 131 38 
~120209~120916 
*127280.127987 
'1.34351 
'141422 

'14849.3 
,155564 
'162635 
'169706.170414 
'176j78'1774r)j 

'183849 

'19j991 

'212133 

'219204'21991 
'226275 

'140417 
'2474'9 

'361631 
'268703 
'275773 
'282844 

'289915 
'~969~6 
'304057 

.32j271 
'332342 
'3394'3 
'346484 
'-353555 

= 

-005 

'00.3 5-36 
'010607 
'017678 
'024749 
3 ~ 3 ~ 8 ~ ~  
' 0 ~ 8 8  I 

'045962 
'05.30.3.3 
.o60104 
'067 I 

'08 13 18 
'088.389 
'09 5460 
' 1 0 2 5  
'109602 

.I 1667; 
'12.374 
'1.30815 

'152029 
'159100 
' 1 6 6 1  
'17.3242 

;8899'179606'180.31,3'181020.1817~7 

'187384 
'193748.194435 

,201 526 
.208jgj 
'21 j669 

.2298 1 I 
,256882 

'2j102 

.257388.258095 

'2722.3: 

'29.345 I 
~~300522 
-307 593 

'321 7.35 
'328099.328806.3295 

'335877 
,342948 

2 .,350019 
'357091 

,002 

'00141 4 
'00848 j 
'0155 56 
'022628 
'039699 
'036770 

'043841 
'05091 2 
'057983 
'0650 j4 
'07212j 

'079196 
'08626 j 
'09.3.3.39 
'100.+10 

'107~81 

'IJ45j2 
.121623 
'128694.129401 

'1428.36 

'14990; 
'1569;8 
'1640j0*164757 
171  121 

,178192 

'18j263 

'19940j 

'213547 

'2 27689 
'2.34761 
'2418.32 
'248903 

.zs5974 

.a6,3045 

.z7or 16 
'277187 

'291.329 
'298400 
'305472 

$319614 
'326685 
'33.3756 

'34°120'34082i 
'347898 

'354262'354969 

.009 
___ 
.oo63fj4 
'0134,35 

'027577 
,034648 
'04 I 7 19 
0 8  I 
'oij862 

'070004 

,0841 46 
'091 2 I 
'098288 
'105.359 
'112430 

I 

.12637.3 

.133644 
'140715 
'147786 

'1548.~7 
'161928 
'168999 

,190a13 

'204355 
'2 I 1426 

-225568 
.2.32639 
'2.39710 
'246781 
'253852 

-260216.260924 
j288.267995 
59,27j066 

*282137 
.a89208 

'295.j72.296279 
'303350 

14.31042 1 

-32456.7 

.3.3163; 
*,337999'338706 

'.34577 7 
'352848 
-359919 

-70711. 

-006 

'004243 
'01 1.3 14 
'018.385 
'0254j6..02616.3 
0 . 2 2  

'039 j98 
'046669 
'0.53740 
'06081 I 

75.06788.3.068590 
'0749j4 
*o82025 
'089096 
'096 I 67 
'10.3238 
.I 10309 

.11738o.r18087 
I I 
.I;SI j 2 ~  

'138594 
1 4 6 6  

'1527.36 
'159807.160514 
.166878.167585 

8 0  

'209305 
'216376 

'222740'223447 
2.305 18 
'237589 

* 2 4 3 9 6 6 0  
I 1 

'258802 
166.26jSj.q 

.P 72944 
.279308.280016 

'28 7087 

'294 I 
,301 229 
..308.300 

..321442 

,343655 
..350727 
.357798 

No. 
-- 

-00 

'01 

-02 

'03 
a04 
-05 
'06 
'07 
-08 
'09 
'10 

* I  I 
'12 

'13 
'14 
'15 
'16 
'17 
'18 
'19 
'20 

'21 
'22 

'23 
'24 
'25 

'26 
'27 
'29 
'29 
'30 

'31 
'32 
'33 
'34 
'35 

'36 
'37 
'38 
'-39 
'40 

'41 
'42 
'4.3 
'44 
'45 

'46 
'47 
'48 
'49 
'50 

-007 

'004950 
~012021 

'019092 

0 2  

'040305 

'047.376 
'054447 
,0615 19 

'07j661 

.o82732 

.0898003 
'096874 
.10.3945 
' I I I O I ~  

.1251j8 
'132230'1329.37 
5~13r)301 
.146372.147079 

'153443 

' 1 7 ~ ~ 9 4 ~ 9 ~ 7 4 6 5 ( , ' ~ 7 5 5 ~ 6 1 6 0 ~  

'188798.189j05 

'2022.33.202941 
.210012 

.2.3 I 225 

.2.38296 

'2 52438 

-259509 
,266580 
'2736j2.2743 

.287794 

j8.294865 
..301936 
'-309007 

'323149 
1.3.330220 

.336584.337291 
'34436.3 
'3 j1434.3 
'358joj 
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TABLE 1X.-Products of S3 x -001 up to S3 x 1'000. 
S, = sin 45O = *70711. 

.001 

'354262 

'368404 

'.38254i 
'3896 1 8 

'396689 
'40.3 7 6 ~  
'4108.31 
'417902 
-424973 

'43 2044 
1 5  

'446186 
'45.3258 
;460329 

,46740~ 
'473764'474471 

,481 542 
'48861 1 
'495684 

'50275: 
'50982f 

'j16190.51689; 
.523965 
'53'04C 
'538 1 I 1 

'545182 
'5j1546.5j2253 

'559324 
'566.395 

'573466 
'580537 
,587608 
'59468~ 

.601044.601751 

.608822 
'615893 
,622964 
,6.30035 
'6.37 '06 

'64417; 
.65 I 248 
'h58.419 
'665.391 
672462 

.678826'6795,33 
'686604 
'693675 
-700746 

No. 

'50 
'5 1 

-52 
'53 
'54 
'55 

'56 
'57 
' j 8  
'59 
.60 

-6 1 

'62 
'6.3 
'64 
'6 5 
-66 
'67 
.68 
.69 
'70 
'71 
- 7 2  
'73 
'74 
'75 

'76 
'77 
'78 
'79 
'80 

'81 
'82 
.8.3 
.84 
.8 j  
-86 
-87 
-88 
.89 
'90 

'91 
.92 
-9.3 
'94 
'9.: 

-96 
'97 
'98 
'99 

1.00 

'000 
--- 

'353555 
'.360626.361.3.33 
'367697 
'374768'375472 
.~818 .~9  
.3889 I I 

'395982 
'4030.53 
'4101 24 
'417195 
'424266 

'43 13.37 
'438408.4.391 
'445479 
'452550 
'459622 

'466693 

-4808j5 
'487906 
'49497 5 
'j02048 
'5091 19 

'52.326 1 

'53033.3 

'5.37404 
'544475 

'55861 7 
'56 j688 

'572759 
'5798.30 
'586901 
'593972 

,6081 I 5 
'615186 
'622257 
629,328 
'6.36399 

'64.34io 
.650541 
'657612 
'66468.3 
,671755 

-685897 
,692968 
'7ooo.39 
.707110 
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TABLE X.-Products of S ,  x -001 up to S, x 1.000. 
S, = sin 60' = '86603. 
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- - 
No. 

.- 

'50 
'5' 
'j2 . - 
3 .3 
'54 
'55 
'j6 
'5 7 
'58 
'5 9 
.60 

'6 I 
-6 2 
-6.3 
'64 
'65 

.66 
'67 
-68 
'69 
'70 

'7 1 
'72 
'73 
'74 
'75 

-76 
'7 7 
'58 
-79 
'80 

-8 I 
'8 2 
3 

'84 
'8j 

'86 
'8 7 
.88 
'89 
'90 

'9 1 
'92 
-9.3 
'04 
'95 
-96 
'9 7 
'98 
'09 

1'00 -- - 

TABLE X.-Products of S, x ~001 up to S, x 1.000. 
S, = sin 60' = -86603. 

-- ~ 

.000 .001 .002 -003 

'4.3821 1 
'4-16871 
'4555.32 
6 
8 
'48 1513 

'49017.3 
4 9 3 3  

I 

'j3.3474 
'542 135 
'550795 
'5.59455 
'j68116 

4 5 7 5 9 7 7  
6 
'594097 
.602757 

'619211.62007; 
,628738 

64608 
'6j4719.65 

'663379 
'6;20,?9 
'680700 
'689360 
698020 

0 6 6 8 0 0  
1 1  

13j'724001 

'741.322 

7 4 9 9  
4 
af67303 
7 . 3  
'784623 

'793283 
I 
8 6 0  
8 6  
827925 

'8.16585 
8 
085.390f~ 
862566 

'437.345 
'446005 
'454666 

'480647 

'489.307 
.49797 
'506628 

'j10g~8.j118~4'51~690'51.~5~6.514422'j~5~88.j16154.51i0~0.~1i886~'~187~z' 
'523082.52398 

'5.32608 
'541 269 
'549929 
'j58589 
'567250 

'58450 
'59,323 1 
'601891 

627872 
.63653 
,645 I 
'6j3853 
'662513 
'671 I 7.3 
'679834 
'688494 
'697 J 4 

'7144 j 
'723 
'731795'132661 

07491 I 
'7~776 
'766437 
' i i S 0  
'783757 

'79241 7 
28~~o;8 
.8097,R 

'827oj9 

'8.35719 
'844.379 
.R53040 

.004 

'43.3015 
'4416i5 
'450.136 

'456.317 

'484977 
'4936.37 
'502297 

'528275 
'5369.39 
'545.599 
'5.i-1259 
'562920 

,580240 
';88900 
'597561 
'606221 

'62.3542 
.G.z2202 

'640862 
'649523 
'658183 
'666843 
.675503 
'684164 
.692824 

'710145 
'7 ~8805 
'727.165 
'736126 

'744786 
'75.3446 
'762106 

'i73427 
,788087 
.;96748 

.81qo68 
,822729 

8.31389 
.840049 
848;09 
.857370.8582;6 
866050 

-006 .005 
-ppppp- 

'4.19077 
'4477.38 
'456398 
46508 
8 
'482.379 

'4910.39 
49999 

'j07494.508.360 

'5.3434~ 
'543001 
'5.51661 
'560.321 
'j6B982 

5 7 7 4  
6 0  
'59496.3 
.60.362.3 

'629604 
6.37.398.6.38264 

646924 
j58j 

'664245.6651 
.672905'67.3771 
.681566 
'690226 
698886 

6 0  
'72486t 
'73.3527 
'742188 

7 
0 
.568 169 
7 7 9 7 7 9 5  
'78j489 

'794150'795016 
8 8 0  
8 I 
82010 
.828791.8296ji 

'8.37451 
4 11  

.8.54772~85563 
6 

'4.33881 
'442541 
'451202 

~458996~459862~460;zX 
,467656,468522 

'47718.3 

'48584.3 
'494503 
'50.316.3 

'529144 
'537805 
'546465 
'55 j 125 
'56.3786 

'571580'5i2446 
'581106 
'589766 
'598427 

'614881~'615747 
'624408 
.63.3068 
'641728 
'6j0.389 

'6 59049 
.667;09 
,676369 
'6850.30 

'71 1 0 1 1  

'719671 
'728.331 
'736992 

-745652 
'754.3'2 
-;6z~);z 

.770767';7[6,3.3.772499.7i336j 
-780293 

-78895.3 
'79i61q 

.805408.806274.807 
'81qg.<4.8 
'823595 

'R32255 
'840915 
.8.+95;s 

.. 

.007 908 / -009 1x0. 

'4.7474; 
'4-1.340i 
'4.52068 

'469.388 
'478049 

'486709 

'519618'520484'52~3~o.~~zt'6 

4 5 . 3 ~ 0 ~ ~  
'538671 
'5473.3 1 
'555991 
564652 

'581972 
'590632 

-616613 
'625274 
.6.339.z4 

'651255'652121 

'659915 
.668575'669441 
'6772.35 
'685896 

'693690.694556.695422 

'71 1877 
'720j.37 
'729197 
'737858 

'746518 
'755178 
.76.38.38 

'58" 

'789819 
.;98q80 

I 5800 
'824461 

'R.3.31~1 
'841781 
850441 
'8 j9102 

'50 
'51 

'52 
'5.3 
-54 
'55 

'56 
'57 
'58 
'59 
.60 

'61 
'62 
'63 
"34 
'65 
'66 
'67 
'68 
'69 
*i0 

'71 
'72 
'7.3 
'74 
'75 
'76 
'77 
'78 
'79 
'80 

-81 
'82 
'83 
'84 
'85 
'86 
'87 
-88 
'89 
'90 

'91 
'92 
'93 
'94 
'9j  

'96 
'97 
'98 
'99 

1-00 

.4.39943!.440809 '4.3561 3 
'44427.3 
'4529.34 
'46 I 

.467575 
'495369'4962.35 
'504029'504895 

'530876 
'5395.37 
'548107 
'556857 
'j65518 

'573312'574178 
582838 
'591498 

'599293.600'59 
'60j087'607953'608819.609685~610~1 

'61 
'626q0 
46,34800 

'642594*643460.644.326 

'660781 

.678101 
'686762 

' 701484~702350~703216~704082~704948~70j84 
'71 2743 
'721403 
'7.3006.3 
'738724 

87477384 
87.56044 
'764;04 

59.782025 

9i9~68.i 
.i99.346.800212 

140.808006 

.82j327 

'8.3.4987 
'842647 
.851.307 
-859968 

'&8604 
'457264 
4 6 2  
8 
'48324j 

-491905 
5 5  

'4.36479 
'4451.39 
'45.3800 

594~462460~463.326 
~70254~471120~4714,86 
'4789'5'479781 

'488441 
.497~01 
'j05762 

'j.31742 
'54040.3 
'54906.3 
'55772.3 
'566384 

'57.5044 
'583704 
'592.~65 
60102~ 

7479.618345 
.627006 
,6.35666 

'652987 
,661647 
.6 jo.307 
'678968 
687628 
'696288 

'71.<609 
'722269 
'7.30929 
'7.39590'740456 

.748250 
'756910 
.;65571 
'ii42.31 
.782891 

,791 551 

-808872 
.816666.8175~32.818.398 

'826193 

'8.34853 
'84.35 1.3 
,8521 74 
'8608.34~861700 
, . 

' 4 . ~ 0  
'458130 
46690 
0 
'4841 1 1  

'49.2771 
5 4 . 3  

509226i~510092 

~ 6 8 0 ~ 6 6 1 ~  
I '5.35207,'53607.~ 

.5438671'j447.3.; 
'552j27i'553.?9.3 
,561 187,'j6205.? 

S O  
8 6 8  
'595829 
'60448 

.611417.61zt83'613149~614015 

'620944.621810.6226 
'6.30470 
'6.39 1 .?o 
6 4 0  
.65645 I 

I I 

'6824.32 

6997 j2 

0 8  
I 

7.34393 
'7430j4 

7 4 
0 . 4  
-769035 

'786,355 

8 0 6  
8 2.6 
8 2  

'8.383 
'84697i 

864298 

'569848,'5707J4 

3 4  
8 0  
'596695 
6 0  

76 
06,31,7~36 
56.wo96 
648656 
'657317 

.665977 
'6746.37 
268g3~8 

'691092.6919j8 
.700618 

0 2  
I 

.7257.3.3'726599 
'735259 
'7.13920 

7 
4 
.;6ggo1 
7 
.;87221 

'795882 
804542 
81.~202 
8 6 :  
,830523 

9 . 3  
84784.3 
8 5 4  
'865 164 
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TABLE XI.-Products of S6 x '001 UP to  S, x 1.000. 
= 

-005 

'0048.30 

024148 
'0.33808 
'043467 
'0j3126 

'062785 
'072445 

138.082104 
'091 763 
'101423 

120741 
'130401 

'149719 

'169038 
'178697 

,198016 

73-34 
'226994 
'23665.3 

'25591 
I 

'284949 

'304268 
'31.392; 
'32.3587 
'333246 
.j42905 

'352 j64 
'.362224 
'3 j 1883 

76.3815 
201 

'399895.400861 
'410520 

'419214.420180.421145 
'428873.429839.430805 

.4.39498 

'449157 
'45881 j 
'468456 
'4781, 
'487795 

-002 
------ 

932 
'01 I j9I 
~021250~02221f1 

'030910 
'040569 
'050228 

.059888.0608 
'069547 

'088866 
'09852j 

'12750.3 
.137162 
'146821 

'156481 
j4'166140'167106 

,175799 

'I',~II~ 

'20477; 
'214436 
'224096 
'23,3755 
'243114'244.380 

1767.262733 

'282052 
'291711 

'301370 
'31 1029 

'330.348 
'340007 

'349667 
'359326 
'368985 
'3i8645 

'387338.388304 

'39796.3 
'406657.407622 

'417282 
'426941 
'4.36600 

'446260 

2 '465578 
'475238 

1 

S5 = sin 75' '96593. 

'006 

'005 

-015455 
'0251 14 
'0.34773 
'0444.33 
'054092 

,06375 I 
'07.341 I 

'092729 
'102389 

'112048 
'121707 

'131.366 
I 
'150685 

'1;0004 

'198982~19~9948 
'208641 
'218.300 
'2279 
'2.37619 
'24 7278 

-256937 
'266597 

j 
'28591 

'3052.34 
.314893.31585q 
'324552 
I 

'34387 I 

'3s.3530 
6 0 

'372849 
,382508 

'40182 j 
'41 1486 

0 6  

'4501 
'45978.3 
'469442 
'479101 
'488761 

.CtOl 

'000966'001 

'ozoz8j 
'02gg44 
'0.39603 
'049262 

'058922 
'06858 I 

~ O ; ; ~ ~ ~ ~ O ~ ~ ~ ~ O ' O ~ ~ ~ O ~ ~ O ~ O I ~ ~  
'o8;goo 
'097559 

'116878'117843 
'126537 

'14j855 

,155515 
'16jl 
'17483.3 

'194152 
'20.381 I 
'213471 
'22.31.30 
'232789 
'242448 
'252108 
26 
27 
'281086 
'290745 

'300404 
'.3 10064 
'31972.3 
'329.382 
'339041 

'348701 
'358.360 
'368019 
'377679 

'396997 

'41.5350'416~16 
'425975 
'435634 

'445294 
'45495.3 
'46461 
'474272 
'4839.3 

NO. 

'00 

'01 

.o2 
'0.3 

'04 
.05 
-06 
.07 
.08 
a09 
'10 

1 1  

'12 

1.3 
'14 
'15 

'16 
-17 
-18 
'19 
-20 

'21 
2 2  

'2.3 
'24 
'25 

'26 
'27 
-28 
'2.3 

'30 

'31 
'32 
'33 
'34 
'35 

'36 
'37 
'38 
'39 
'40 

'4' 
'42 
'4.3 
'44 
'45 
'q6 
'47 
'4 
'49 
'.W 

.003 

'002898 
'OItSjj 

00.3~876 
'041535 
'05 I 194 

j~ 
'0705 I 3 

.o898.3 I 
'099491 

'107218'10818~'10~150~110116'111082 

118809.119775 
128469 
.138128 
'147787 

'157447 

,176765 

'196084 

'205743 
'215402 
'22 

'234721 

~253074'254040.2~6 

'28.301 j 

'3023.36 
'311995 

'320689.321655 
'3,311ZI+ 
'34097.3 

,3506.3.3 
'360292 
'36995 1 
'379610.3805 
'389270 

'398929 
'408 j88 
'418248 
'427907 
'4.37 j66 

'447226 
'4j5919'456885 

'466 544 

'484897.48586.3m486829 

~000 

.OOOOOO 

*oo96j9~010625 
.019~31g 
,028978 
.0,386.37 
'048297 

.O jig56 
06 761 j 

-086934 
'09659.3 
106zjz 
1 1  5912 
'12j571 
.1.352.30'1,36196 
'144890 

'154j49 
('164208 
'173867 

.193186 

'202845 
'212jo.i 
~222164 
'2.3 182.3 
'241483 
'251 142 
'260801 
'270460 
'280120 
'289779 

'299438 
'309098 
'318757 
'328416 
'338076 

'347735 
'357.394 
'367053 
'376713 
'386372 

'396031 
'405691 

'425009 
'434669 

'444.Z28 
'453987 
'46.3646 
'47.330~ 
'482965 

).004 

'00,3864 
'01.352.3'014489 
,o2.3182 
032842 
"34250~ 
'052 160 

,061820 
'071479 
'081 
.ogo797 
'100457 

'1294.35 
811~90940140060 
'14875.3 

.158413*159,378 
'168072 
'177731 

'18.3~~7'18449.~'18j4j9'186424~187,390~188~56~189322102881125412 
'19yojo 
'206709.207675 
,216.368.21 

j062.226028 
'2.3568 j 
'245340'246312 

'26.3699.264665'2656.3 
1426'272,392'273358'274324'275290'2762 

'28398.3 
'292677'29364.3'294609'295575 

663~.3.3~~ 
'312961 
-322621 
.332280 
'341939 

'35 1599 
'3612 j8 
'.370917 

'390236.391 

'409 554 

'4.38532 

'448192 
'457851 
'467510 

'476203'477169 

'00'7 - - -  
796.006;62 

'016421 

'0.35739 
'045.399 
'0550j8 

'0647 1 7  
'074.377 

o8~o~o'o8~o,~6~o8~oo~ 
'093695 
'103355 

'12267.3 
.I32322 
I 
'I j16j1 

'160344.161~10.162276.163242 
'170970 

.17966.3.1806~9'18159j 

.20960; 
'219266 
8 
'238585 
'248244 

.267 563 
2 2 2  

5.286881 
.296541 
~.~o6~00 

'325518 
3 5  I 
'344837 

,354496 
6 6 
'373815.374781 

'392168'393134 

'402 79.3 
'41 2452 
,4221 I I 
.4,3177 I 

I 

2.3.451089.4520j5 
'460749 
'470408 
.480067 
'489727 

008 

'007 7 2 7 
017.387 

~026080~01;046~028012 
'0.36705 
'046.365 
'05602 4 

,06568.3 
'07 5-34.3 

.094661 
'104320 

11301q.113980'114946 
'123639'12460j 
.13.3298 
I 
'152617 

'1719.36 

.zoo913 

,210573 
.220232 
*229891 
'2.395 51 
'249210 

'25790.3.258869.259835 
.268529.269494 
278188.2 
'28 7847 
.297506 
0307166 
.316825.317791 
'326484 
336144 
'345803 

6 
6 :  22 

..383474.384440 
'394099.395065 

'403759 
,413418 
'42.3077 
-432 7-37 
2 

'461 
'471374 

-490692.49 

.009 

0086.39 
'018,353 

'0,37671 
'047331 
,056990 
'066649 
'076308 
,085968 
'095627 
'105286 

'134264 
I 
'153583 

'172901 
-182561 

'201879 

'21 15.39 
'221 198 
'230857 
'240517 
,250176 

79154 
'288813 
298472 
'3081 32 

'.?27450 
7 0 

'346769 

3 5 4  
6 0 7  
'375747 
'$35406 

'404725 
'414.384 
'424043 
.4.33703 
4 . 3  

'45.3021 
715.462680 

'472.340 
.481033.481949 

1658 

No, 

'00 

'01 

.02 

'0.4 
'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 
'3O 

'3I 
'32 
'33 
'34 
'35 

'36 
'37 

:38 39 
'4O 

'4' 
'42 
*43 
'44 
'45 

'4 
'47 
'48 
'49 
'So 
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- - 
No. 

TABLE X I . - - P ~ O ~ U C ~ S  of S6 X '001 UP to S, X 1'000. 

'000 

'482965 
'492624 
'502284 
'511943 
'52'602 
'531 262 

.540921 
'550580 
'5602.39 
569899 

'579558 

'589217 
'5988;7 
.'608 
,618195 
.627855 

'637514 
,647 I 
'656832 

'676151 

'695470 
'705 1 

'714788 

'7.34107 
'743766 
'753425.754391 
'763085 
'772i44 

'78240.3 
'79206.3 
'801 722 
.811381 
'821041 

.830700 
340359 
'8tjoo18 
8 596 

.a78996 

'898.31 5 
,907974 
,917634,918599 

'927293 
'936952.9.179 
,94661 1 

,95627 I 
'965930 

'001 
--- 

483931 

'512909 
'5225b8 
5.32227 

'541887 
'551546 
'j61205 
'570865 
'580524 

'59018.3 

619161 
.628820 

73.648139.649105 
'657798 

'6771 17  

-696436 
a9.706095 

764051 

'783369 
'79.3029 
'802688 

.822006 

-83'1666 
841.325 
850984 

.869337.870,30.3.8; 

.a79962 

.899281 

,928259 
18  

,947577 

'002 

'484897 

'503250'504215 
'j1.3875 
-j2,Z5.34 

.54285.3 
'552512 
.56217 I 
,571831 

'591149 

j36.609502.610468.6114.?4 
6201 

.6.38480.639446 

.666492.667458.668424.669389 
.678083 

-697401 
.707061 

'724448'725413'726379'727345'72831 

'i3507.3'7360.39'73fooj 
'744732'745698 

.765017 

'7843.35 
'7 
'803654'804620 

.812347.813313.814279.815245 
'822972 

.8326.32 

.842291.84.3257 

.8519j0.852916 
j8.860644.861610.862575.86.3541 

I 

,880928 
888656~889622~890587~891553 

,900247 

-919565 

'929225 
'9.38884 
'91854.3 

.957237.958203.959168 

S ,  = 

'003 

'48586.3 
49.3590.494556.495522.496488 

.j0* 
' 5 1  4841 

'533193.514159 

'54.3819 
'55.3478 
.56.3137 
'572796 

'581490.582456 

'5921 15 

27.621093 
629786.630752.6.31718 

-64041 2 

,65007 I 
'658764.6597.30.660696 

~ 6 8 5 8 1 0 ~ 6 8 6 7 7 6 ~ 6 8 7 7 4 2 ~ 6 8 8 ~ 0 8 ~ 6 8 9 6 7 4 ~ 6 9 0 6 ~ 0  
.698.367 

'715754'716720'717686.718652 

'746664 
.755.357.756323.757289 

,765982 

'785.101 
9.3994'794960 

'82.3938 

.833598.8.34564 

269.872235 

-881894~882860 

'901 213 
908940~909906~910872~911~~38~912804~913770 

.920531 

'930191 
'939850.94081 
'349509 

'009 

'491658 
I .  18  
'510977 
0 5 2 ~ 6 , 3  
6 
'5.39955 

'549614 
'559273 
'568933 
5 5 9  
8 8  

'59791 
607570 
'617229 

'625923.626889 
6 6  
'646207 
'655866 
6 6  
'675 185 

'683878.684844 

6 9 0  
'70416.3 
1 8  
8 

7 
7 5 4 5 9  
'763119 
I 

7 4 3 7  

'791097 
7 5  

j 
8 0  
'829734 

-8.39.393 
'849052 
'85871 2 
8 .  
4 8 ; 8 ~ . ~ ~  

6 0  
'897349 
9 
6 6 6  
'92637 

' 9 3 5 9  
'945645 
'955305 
'964964 

No. 

'50 
'51 
'52 
'53 
'54 
'55 

'56 
'57 
'58 
'59 
'60 

1 '61 
.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 
'9.3 
'94 
'95 

'g6 
'97 
'98 
'99 

1'00 

sin 75" 

'004 

'486829 

'506147 
51 j807 

'524j00.525466 
'5.35125 

,544785 
554444 

'564103 
'5 7.3762 
'583422 

'593081 
599843~600808~601774~602740~60~3706~60~6~2  

461 2400 

'641378 
'65 10.37 

-670355 
'679049,680015 

'699.7.3.3 
'708027.708993 

1 

'73797 
'7476.30 

'766948 
~ 7 7 3 7 1 o ~ 7 7 4 6 7 6 ~ 7 ~ 5 6 4 2 ' 7 7 6 6 0 8 ~ 7 7 7 5 7 4 7 7 8 5 4 0 7 7 9 5 7 4 7  

'786267 
'f 95926 
.So5586 

824904 

'8&22.3'845189 
'8j3882 

.873201 

38925~9.89.3485 
'9021 79 

,921497 

'9.31 157 

'950475 
'9601 34 

'008 

'490692 
0 0 . 2  
'510011 

'518704~519670 
2 

'538989 

,548648 
'558.308 
.567967 
' 5 7 i 6  
8 

'596945 
606604 
'616263 

6 8 2  

'645241 
'65490 I 
6 6 5 6 0  
'674219 

693538 
,703197 
0712856 
6 

'730243'73I209'732175'733J41 

7 4 3 4  
7 4 9 4  
'761 153 
0 8  

0 . 3  
7 9 9 7 9  
'809449'81041 
8 0  
'828768 

.a38427 
'848087 I 857746 
8 6  

8 
'89638.3 
0 6  
7 
'925361 

'935020 
'944680 
'954339 
'963998 

'007 

'489727 
499386 
.509045 

6 
'538023 

'547682 
'557342 
.567001 
'576660 
6 0  

'595979 
6 0 6  
'615297 
'624957 
'634616 

'644275 
'65.39 35 
6 
'673253 
'682913 

6 
0 2  

1890 
2 1 0  

7 4  
0 8  
.760187 
-769846 

7 9 1 6 5  
7 9 4  
'80848.3 
I 

'827802 

6 
0 4 7 1  21 

6 0  
6 6  

133'876099.877064 

8 8 8  
'895417 
'90506 
9 . 3  
'924.395 

'9.34054 
'9437 14 
'95337.3 
'96 3032 

= 

.005 

'487795 
'497454 
'5071 1.3 
'j1677.3 
' j 2 6 4  
'536091 

'54.5750 

'5 74728 
'584388 

'594047 

622059.623025 
'632684 

'652003 
6 6 1 6 6  
. 6 7 1 3 1  
-680981 

S 7 0 0 z  
'709959.7 
'7'9618 
'729277 

1 . 7 S 8 9 3 9 9 0  
' 74859  
.;58255.759221 

'787233 
' 79689  
,806552 
'816211 
'825870'826836 

'8.35 5 2  

.€I54848 

.€!64507 
'874167 
08883826 

'90.3145 

'922463 
,932 1 2 2  

6.941 
'95 1441 
'961 

I 

-96593. 

.006 
ppppp--- 

.488761 
'498420 
'508079 
'51 7738 
2 8 
'5.3 7057 

'j46716 
' . i~~410 '556376  
.56j069.5660.3 j 

. j75694 
585354 

'595013 

613366,614,331 
,623991 
.633650 

-642343.64.3309 
,652969 
6 
672287 
,681947 
691606 
I 6 

10924.71 
0 8  

j 

.767911'768880 

8 
7 7  j 
80751 7 
.817177 

836495 
346  15 
8855814 
8 6  
,875 

8 
89445 I 
,9041 10 

'92.3429 

'9.33088 
782.942748 

952407 
100;96z066 
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TABLE XI1.-Natural Numbers to three places of Decimals tor. 

responding to Logarithms with Indices 6, 7 and 8. 

Logaritl~ms with Index 6 or 5. - 

Natural No. 
to 3 places I / of Decimals 

Nat. 
No. 

Loparithma 

Logarithms with Index 7 or a. 
Nat. No. 

to 3 places 
of Deci- 

mals 

ooooooo 
' 176091.3 
'3979400 
'5440~~0 
-6532125 

Logarithms with Index 8 or 3. 

Loga- 
rithms 1 Nat. No. 

bo 3 places 
of Deci- 

mals 

fiat. No. 
Nnt. to 3 places 
No. 1 of Deci- 

mals 

Loga- 
rithms 

Loga- 
rithm~ 

'004 j 
'oo5j 
.0065 
'''75 
-0085 

Nnt. 
No. 

' 005 
.006 
. oo, 
.008 

'9294189, 
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TABLE XII1.-Values of N (Longitude of Moon's Ascending Node) 
for 0 hour Greenwich Mean Time, January 1. 

Value on o hour (X. M. T., January let, 1880 = 285O.956863. 
Motion per Julian year in 1880 = rg0..34r46z48. 
Motion for 365 dnys = 1g0'32822387 ant1 for 1 dny = 0°.05z9gq. 

. - - - 

y e a r  1 N N /I year  1 N II~err I 11% I I 

TABLE X1V.-Showing the Decrement of N (Longitude of Moon'e 
Ascending Node) since 0 hour January 1 up to Midnight of each Day 
throughout the Year. 

Daily Motion = 0'-0529541. 
In Leap Teare for all dates after February 28-March 1, use e mean value between the 

particular day and tlle day following. 

Decre. 
- 
2.6212 
2.6242 
2'7271 
2'7801 
2.8330 
2.8860 
2'9390 
2.9919 
3'0449 
3.0978 

N.B.-In Tsble XIV. The middle of tho year of observations will occnr at noon or midnight according 
a8 the  29th February is included in the period of observations or not. If the midnight falls on II date in a 
common Year, or beforc the 29th Febrllsry in a leap pear, tllen the Decrement for Nae given in the Table i8 
correct : if, however. tile midni kt falls after the  29th February in a leap year, then take the value 88 that 
given for tllu ruccseding dole i n  {he Tnble. 

If the noon falls in 11 conl~uon year or before the 29th Febrl~nry In n lmp year, the vdne to be taken from 

Date 
- 
JAN. 

I -  

2-  3 
3- 
4- 5 
I- 
6- 
7- 8 
8- 9 

10-1 I 

Decre. Date Decre. 

I .6151 

1.6681 
1 ' 7 2 1 0  

1 . ~ ~ 4 0 1  
1.8269 
1.8799 
1.9.328 
1.9858 
2'0.387 

- 

2.0917 
2'1446 
2.1976 
2'2505 
2'30.35 
2.3565 
2'4094 
2.4624 
2'5153 
2.5683, 

Date 
- 
FEB. 
9-10 

10-11 

11-12 
12-13 
1-3-14 
14-15 
15-16 
16-17 
17-18 
18-19 

- 

19-20 
20-2.1 
21-22 
22-23 
23-24 
24-25 
25-26 
26-27 
27-28 
28-29 

Dsto 
__ 
 AN 
31-32 
FEE. 

I -  2 

2- 3 
-3- 4 
4- 5 
j- 6 
6- 7 
7- 8 
8- 9 

Decre. 
- 

20.0265 
0.0794 

40'1.324 
0'185.3 

60.2383 
70'2912 

0'.34~2 
0';1972 

9-100'4501 
0.50.31 

Date 
- 
JAN. 
2 1 - 2 2  

22-23 

24-25 
25-26 
26-27 
27-28 
28-29 

30- .~I , I  

Date 
- 
JAN.  

Decre. 
- 

I .o856 
I ' 1.385 

2.3-241'191s 
I ' 2 4 H  
1.2974 
1.g50.3 
1 *40.3.3 
1 . 4 j 6 ~  

29-301-5092 
'5621 

Decre. 
- 

11-120.5560 
I 12-1.3 0.6090 

1 3 - 1 ~ / o - 6 6 1 ~  
I 14-15,0'7149 

~5-160.76;8 
I 16-17~0.8208 

17-18 0.87.37 
1 8 - 1 ~ ' 0 . ~ 2 6 ~  
1 ~ - 2 o ~ 0 . ~ ~ ~ ~  
20-21(1-0~26 
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- - 
TABLE X1V.-Showing the Decrement of N (Longitude of Moon)s 

Ascending Node) since 0 hour January 1 up to Midnight of each 
Day throughout the Year- (Continued). 

Daily Motion = 0°.0629641. 
In 

Date 

NOV. 
13-14 
I 4-15 
15-16 
16-1 j 
17-18 
18-19 
19-20 
20-21 

21-22 

22-23 
23-24 
24-25 
25-26 
26-27 
27-28 
28-29 

.30-31 
DEC. 
I -  2 

2- 3 
3- 4 
4- 5 
5 -  6 
6- 7 
7- 8 
8- 9 
9 - 1 ~  

10-1 I 

11-12 

12-13 
13-14 
14-15 
15-16 
16-17 
17-18 
18-19 
19-20 
20-21 
21-22 

22-23 
23-24 
24-25 
25-26 
a6-27 
27-28 
28-29 
29-30 

31-32 

fdls after 
ie 

between the 

Decre. 

16.7600 
16,8129 
16.8659 
16.9188 
16.9718 
17.0247 
17'0777 
17'1307 
17,1836 
17.2366 
17'2895 
17'3425 
17'3954 
17'4484 
17'5013 

17'5543 
29-.3017'60;~ 

17.660~ 

17'71.3~ 
17'76~1 
17'819~ 
17'87~~ 
17.925~ 
17'9779 
18.03~9 
18.0~3~ 
18'1.3~~ 
18' 1897 
18'2427 
18.~95~ 
18.34~~ 
18.40~5 
18'4545 
18.5~75 
18.5~04 
18.6~34 
18.6~~3 
18.7193 
1Y'7722 
18'8252 
18'8781 
18'9.3" 
18.984~ 
19'0.37~ 
19'090° 
19.14~9 
19.1959 

30-3119'~4~~ 
19'301~ 

the 99th 
t o  be taken* 

use a 

Date 

SEPT. 
23-24 
24-25 
25-26 
26-27 
27-28 
28.29 
29-30 
30-31 
OCT. 
I- 2 

2- -3 
g- 4 
4- 5 
5- 6 
6- 7 
7- 8 
8- 
9-10 

10 - 1  I 
11-12 

12-13 
13-14 
14-15 
15-16 
16-17 
17.18 
18-19 
19-2~ 
20-21 

21-22 
22-2.3 

2.1-24 
24-25 
25-26 
26-27 
2j-28 
28-29 
29-.30 
30-31 
31-32 
NOV. 
I -  2 

2- 3 
3- 4 
4- 5 
5 -  6 
6- 7 
7- 8 
8- 
9-10 

10-11 

11-12 
12-1.3 

~ i ~ ~ , r i g h ~ r ~ m m e d ~ ~ t e l y f ~ l ~ ~ ~ i ~ ~ g  

Leap 

Date 

MAR. 
I- 2 

2- 3 
3- 
4- 5 
5- 
6- 7 
7- 
8- 

10-11 

11-12 

12-13 

14-15 

16-17 

21-22 

24-25 

26-27 

29-30 
3O-3' 
3I-A2 
APR. 
" 

'- 3 
3- 
4- 5 
5- 
6- 7 
7- 
8- 
9.1~ 

10-1 I 

1 1 - 1 2  

'4.I5 
'5.1~ 
16-'7 

'9-" 
20-2' 
21-22 

the the mean between the preci-jf 
February 'I1 a leap yoara the me= betweell the values for the ttoo 

mean value 

Decre. 

14'0j93 
14'112.4 
14 16j2 
14-2182 
14'2j11 
14.~3241 
14.3770 
14-4300 

14.4829 
14'5,359 
14.5889 
14.6418 
14.6948 
14.7477 
14.8007 

914'8536 
14.9066 
14'9595 
15.0125 
15.0654 
15.1184 
15'1i1.3 
15'224.3 
I 3'277.3 
15.3302 
I 3'38.32 
15.4361 
15.4891 
15-542~ 
15'5950 
15.6479 
15.7009 
15-75-38 
15.8068 
15'8598 
15-9127 
15.9657 
16.0186 
16.0716 

16. 1245 
16' 1775 
16.2304 
16.2834 
16-3.36.3 
16.3893 
16.4422 

916-4952 
16.5482 
16.6011 
16.6541 
16.7070 

the noon 

dates 

Decre. 

5.9044 
5'9553 
6'0103 

25-266'0632 
26-276'1162 
27-286.1692 
28-296'2221 
29-306.2751 

6.3280 

6.8810 
6'43.39 
6.4869 
6'5,398 

66.5928 
6'6457 

86.6987 
96.7516 

9-106.8046 
10-116-8576 

6'9105 
12-136'9635 
13-147'0164 

7.0694 
7'1223 
7'1753 
7.2282 
7.2812 
7'3.341 
7.3871 
7.4401 
7.4930 

23-247'5460 
7'5989 
7'6519 
7'7048 
7.7578 

28-297'810j 
7'8637 
7.9166 
7.9636 

8'0225 
8'0755 

48.1285 
8.1814 

68'2.344 
7 8'2873 
88.3403 
98'39.32 

9.108'4~62 
8-4991 

11-1218'~~21 

Yeare for all 28-March 
the day 

Date 

AUG. 
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 

19-20 
20-21 
21-22 

22-23 
23-24 
24-25 
25-26 
26-27 
27-28 
28-29 
29-30 
30-31 
31-82 
SEPT. 
I- 2 

2- .3 
3- 4 
4- 5 
5- 6 
6- 7 
7- 8 
8- 9 
9-10 

1 0 - 1 1  

1 1-12 

12-13 
13-14 
14-15 
15-16 
16-17 
17-18 

19-20 
20-21 

21-22 

22-23 

Decre. 
---- I' 

3'1508 
3'2037 

43'2567 
3.3096 

63.3626 
3'4155 

83.4685 
93'5214 

9.103'5744 
3.6274 
3'680.3 
3'7.333 

1.3-143'7862 
3'8.392 

15-163'8921 
3.9451 

17-183'9980 
18-194'0510 
'9-204'Io.39 
20-214.1569 

4'2099 
22-234'2628 
23-244'3158 

4'3687 
25-264'4217 

4'4746 
27-284'5276 
28-294'5805 

4'6.3.35 
4'6864 
4'7394 

24'7923 
4'8453 

44'8983 
4.9512 

65'oo42 
5'0571 
5'"01 

95'16.30 
5'2160 
5 2689 
5'3219 
5'3748 

'3'I45'4278 
5'4807 
5'53.37 
5'5867 

17-185'6396 
18-195'6926 

5'7455 
5'7985 
i'8514 

after 
particular 

Date 

JUNE 
12-13 
13-14 
14-1.; 
15-16 
16-17 
17-18 
19-19 
19-20 
20-21 
21-22 

22-23 
23-24 
24-25 
25-26 
26-2; 
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 

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 

2-3-24 
24-25 
25-26 
26-27 
27-28 
28-29 

30-31 
31-32 
AUC). 

1- 

1, 
following. 

Decre. 
-------- 

11-3057 
11.3587 
11.4116 
11.4646 
11.5175 
11.5705 
11.6234 
11.6764 
11'7293 
1 1  '782.3 
11.8352 
I 1.8882 
11'9411 
11-9941 
12.0471 
12-1000 

18-1912-15.30 
12*2059 
12.2589 
1z.3118 
12.3648 
12.4177 
12'4;oj 
12.5236 
12.5766 
12.6296 
12.6625 
12.7355 
I 2 -  7884 
Iz.8414 

12.8943 
12-947.3 
~.~,.oooz 
1.3.0532 
1.3'1061 
13.1591 
13.2120 
13.2650 
13*.3180 
1.3'3709 
13'42.39 
13.4768 
1.3'52~8 
13.5827 
1.3'6~357 
13.6886 
13.7416 

18-1913'7945 
13.8475 
13*9005 
13'95.34 
14.0064 

Date 

APE. 
22-23 
23-24 
24-25 

30-31 
MAY 
I- 2 

2- 3 
3- q 
4- 5 
5- 
6- 7 
7- 
8- 

11-12 

14-15 
15-16 
16-17 
17-18 
18-19 
19-20 
20-21 

21-22 
22-23 

24-23 
25-26 
26-27 
27-28 

29-39 
30-31 
31-32 
JUNE 
1- 2 

2- 3 
3- 
4- 5 
5- 
6-  
7- 
8. 

10-11 

February 
dtly and 

Decre. 

8-6050 
8.6580 
8,7109 
8-76-39 
8.8169 
8.8698 
8.9228 
8.9757 
9.0287 
9.0816 
9.1346 
9' 1875 
9'2405 
9.29.34 
9.3464 
9,3994 
9'452.1 
9.5053 
9'5582 

9,6112 
9.6641 
9.7171 
9'7700 
9.8230 
9.8759 
9.9289 
9.9818 
10.0.348 
10.087R 
10.1407 
10'19.37 
10'2466 
10.2996 
10'.3525 
10.4055 
10.4584 
10.~114 
10.564~3 
10.6173 
10'6;03 
10'72.32 

10'7762 
10.8291 
10'8821 
10.9.350 
10.9880 
11.0409 

29-3011.0939 
1 1  '1468 
11.1998 

2,11.2527 
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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 days =0°.01709295. 

TABLE XV1.-Increment of p, since 0 hour, January 1, for certain 
Days of the Year. 

Motion for 1 day = 0°.00004683. 

Year 

1875 
76 
7 7 
i 8  
7 9 

1880 
8 I 
82 
8 .3 
84 
85 
86 
8 7 
88 
89 

1890 
91 
92 
93 
94 
9 5 
96 
97 
98 
99 

Year 

1850 
51 
52 
5 3 
5 4 
55 
56 
5 f 
58 
5 9 

I 860 
6 1 

6 2 

63 
64 
65 
66 
67 
68 
69 

1870 
7 1  
7 2  
7 3 
74 

PI 

28;- 7892 
-8063 
'82.35 
8406 

'8577 
'8748 
'8920 
'9091 
-9262 
' 9433 
-9604 
'9775 
' 9946 

281.01:7 
.oxRg 
-0460 
-06.3 I 
.0802 
'0973 
'1144 
-1315 . I 486 
-1658 
1829 

-2000 

P I  

~ 8 0 0 . ~ 6 1 ~  
'3785 
'3956 
'4125 
'4299 
,4470 
'4641 
'481 2 

'498.3 
'5'54 
'5325 
'5497 
5668 

'5839 
-6010 
,6181 
'63 j z  
'6523 
'6694 
-6866 
' 703 7 

7 206 
' 7.379 
'7550 
' 7 7 2 '  

Date 

July 9 
,, 19 
,, 29 

Aug. 8 
, 18 
,, 28 

Bept. 7 
,, 17 
,, 27 

Increment 

0 

0.0088j 
'009.32 
'00979 
001026 
.or072 
-01119 
-01166 
-01213 
'01260 

I 
Year 

1900 
I 

2 

3 
4 
5 
6 
7 
8 
9 

1910 
I I 

12  

13 
14 
15 
I 6 
17 
I 8 
I9 

1920 
2 I 

22  

23 
24 

D a b  

Jan. 10 
,, 20 

30 
~ z b .  9 
,, 19 

.Mar. 1 
,, 11 
,, 21 
,, 31 

Date 

Oct. 7 
17 

, 27 
Nov. 6 
, 16 
,, 26 

Dec. 6 
,, 16 
,, 26 

Increment 

G - 0 0 0 ~ 2  
-00089 
-00136 
-0or8.3 
-00229 
-00276 
'00323 
-00.370 
-00417 

Date 

Apr. 10 
,, 20 

30 
~ L ~ 1 0  
, 20 
,, 30 

June 9 
,, 19 
,, 29 

PI 

281°'2171 
' 2342 
'25'3 
-2684 
'2855 
'3027 
-3198 
'3.369 
'.3540 
'3711 
-3882 
'4054 
'4225 
'4396 
'4567 
'47.38 
' 4909 
-5081 
'5252 
' 5423 
'5594 
' 5766 
'5937 
-6108 
'6279 

Increment 

~ 'OI jo7  
'01353 
'01400 
-01447 
'01494 
'o1541 
-01588 
,01634 
,01681 

Increment 

oO.00~64 
' O O j 1 0  

-00557 
-00604 
-00651 
-00698 
,00745 
*oo791 
.00838 

Year 

1925 
2 6 
27  
28 
29 

1930 
3 1 

32 
3 3 
3 4 

:! 
3 7 
38 
3 9 

1940 
41 
4 2 

43 
44 
45 
46 
4 7 
48 
49 

PI 

~ 8 P ~ 6 4 ~ 0  
~6621 
'6792 
' 6963 
'7'35 
' 7306 
'7477 
' 7648 
• 7820 
'7991 
-8162 
'8333 
'8505 
,8676 
'8847 
-9018 
'9189 
' 9360 
'9532 
'9703 
'9874 

282~0045 
-0216 
'0387 
'0559 
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TABLE XVI1.-Values of I, v and [, corresponding to N. - - 

0.5 
1.0 

1.5 
2 0  

2'5 
3.0 
.3.5 
4.0 
4'5 
5.0 
5.5 
6.0 
6.5 
7.0 
7'5 
8'0 
8'5 
9.0 
9'5 

10.0 

10.5 
I 1'0 

11.5 
12.0 

12'5 
13.0 
13.5 
14.0 
14'5 
15.0 
I 5.5 
16.0 
16.5 
17'0 

17'5 

N 

2955 

' 

- 

v 

1091~1 
28.602 
28 601 
28'600 
2859910'375 
28.598 
28'596 
28.j94 
28 5111 
28'589 
28.585 
28.582 
28'578 
28'574 
28.5 70  
28'565 
28 560 
28'555 
28 549 
28'54.3 
28'5.3; 
28.530 
28'52.3 
28'516 
28'508 
28'500 
28.492 
28'48.3 
28'475 
28'465 
28'456 
28.446 
28'436 
28'425 
28'414.3'160 
28'40.3 

I [  --- 

18 0 

18'5 
19.0 
'9'5 
20'0 

20'5 
21.0 

21'5 
22.0 

22.5 
23'0 
23.5 
24'0 
24'5 
25'o 
25'5 
26'0 
26.5 
2f'0 
2i'5 

28: 
28 5 
29.O 
29'5 
3O.O 

lev 

10.194 
10.256 
10.318 
10.379 
10.440 
10.500 
10.560 
10.619 
10.67i 
10.735 
10 ' jgj  
10.849 
10.906 
10.961 
I 1.016 
r 1.070 

I 1.1 2 J 

i I . l i i  

11.230 
I 1.282 
1 1-33,? 
I 1'.38.3 
I 1'4.3.3 
r 1.482 
I 1'5.31 
I 1.579 
11'626 
I 1.673 
11.719 
I 1'764 
I I .809 
I 1.852 
I 1.895 

2j.0~9~11.g.38 
I 1.980 I 

0.094 
0.1880.169 
0'281 

0'468 
0'562 
0.656 
0.749 
0,843 
0'9.36 
1.030 
1'123 
1-21 7 
I . , ~ I O  

1'40.3 
''496 
1'590 
1.683 
1'776 
1'869 
1'gGz 
2'054 
2,147 
2'240 
2.332 
2.424 
2-51 
2'609 
2'701 

2'793 
2'885 
2'977 
3'068 

3'251 

I 1'009 
I 1.047 
I 1'084 
I 1.121 
I 1'157 
11.192 
I 1.227 

I 1.261 
I 1'294 
I 1.326 
I 1.~358 
I 1'389 
11'419 
I 1'449 
I 1'478 
I 1.506 
11.5.3.3 
I 1.560 
I 1'586 
I 1.61 1 

I 1.635 
I 1.659 
I 1'681 

Nis 

21'392 
28'.380 
28'368 
28'.356 
~8.343 
28'3303'f96 
28'.317 
28'30.3 
28.289 
28'275 
28'260 
28'245 
28'2.30 
28.215 
28:199 
28 183 
28.166 
28'149 
'8.132 
2 8 . ~ 1 5  
28.097 
28'079 
28'061 
28'043 
28 '~24  

N.B.-r 
and 3600, 

281'5 
281.0 
280.5 
280.0 
279'5 
279.O 
278.5 
278.O 
277'5 
277  O 
276'5 
276.O 
275'5 
275.O 
274'5 
274.O 
273'5 
273" 
272'5 
272.O 

271'5 
27"O 

270'5 
270.O 

between 

0.084 

0.253 
0..337 
0.421 
0.506 
0.590356.5 
0.674,356.0 
0.758 
0.842 
0.926 
I 'OIO 

1.094 
1.1 jS 
1.262 
1.,346 
1'4.301,1; 
Iej14 
1.598 
1.681 
1.765 
1'848 
1.932 
2.015 
2'099 
2'182 

712'265 
2.348 
2'4.31 
2.514 
~ ' 5 9 6 ~ 4 4 . 5  
2.679 
2.762 

2'927 

9'255,299.0 
9.31312~8.5 
9'3f01298,0 

3'342 
3'433 
.3'524 
3'615 
3'705 

3'886 
3'976 
4'066 
4'156 
4'245 
4'335 
4'424 
4'51.3 
4:602 
4 690 
4'779 
4'86; 
4'953 
5.043 
5:130 
5 218 
5'305 
5'391 
5'478 
a l w b ~ s  

v and 

9.427 
9'484 

359'5 
359'0 
-358.5 
358'0 
357.5 
357'0 

355'5 
355.0 
354.5 
.354'o 
353'5 
.353'0 
352'5 
,~;z 'o 

1'5 
5 1 . 0  
350'5 
350'0 

297.5 
297.0 

3'009 
.Z'o91 
3'17.3 
3'255 
3'337 
3.418 

3.581 
1 . ~ ~ 2  

3.743 
3.824 
3.905 
3'985 

4'226 
4.306 
4'386 

.ZI'O 

31'5 
.32'0 

32'5 
3.3'0 
33'5 
34.0 
34.5 
35'0 
35.5 
36.0 
36'5 
37'0 
37.5 
.38'o 
38.5 
39'0 
39.5 
40'0 
40'5 

9.539 296.5 
9.5951296.0 
9.65~1295.5 I 9'705.295'0 
9'7591294'j 
9.81 z1zy4.o 
9?3651293'5 

349'5 
349'0. 
348'5 
348'0 
347'5 

9.918 
9'9701292'5 

10.021 
1 0 ~ 0 7 2  

10'123.291'0 
10'1731290'5 

r o~22~290~0  
10.271 

10.319 
10.366 
ro 414 
10~460 
10.506 
10'551 
10.596 
10.640 
10'684 
10.726 
10.769 
10'81 I 
10'852 
10'892 
10.932 

27'985 
27'965 
27.945 
27'925 
27.904 
25'884 
27'862 
27'841 
2 7'819 
27.797 
27.775 
27'752 
27'729 
27'706 
27'682 
27'658 
2 7'6.34 
27.610 
27'585 
27'560 

293.0 

292.0 
291.5 

289.5 
28g.O 
288.5 
288'0 
287'5 
287'0 
286'5 
2860 
285'5 
285'0 
284'5 
214.0 
283.5 
283'0 
282'5 
282'0 

342'0 
341'5 
341.0 
340.5 
340'0 
339.5 

3.500339'0 
338'5 
33s '~!j2 '5 

337'5 
.z.z7'0 
336.5 
336.0 

4.066~35'5 
4'146.335'0 

334'5 
334'0 
3 3 . ~ ' ~  

4'466'333'0 
4'545!.332'5 

41.0 
41'5 
42'0 
42'5 
43'0 

27'1 25 
27'095 
27'066 
27'0.36 
27'006 
26.975 
26'944 
26'913 
26'882 
26'851 
26'819 
26'787 
26'755 
26'723 
26'690 
26'657 
26'624 
26.591 
26'557 
26'523 

48'5 
49'0 
49.5 
j0.0 

150'5 
151'0 

51'5 
52.0 

j3.0 
5.3'5 
54.0 
54'5 
55'0 
,55'5 
56'0 
56'5 
j7.0 
57'5 
58.0 

26.489 
26'45 j 
26'421 
26'386 

N i e  

5'651 
5'736 
5'822 
5'907 
5.992 
6'07; 
6.162 
6.246 
6'330 
6.414 
6.497 
6'580 
6'66.3 
6.745 
6.828 
6.909 
6.991 
7 .072  

7'15.3 
7'2.34 

58.5 
59.0 
59'5 
60.0 

When 

4 . 6 ~ 4 ( ~ ~ ~ ~ . 0  
4.j031331.5 

27.535 
27'510 
27:484 
27 458 
27'432 

8'474 
8'548 

€ are ~~eputhe. 

347.0 
346'5 
346'0 
.345'5 
345'0 

344'0 
343.j 

2'84434.3'0 
342'5 

4'782 
4.861 
4.939 

27'405 
27'378 
27'351 
27'324 
27'296 
27'268 
27.240 
27'212 

27'183 
27'154 

5'095 
5-17.? 
5'251 
5'328 
5.406 
5'482 
5.559 
5.6.36 
5.712 
5.788 
5.864 
5'9.39 
6.015 
6.090 
6.164 
6.239,321.5 
6~~31.3 
6.387 
6.461 
6'534 

43'5 
44.0 
44'5 
45'0 
45'5 
46.0 
46'5 
47'0 
47'5 
48'0 

331.0 
.330'5 
3.30'0 

7.314 
7'394 
7'47.3 
7'553 
7'631 

7.668 
7.736 

8'622l7.8o4 

9.874 
9.939 

10-004 
10.068 

positive. 

7'710 
7'788 
7'866 
7-94.? 
8'020 
8.097 
8'173 
8'249 
8'324 
8.399 

301.5 
. ~ O I ' O  

300.5 
300.0 

180°, v 

.329'0 
328'5 
,328'0 
327'5 
327.0 
326'5 
326.0 
325.5 
3 2 ~ 0  
324.5 
324.0 
.323'5 
32.3.0 
322'5 
322.0 

321.0 
320.5 
,320'0 

.319'5 

8.958 
9.018 
9.078 
9.137 

6608.319.0 
6.680 
6,753 
6.825 
6,197 

*31 1.5 
3~ 1.0 

,z10.5 

between O0 and 

8.695 
8.768 
8.841 
8.913 
8.985 
9.016 
9'12; 
9-19; 
9'267 
9'336 
9'405 
9.474 
9.542 
9.609 
9.676 
9'743 
3.809 

6.969 
7.040 
7.111 
7.182 
7'253 
7-323 
7-.392 
7.462 
7.531 
7.600 

.?IO.O 
,309'5 
309.0 
308.5 
308.0 
,307.5 
307.0 
306.5 
306.0 
.305.5 
305.0 
301.5 
.304.0 
303'5 
.30.3.0 
,302'5 
302.0 

88.5 
89 o 
89.5 
90.0 

and & 

61.0 
61.5 
62.0 
62'5 
6.3.0 
63.5 
64.0 
64.5 
65.0 
65.5 
66.0 
66.5 
67.0 
6 7.5 
68.0 
68.5 
69.0 
69.5 
70.0 
j0.5 

7.871 
7,938 
8.005 
8.071 
8.137 
8.20.3 
8.268 
8.333 
8.397 
8.461 
8.523 
8 588 
8.65 I 
8.71.3 
8.77: 
8.8.36 
8.897 

318.5 
318 o 
317.5 
gI7.0 

26'316 
26.280 
26.245 
26.209 
26.1 7.3 
26.13; 
26.101 
26.064 
26.027 
25.990 
2 j.9j.3 
25.916 
25.878 
25.841 
25.80.3 
25.7O.; 
25'726 
25.618 
25 649 
25.610 

78.5 
79.0 
79.5 

316.5 
316.0 
,315.5 
315.0 
314.5 
3 14.0 
313.5 
,31.3.0 
312.5 
312.0 

80.0 
80.5 
81.0 
81.5 
82.0 
825  
83'0 
83-j  
84.0 
84.5 
85.0 
85.5 
86.0 
86.5 
87.0 
87.5 
88 o 

2 4 1  13 
24.070 
24.026 
23.982 

71 .0  
71.5 
72.0 
72.5 
7.3'0 

I 2.680 
12.704 
12'728 
12.751 

24'966,12~021'~0'971 

25.57 I 
25'532 
25'49.3 
25.45.3 
25'41.3 

73.5 
74.0 
74.5 
75.0 
75.5 
76.0 
76.5 
77.0 
77.5 
78.0 

are positive; when 

24.925 
2488.3 
24.841 
24.800 
24.757 
24.715 
24.673 
24.6.31 
24.588 
24.545 
24.503 
24'460 
24.417 
24..374 
24'33 I 
24.287 
24'244 
24.200 
24.157 

25.374 
25.334 
25'29.3 
25.233 
25'21.3 
25'1 7 2  

25.131 
25'090 

25.008 

12.061 
12.100 
I 2.139 
1 2 ' 1 7 7  

12.214 
12'251 
I 2'287 
12.322 
12.356 
I 2.389 
12'422 
12.454 
12.485 
12.513 
12.545 
12.57.3 
12.601 
I 2'628 
12.654 
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TABLE XVI1.-Values of I, v and f ,  corresponding to N-(Continuerl). 

N.B.-I is alwnys positive. \Vhcn N is between O0 P I I ~  18O0, v and 6 arepositive; when N is b o t w o e ~  
180' mid 3600, v and & are negative. 
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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 M2, N) 2N) 
v, MS, 2SM and Luni-Solar fortnightly. 

Cod o Cod 8 i 
Argument l/f = 

C0s4 4 I - 

f 

m al + 
:% 
E" 
6: 
n2 

8' 
2 %  
g3 
%: 
Q,0 

Values of 
I 

m Q + 
2 %  
i g  .- k 
Q 3  

l/f f 

m +  
a w  8 0 
E ?  
g"o 
.- k 
Q,o 

Valuee of 
I llf 
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TABLE XVIII. (2)-Valuea of llf and f corresponding to varioua 
values of I, to be used in computing H and R for the Tides O and Q. 
Also used in determiniiig l/f for the Tide M,. 

Argument l/f = 
Sin o Cog2 ) o Cog4 ) i, 

Sin I Cos2 4 I 

Values 
i 

18" 18' 
18.4 

'5 
* 6  
'7 
* 8  
'9 

19.0 
' I  
' 2  

'3 
'4 
'5 
.6 
'7 
- 8  
'9 

20'0 
'I 
'2 

'3 
'4 
' 5  
-6  
' 7  
- 8  
'9 

21 '0 
'I 
'2 

'3  
'4  
' 5  
- 6  
' 7  
- 8  
' 9  

22'0 

'I 
'1 

' 3 
'4 
'5 
.6 
' 7  
. 8  
'9 

23.0 
. r  
' 2  

'3 
'4 
'5 
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TABLE XVIII. (3)-Values of l/f and f corresponding to various 
values of I, to be used in computing I-I and R for tlie 'l'ide J ; and for 
determining k,, used h tlie preparation of Table XVIII.  (6). 

Sin w Cos w (1 - -$ Sin") 
Argument llf = 

Sin I Coe I 
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TABLE XVIII.  (4)-Valnes of 1/f and f corresponding to various 
values of I, to be used in  computing H ancl R for the Tide ilff. 

Sin1 w Cos4 g i Argument llf = -- .- 
S ~ V  - ' 
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-,.-. 

TABLE XVILI. (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,. 
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2V.B.-In the above tnble v1 is positive wheu N is between O0 and l8O0, and nepative when Nis between 1 8 0  
end 360'; thus i t  is necessary to observe what is the value of N, becai~se I IS alwa).s positive. 

TABLE X1X.-Values of u' corresponding to I, to determine initial 
argument of 'l'ide K,. 

Sin v Sin w Coe w (1 - Sin2 i) Tan v' = where k,  = . 

I 

O I N  

18 

18'4 

'5 

.6 

' 7  

'El 

'9 

19'0 

'I 

' 2  

'3 

'4  

'5 

' 6  

' 7  

'8 

' 9  

2 0 . 0  

' I  

' 2  

' 3  

4 

-- 

I f "  
V' 

- 
0  

1 8 3 0 0 ~ 0 0 0  

1'557 

2'5'5 

3.049 

3.540 

3.946 

4'304 

4.638 

4'924 

5-198 

5'449 

5'660 

5'90.3 

6.102 

6'295 

6'475 

6.644 

6.807 

6,956 

7 . 1 0 0  

7'2.36 

7'36.1 

-_ 

I 

0  

20'4 

'5 

' 6  

7 

'9  

* I  

- 2  

'.38 

' j  

- 6  

-; 

- 9  

. I  

'.3 

'4 

- 5  

g H  
g b  

0 

0'958 

'534 

* 406 

'358 

' 334 

.286 

' 2 7 4  

'251 

'231 

' 22.3 

' I99 

.I93 

.I80 

-169 

.163 

.I49 

* 144 

. I -36 

' 1 2 7  

0 46407 

m b 
2% 2 -  
5 6  0 !5 h 

R,O - -  
0 

0.124 

'112  

' 109 

' 10.3 

096 

'093 

'08j 

'081 

'077 

'070 

.o6R 

.061 

'0.59 

' 0.53 

'049 

'04; 

' 040 

' 0.38 

' 0.3 4 

'029 

'028 

Cos v + 

", 

0 

7 '36.3 

7'487 

7'599 

7 -  708 

'87.811 

7'907 

2 1 ~ 0 8 ~ 0 0 0  

8.085 

8.166 

24.3 

' 48 .3 '3  

8.,381 

8.442 

8.501 

'88.554 

8.603 

22.08 '6j0  

8.690 

-28.728 

8.762 

8.791 

8.819 

x-k, 

I 

0  

22.5 

' 7  

.8 

- 9  

23.0 

. I  

. t  

..z 

' 4  

. j 

- 7  

. 8  

. I  

' 2  

- 3  

'4 

-5  

U' 

0  

8.819 

.68.840 

8 - 8 j g  

8.8;5 

8.886 

8.896 

8.900 

8.901 

8.900 

8.894 

8.886 

.68.87.3 

8.858 

8.8.39 

' 9 8 . 8 1 7  

24.08792 

8.763 

8.731 

8.695 

8'655 

8.614 

a68.567 

Sin 

V' 

_ _ .  

0  

8'567 

8.518 

8-465 

'98.408 

8'349 

8-284 

'28-216 

'38'145 

.48.069 

7'991 

7.906 

7.818 

7.726 

7'629 

7.529 

7.422 

7'311 

7'195 

7.072 

6.94; 

-66.811 

.7( , . ( i2 

m b  

2 %  
0 3 r. 

Q,O 

0 

0 ' 0 2 1  

.019 

-016 

'01 I 

'010 

' 004 

'001 

,001 

.oo6 

008 

. o I . ~  

-015 

.019 

' 0 2 2  

' 025 

-029 

'032 

* 0.3'5 

-040 

,041 

04 '  

I 

0  

24'6 

' i  

- 8  

25'0 

. I  

'5  

- 6  

' 7  

- 8  

' 9  

26.0 

'1  

' 2  

'3  

- 4  

'5 

I Coe 

m -s% b 

g d  k d  
0 

. % h  

R +  

0 

0'049 

'05.1. 

'05 

'059 

- 065 

.068 

- 0 7 1  

-076 

-078 

-085 

,088 

'092 

'097 

' 100 

' 1 0 7  

'111 

.116 

-123 

'125 

-1.36 

I 

7 

d 

0  

6.672 

6-52; 

6'372 

6.214 

6.042 

5'865 

5.678 

5.478 

j ' 2 7 2  

5.044 

4.80; 

4'551 

4.271 

3'979 

3.635 

3'26.3 

2.836 

2.283 

1.669 

0 . 0 2 7  

-000 

I 

0 

26.7 

- 8  

' 9  

27 '0  

* I  

- 2  

'3 

'4 

-5  

' 6  

- 7  

'8 

'9  

28'0 

. I  

' 2  

' 3  
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- - 
 COMPUTATION^. CPABT VI, 

4 

TABLE XX.-Values of Bv" corresponding to I, to determine initial argo. 
ment of Tide K,. 

8in 2v Sina w (I - + Sin"? 
Tan 2v" = where*&, = COB 2v + 0 46.107 x k2 Sin2 I 

I 

N.B.-In the above table 2v" in posltire when N la between 0" and 180°, and negative when N is betwren leOO 
md 3600 i thw i t  ia nccerury to obbene what in the value of N, becraae I ir rlwsyr poritive. 
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CHAP. I.] INSTRUNENTS AND T ~ I E I R  ADJUSTJIENTS. 

PART VII. 

Levelling Operations. 

CHAPTEE r. INSTRUMENTS AND THEIR ADJUSTMENTB. 

I. The lines of levels executed by the Trigonornetrical Branch of 

Introduction. 
the Survey of India Department are generally 
of very great length, and tlie only independent 

~ - - 

mea.ns of verifying their accuracy is by comparison with the sea-level a t  
- 

their extremities : consequently, i t  is of tlie 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. 

~ h r e e '  Cylindrical levels by Troughton and Simrns. 

A Cushing'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 z+ inches and a focal length of ZI 

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 g inches : the value of one division of the level-scale of A is 
0". 960663, and of B 1".04347 : from the latter a subtense table has been 
constructed on the basis that 1 division = -00033388 feet at a distance 
of one chain. Level A has never been used, as it is considered sufficient 
to depend on the readings of B. To enable tlle observer to read A, if 
required, without shifting his position, a couple of upright sockets are 
fixed to the top of the prism between the two levels ; ou 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, under exceptional circcumstances, i t  may be used 
to read the ordinary staff a t  a distance of 20 chains. 

4. The cyliltdrical levels are numbered 1,3, and 4, and are all alike in 
general construction, each having a clamp and 

Cyliu&ical levels.* 
tangent-sciwew fixed to the boss of the tribrach. 

The telescope has a total length of 24 inches. The object-glass 
has an effective diameter of 2+ inches ancl a focal length of 21 inches. 
There are two cyc-pieces \~ii;ll each illstr~l~ncnt, giving a power of about 
35. The effective length of the levcl t111)e wllich in Nos. 1 and 4 is 
protected by an ontside glass case, is 8; inclies, 

The value of oile di\lision of the level-scale is for 
No. 1. No. 3. No. 44. 

3 N ' ~ j 3 4  : 1 " . ~ 0 9 1 5  : l N ' O 1  728, 

an6 from tlicse values, tablcs oE subtenses have been prcparcd on the 
basis that I division at  a cllain distance = o e o o o g ~  70 feet for No. 1 ; 
0.000j468S9 for No. 3; and 0'0003255 for No. 4. 

5.  The telescope in Cushing's reversible level has a total length of 23 

Cushing's Reversible 1evel.t 
inclies. The ohject-glass has an effective 
diameter of 2 inches and a focal length of - 

21 inches. There are two cye-pieces with at1 a~,rangemei~t for pusllillg 
forward a dark glass when ~eqoired : tile mngllifying power of tlrese is 
however low, beiilg only about 2 j. The cffcctive length of the level 
tube is 6% inches, aud the value of I divisioll of tlle Icvel-scale is 
5*'0525, from which a sul~tense table has 1,een preparcd on the basis 
that I divisiou = 0". 0016 I 7 feet at I clraill rlistnnce. Tlre object and 
eye-ellds of the telescope are readily interclrangcnble by means of the 
followiilg arrangement :-To the intcrnal tulle of tlle telescope is fired 
a gun-metal socket, turned and ground sit11 a short conical fitting and 
vide fiallge to receivc the eye-eud with its eyc-piece and diapllragm* 
On the opl~osite end of the outer tube a preciselv similar fitting receives 
the cell containing the object-glass, both of the Ends being identical as 
regarcls fitting. The eye-piece is attached to the telescope by two 

. screws placed 180' apart in the flange of the socket : these screws are 

8 % ~  ~ ~ ~ ~ t l ~ c m n t ~ c a l  Instrument Omce Descriptive Catnlogllc! fly. 131. 
t descriptiou is take11 from n paper * ' O n  Cashing's ~ e i e r s i b l c  Level " by Najor Em 11. CourtneylB*E' 
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not intelldcd to  be taken oat, but corresl)onding holes in the flangc of 
the eye-encl allow thc lattcr to bc invertecl in tlie soclret, wlien a sliort 
rotatory motion frorn left to riglit will bring i t  into its proper position 
against a stop. Tlie objcct-glass lias precisely the same kind of attach- 
ment, ~ t n d  will, like tlie eye-cnd, fit tlie socket at  either end of the 
telescope. 

Instcad of threacis, lines are finely engraved on a glass disc which 
fits into a slicliug tliapliragm. Tlic horizontal plate and tribrach are 
both cast hollow n~lderneatli, securing masimum strength and rigidity 
with minimun? wciglit. A new fcnture is introduced in the attachment 
of the supports of tlie telcscope: the support ncarest the object-end 
is in  contact with the plate, but is capable of a, slight rocking 
motion in thc direction of the axis of the. telcscope, so as to acllnit of 
the second adjustment (liereafter described), wliilst 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 tliese levels before commencing work are per- 

Adjustment of the cy l indr ica l  and formed as follonrs : T h e  instrument is levelled 
r e c t a n g u ~ a r ~ e r e ~ ~ . - ~ u b b l e .  very careflllly by means of the ~ O O ~ - S C ~ ~ W S ,  

so that the one eiid of tlie lcvel reads the same while the instrument 
maltes a complete rotation round tlie vertical axis ; then by means of the 
adjusting screws 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 up at exactly equal distances fmm the 
instrlzment, all errors arising from imperfect 

Telcscope. 
adjustlnent of the level to the optical axis of 

the telescope, are cancelled. But nltliough this is the case, i t  is still 
very important tliat the telescope slloulcl be, as nearly as possible, truly 
adjusted. Thcse adjustlncnts are two-fold :- 

Firstly. To bring the liorizontal wire of the diapliragrn into the 
visual axis of the telescope. 

Tlic instrument is set up at C, 

Fig. 1. 
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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 tlie 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 simultalleously in the field of the 
telescope. It is carefully levelled and the difference of. readings, y, of 
the staves at A and B found. If x is equal to y, tlie horizontal wire is 
in the visual axis of the telescope, but if not the difference y -x will be 
equal to bg in Fig. 2, 

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 

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. 

Secondly. To make the visual axis of the telescope perpendicular to 
the axis of rotation :- 

The instrument is set 11p at E, Pig. 3, between the staves, but much 
nearer to A than to B. I t  is carefully levelled and tlle difference of 
readings, z, of the staves at A and B found. If z is qua1  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. 

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 lcvel : 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 talcen to have the instrument a t  
equal distances from the staves during field work. 

8. The adjustment of the bubble is the same as described in para. 6, 
and there are three other adjustments for this 

Adjustment of Gushing's level. 
instrument :-firstly, to eliminate vertical col- 

limation; secondly, to make the line of collimation perpendicular to 
the vertical axis ; and thirdly, to n~alce 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 taken out and the cross lines focused ; the telescope is then 
directed on any convenient object, 8.9. a small circular dot on a sheet 
of paper placed about 20 feet from the instrument, the object focused 
and bisccted with the horizontal wire. The eye-end is then carefully 
turned in its socket, from right to left, until the holes in the flange of 
the eye-end arc opposite the heads of the scrcms in the socltet and 
removed. I t  is replaced again but in an inverted position, care being 
taken to turn it from left to right until it  comes to a stop, when the 
diaphragm will be in its proper position. If the point is still bisected 
the collimation is pcrfect, but if not half the deviation from horizontal 
line is corrected by the foot-screw under the telescope, and half by the 
two screws that give vertical motion to the diaphragm. This process 
is repeated till the adjustment is perfect. 

Secolzdly. The object being now bisected and all parallax eliminated, 
the cye-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 
collilnation is perpendicular to  the vcrtical axis ; hnt if not, half the 
error is corrected by tlie large c1aml)ing nuts at  olic cnd of tlie hori- 
zoiital linib, and the other half by tllc foot-screw undcr tlie telcscopc. As 
soon as i t  is found that tlie object and eye-ends car1 be reversed witliout 
any apparent change in the position of the objcct intersected, the 
small fixing screw should be returned and the objcct cell made secure. 
It is important i11 changing the object-glass from end to end to keep 
that part of the cell which 11as the small screw hole in  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 bronght by motion of the latter to tlic cmtre of 
its run. If it remains so on turning the telescope half rouacl, the level 
is correct; but if not, tlie bubble is brought half way baclc by tlie foot- 
screws over wliicll i t  stands, and the otlicr half by thc two opposing 
nuts at tlie 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 

Staves. 
white with black divisions and graduated to 
hundredths of a foot from o to 10. oo feet, the 

other face being black, witli white divisions, similarly divided from 
5 . 5  j to 15' 55 feet. They are both shod and capped witli brass, the 
extreme graduations being laid off on tllc brass. They are supplied 
with plummets let into their sides and visible through glass doors, so 
that they may be adjusted to within an inch or two of the true per- 
pendicular, and they are hcld in position by ropes attached to a swivel 
on their summits . 

The units of the levelling staves must be determined in terms of the 
I 0-f O O ~  standard of the G. T. Survey. For this purpose a portable metal 
bar, on which the length of the standard bar has been laid off, is talcen 
with each party of levellers. The staves should be compared with it at 
least twice during the course of the season, vir., at the beginning and. 
end of the @eason'e work. It is also advisable that additional cornprisons 
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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 pills let into the staff and 
the spot where one end of the compass falls on the brass shonld be 
marked, the other end being on the nearest foot. The Inark will 
indicate the true position of the zero before separation, and if i t  is 
referred to when the staff is compared with the 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 blaclr and white faces of each staff. I n  most staves 
it is 5-55 but in some i t  is 5.60 feet; both of a pair should 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 
who make independent measures of the differ- 

Co~nynrison of staves. 
ence in length between the stanclald bar and 

10 feet of the staff by means of a finely gratlua.tecl scale, the tempera- 
ture being noted at the time of observ a t '  ion. 

The following table shows how the comparison is conducted and 
needs no remark except that i t  is the mean of the two observations 
which is entered in the fifth column :- 
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1 I.  The best Kay of determining the run of a level is by means of 
an instrument, called a ' bubble-tester,' specially 

Run of s level. 
constructeci for tlie purpose. One of these is 

kept in the Mathematical Instrument Office, Calcutta, and another in 
the l1rigonometrical Branch Office, Dehra Diin. 

Another simple may 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 
diffcrent positions of the bubble along its scale, aiid the number of 
divisions of the level-scale compared with angle given hy 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. 

12. When the run of a level is known, it is easy to ascertain the 

Subtense tablo. 
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 the amount subtended by an angular 
deflection measured by the movement of the bubhle through I division 
will be equal to I - 709 times the amount subtended by an angle of 
1" at the given distance. At a distance of 10 chains or 660 feet from 
the instrument, the maximum distance at which the staff is usually 
set up, the subtense for I division of the level will be 

= r -709 x sin I" x 660 feet 
= i -709 x .ooooo~848 I x 660 feet 

= ,0054684 feet. 

With such a datum, i t  is necessary to construct a table of subtenses 
for varying amolmts of dislevelment and ranges of distances. As the 
staves are divided into tenths and hunclredths and the readings are 
estimated to the thousandths of a foot, the subtenses must also be ex- 
pressed in thousandths of a foot as follows :- 
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TABLE OF SUBTEXSES. 
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If, however, neither bubble-tester, alt-azimuth instrunlerlt nor a 
well graduatcd tlleorlolite is availal~le, a suhterise table may be rnade 
by directing tlie lcvcllir~g instrument on a staff set up at any colivcnient 
distance at  which i t  can be read with accuracy, taliing a scries of staff 
1.eaciings and comparing tlieir differcrice nit11 tllc cliffercnces of the 
corresponding readings of the bubblc. The obscrratiolls sliould be 
talten in the morning before tlie atmosl~liere is agitated by the sun's 
rays, or iu the afternoon a couplc 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  JO, 8 and ,5 chains from the instrument, and 
that the means of 2 0  observations at each distance are for I division of 
the level-scale equal respectively to  ' 9057 feet, ,0042 feet and 0028 
feet. Then the value to  be adopted for the subtense of I division at  a 
distance of ro  chains 

I 0  I 0  
= + (-0057 + x a0042 +- x -0028) = .oo55 feet, 

5 

and the snbtense table will be computed in the same form as before by 
sirnple proport,ion. 

13. The dislevelment must be deducecl from the readings of the 

Dislevelment. 
bubble and may be expressed in terms of the 
divisions of tlie 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 midclle of its tube ; 
hence i t  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 thcre is no certainty that the level is in 
exact adjustment to the visual axis of the telescope, i t  is necessary after 
having taken a pair of readings of the bubble to turn the instrument 
througll an exact semi-revolution and take a fresh pair of readings : the 
four redings 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, I n  practice it is not necessary to reverse the instru- 
ment allrl take two pairs of readings for the mere eliminatioll of the 
errors of tire a d j u s t ~ ~ e ~ ~ t  of the level to the r7iseal axis of the telescope, 
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as 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 telcscope has been pointed to the back staff in the first 
instance, and db  and dl be the readings of tlie ends of tlie level to. 
wards the back and forward ends respectively, and if when the telescope 
is pointed to tlie forward staff d'a and d'f be the readings towards the 
back and forward ends respectively, then the amount of dislevelment 
expressed in divisions of the scale mill be 

= i  {(da +dk) - (df + d j ) ] ,  

= t {(da - d '  + (d'a - d j ) )  ; 

if this is positive, the end of the instrument towards the back staff will 
be 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 above argument is only strictly true when the instrument is in 
a line with the staves. If the instrument is on either side of this line, 
one end of the level is towards the staff on wllich 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 
through the instrument and the staves is determined, and this is all 
that is required for the correction of the observations, provided that 
the essential condition of setting up the instrument at equal distances 
from the staves has been fulfilled. 

I *  The chief cause of the inaccuracies so frequently found at the 

Errors in etaff readings. close of a line of levels is due to errors of staff 
readinas. Even when an observer is careful to 

repeat the readings at each staiion, before proceeding to the next) he 
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may occasionally make a mistake witllout finding it out. I t  is to  
p a r d  against this class of error that the staves are graduated differently 
on the two faces, so that if an observer make a mistake in one reading 
he is not lilcely to make a similar mistake in the reading on the opposite 
face, and the error will be shown up immediately by tlie different 
results from the black and wliite faces, if the 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 working, such a mis- 
take mould probably not be found out until the preparation of the 
duplicate records some months afterwards, and i t  could not then be 
rectified. 'l'o remove this source of error, a second observer follows 
the first over the line, station by station, with an independent set of 
instruments. 

3. Errors of permanent instrumental adjustments, as well as those 
m~hich might be caused by normal atmospheric 

Instrllmental errors. 
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 
impossible for the observer to look down on it, 

Errors in reading the level. From above, the bubble is seen to be sharply 
defined and the scale can be read with great accuracy, but the observer 
usually stands with his eye nearly on a level with the instrument, in  
which position the rim round the bubble, caused by the adhesion of 
the liquid to the sides of the glass tube, becomes so prominent that, 
in  certain lights, its extremities may be taken for the true ends of the 
bubble. Whon light falls obliquely on the instrt~ment, the outer edge 
of the rim, being towards the light, is more clearly defined than the 
inner edge, 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 ol)server 
shoulcl take as many opportunities as he can of reading the bubble 
witll his eye aborc the instrument, a i d  again with llis eye on the same 
level, until he is satisfied that his readings are correct. 

5 .  Cumulative errors are caused by the constant recurrence of 
small errors, either personal, instrumental or 

Cumulative errors. 
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 s constant order-such as might be caused 
by a uuiformly rising or sinliing refraction, or 1)y a tendency iu the 
instrument to settle on its axis more one way than anothcr on being set 
up for observation-may be cancelled by alternating the order of obser- 
vation to the back and forwarci 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 clirectioll 
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 as to  
give the results of an ' up line ' and the other of a ' down line ' :- 

I [ Forward Staff ] 
Back 

White Face Down Tliue. 
J J  

Odd stations 

] Black ,, Up ,) 
Forward ,, 

Back 
1 " 

 lack ,, Up )) 

CForward ,, 
Even stations 

Forward ,, 
Back 

White ,, Down ,, 
,) 

This amplification is however seldom carried ont in  practice. 
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CHAP. 11.1 PEE CAUTION^ AGAINST ERROW. 

Errors recurring in a constant order might be caused by an irregu- 
larity in  the socltet of the axis, if tlie instrument be iuvariably set 
up in the same direction with regard to thc line followed. Tliis can be 
obviated by marlting 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 wliich requires an observer to close on his 

Circuit system. 
origin is theoretically the best; but a circuit, 
when levellccl 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 obscrvers 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 at 
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 obscrvers marching over the whole line 
once, be accepted, all the advantages of closing on an origin may be 
obtained by tlie simple expedient of dividing the line into as nearly as 
possible equal sections and both observers working alternate sections in 
opl~osite directions. The sectiolls should bc 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 
circ~unstances will permit of encamping near their extremities, i t  is 
easy to walk the 4 or ; miles to  the commencement of a section, 
without fatigue, in t l ~ e  early morning before sllnrise and then level 
baclr to camp ; in this way the delay of extra marching is avoided and 
steady progress rnatlc at a rapid rate. This scction system has appa- 
rently contributed, Inore than anything else, to redwe cumulative 
errors in the operations, and should illvariably be adopted. 

7 .  A tendency is sometimes observed, in a long line of levels, for 
the negative level corrections to exceed the 

Cumulntive level errors. positive ones or vice versa". I t  is of impor- 

tance that they should cancel each other, as any error in the deter- 
mination of the runs of the levels is thus eliminated. The observer 
niust therefore be prepared to prevent a preponderance in any direc- 
tion by setting up his instrument with a slight tilt in tlie opposite 
direction. 
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8, I t  has also been found that the sun exercises a constant dis- 

Cumulative errors caused by the levelling effect on instruments, tending to 
sun. raise the end towards itself and lower the 

opposite end. Tliis 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. Thus 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 it is of the run. I n  practice this 
may be cancelled by watching the signs of tlie correction and occasion- 
ally tilting the instrument to counteract the dispositon to rise towards 
the sun. 

There is however another orcler of error which no modus operandi 
will wholly ' cancel ; for, however carefully the instrument may be 
shaded, the action of the sun tencls to cause a constantly recurring 
displacement in the level in the interim between the reading of the 
staff and that of the bubble ends : these readings shoulcl be strictly 
simultaneous in order to compare with each other, but they are neces- 
sarily consecutive; and short as the interval between 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 long line of levels. It 
would be maximum on a mericlional line, but would not affect a line 
carried from east to west or vice versd. This error is of a class which 
cannot be eliminated by working in a circuit: so long as the cause 
remains constant, the effect is the same in both 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 tend to cancel each other, on a long line of operations, 
except under tlie following circumstances :- 

9. Firstly-~hen more stations are observed before than after- 

Error due to  refraction. 
noon : during the forenoon the refraction will 
generally be sinking and rising in the after- 

noon, consequently the first of a pair of staff readings will have a 
tendency to be more refracted tlian the second, thus introducing cumu- 
lative error unless the precaution is taken to alternate the order of 
observation by taking the back staff first at one station aud the forward 
staff first at the next. 
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lo.  Secondly-when operations are carried over a line of country - 
which slopes uniformly in one direction, as in  

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 tlie down-staff, and 
they must therefore he more subject to extremes of refraction. The 
influence of this source of error will vary with the seasons, and it is 
evidently beyond the control of the observer. 

1 1 .  The sinking of a peg that supports a staff, in  the interval 

Error due to sinking of peg. 
between its being the forward end of one sec- 
tion and tlie back end of the nest, 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 ae 
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 which are taken to 

Conclusions. 
guard against accidental gross errors, such as 
misreading the feet and tenths, mistaking 

the identity of the pegs on the line, or confounding one bench-mark 
with another, 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 defects, (2) from the rising of the pegs on hard ground 
or their sinking on soft ground, (3) from rising or sinlting refraction, 
(4) from personal bias, (5) from the effect of the sun in disturbing the 
horizontality of the instrument in the interval betmeen the staff and 
level readings, (6) from unequal illumination of the ends of the bubble, 
( 7 )  from working continuously over a long slope, on which the average 
height above the surface of tlre ground will be sensibly different for 
up and down rays. 

The alternation of the order of observation of the back and forward 
staves should eliminate all error arising from the first three sources. 
Those which cannot be eliminated by this method may be met to some 
extent by multiplying the number of observers, in order to diminish 
the effect of individual bias, and by working under every posaible 
variation of climate. 
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I .  Every main line of levels is executed by two observers, each 
working with his own instrument quite inde- 

Instructions to observers. 
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 are in perfect adjustment. 

2. These adjustments are as follows :-The stand must be rigid, 

Adjiistments. Stand. 
and there must be no play between it and the 
telescope. I n  soft or sandy ground, the feet of 

the stand should rest on wooden pegs firmly driven. 

3. The telescope must be adjusted so that, $rstrstly, the horizontal 

Telescope. 
wire of the diaphragm is in the visual axis of 
the telescope, and, secondly, the visual asis 

of the telescope is perpendicular to the axis of rotation. For the 
methods of effecting thcse adjustments, see page 283 for the cylindrical 
levels and the rectangular level, and page 285 for CushingJs reversible 
level. 

4. VVlen the instrument is level, the bubble should be adjllsted 

Bnbble. SO as to be in the centre of its run and should 
be bisected crosswise by the edge of the scale ; 

i t  should remain thus in any position of the instrument. 

5. The staves must be compared with a standard 10-foot bar at the 

Stnvee. beginning and end of the season's worL and 
also during the field season as often as is con- 

venient, see page 286, 

I n  choosing a pair of staves the observer must carefully exalnioe 
that the differepce between the zeros of the black and white faces of 
each staff is the same, see page 287. 

6. The chains should also he compared occasionally with the 
Clialns. 10-foot bar. 
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7. Before beginning work, the obsel.ver should determine the value 
of the level-scale and prepare a subtense table, 
giving tlic value in feet of one division of the 

level-scale a t  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 tlie head of each 

pin after i t  is driven, to offer a point instead of an uncertain surface, 
for the 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. 

9. The staves must be set up a t  equal distances from the instru- 

Dietsnce between stares. 
ment; if the ground will not permit of the 
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- 
tween the staves is the base. Unequal distances should always be 
avoided: there is no excuse for them excepting on unusually rough 
ground when the observer is pressed for time and then the distances 
should be made as short as possible. On a good day the maximum 
distance between the instrument and the staves is from 16 to 20 chains 
in  the 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 
set up and observed, it should not be re- 

Re-adjustment of staves. adjusted if i t  has to be observed at the next 
station, because then any error caused at the first station by deflection 
of the staff will in a great measure be cancelled at tlle next. But 
the staff should be carefully re-adjusted whenever, having been read 
near the bottom at one station, it is liable to be read near the top at  
the next. 

I I .  The instrument being set up at the same distance from the two 
staves, must be carefully levelled. The white 

Readings. face of the back staff should then be intersected 
and the reading taken to three decimal places : when the s t m s  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 
tlie bubble must then be read with great care, as quicltly as possible 
after tlie staff reading, see page 293. The white face of the forward 
staff must next be intersected and tlle level readings talten : after this 
the process must be repeated on the blaclt faces of the staves. The 
observations of the back and forward staves should follow each other 
as quickly as possible, consistently with accuracy, i11 order that they 
may be strictly differential. If tlie differences of height deduced from 
the white and black faces agree within -0a5, 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 tlie differences are very large and 
obvioasly 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 it was, so that it may become the back staff at  the second 
statiori and its zero error be eliminated. I n  observing at  the second 
station the forward staff should 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 
the legs of the tripod, or of the instrument, and 

Position of instrument. 
always point the marked leg to the same staff- 

holder throughout a section, see page 295. 

I 3. Proceeding in this way, the observer should finish the first day's 

Wret day's work. 
work of say 4 miles, if in good ground, be- 
tween day light and lo o'clock,.and his camp 

ought to be waiting for him at the end of his work. 

14. As the day's work will necessarily close more frequently on 

Belevelling cloeing  tati ion. 
temporary pins, over which the line of levels is 
carried, than on permanent bench-marks, the 

closing station of the previous day must be relevelled next morning to 
test the permanence of the pins, before carrying on operations beyond 
them. 



15. The next morning before day break, the observer should march 
out to the end of his second section and level 

Second day's work. 
back into camp, see page 295, afterward relevel- 

ling his closing station of the previous day. 

16. In consequence of alternating the direction of operations, the 

Precautions to be taken at  the verification is made in the opposite direction to 
end of a section. the first measurement, consequently the two 

results have opposite signs : they cannot be conveniently combined to- 
gether and the mean employed, as when the ~vork 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 against by the 
method of recording the repetition in the Field Book. A clear space of 
two inches should be left between the 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 sllo~ild 
be entered above the record of thc repetition. Opposite the repetition 
a remark should be made as follows :- 

By up line fall . . . ... . . . 2'327 

By down line rise . . .  ... 
P 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. 

1 7 .  The observer should proceed thus levelling in opposite direc- 
tions on alternate days till the line is finished, 

Level error to be guarded against. and during the whole work he must be ca,re- 
ful to prevent a preponderance of level error as described on page zg  j. 

' 18. The results as deduced by each observer from the white and 
black faces of the staves must agree within 

Agrecrnent of results. -005, and the mean of these as determined by 

each observer must also agree within . oo j, otherwise the observations 
at  the particular station must be repeated. 

19. At intervals of every lo or I z miles an ' embedded' bench-mark 
should be laid down. A stone 18 x 1 2  x 12 

Bench-marke. inches is generally built into a block of masonry 
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from about 3 to 4 feet cube, with the upper surface of the stone flush 
with the upper surface of the masonry which is about 6 inches below 
the ground level, and the whole block covered with earth. A small 
llollom square, a quarter of an inch deep and 5 inches square, is cut 
in the upper surface of the stone for tlie foot of the levelling staff to 
rest in. The letters G.T.S. B.M. and tlie date A.D. 18 . are also cut 
on the bench-mark. These bench-rnarlts are as a rule laid down 
in the vicinity of masonry buildings, and to mark the spot tlie lctters 
13.35. 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 
copings of railway platforms, parapets of bridges, &c. The letters 
G.T.S. l3.M. and a small circle should be cut deep into the masonry, the 
circle showing the position which the bottom of the staff occupied. In  
tlie neighbourhood of tidal observatories, pairs of test bench-marks 
should 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 lo miles inland, and connected very carefully with the tide-gauge : 
suitable embedded bench-marks 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 second by the responsible authority and the third by the 
individual entrusted by the reponsible authority with the actual care of 
the bench-mark. The papers are signed by the last mentioned indivi- 
dual and by the officer in charge of the Levelli~ig Operations. 

21. If possible, all principal stations of the Great Trigonometrical 
Survey, in the neighbourliood of a line of levels, 

Connection with triangulation. 
should be connectedVby branch lines. 

22. There are a few cases which require exceptional treatment. Thus 
Exrapt\anal cmes. Levelling a supposing the height of a tower station has to 

tower etation. be determined, firstly when the foot can be 
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CHAP. 111.1 P~OCEDUBE IN THE FIELD. 

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 suspeuded from a staff laid hori.zontally 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 and 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 over the 
last point levelled. The height of the summit of the 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 
between the summit of a hill station and the 

Levelling up steep ground. 
last point levelled to. I n  this case a staff 

should he erected over the last point and a second staff laid trans- 
versely with one end resting on a convenient spot on the side of the 
slope while the other is supported by a man and raised or lowered till 
the indications of a small bubble placed on i t  show that it is hori- 
zontal: the reading on the vertical staff corresponding to the lower 
edge of the trarlsverse staff should then be taken several times and the 
difference of level deduced. I n  this way by a succession of measure- 
ments, the top of the hill will be reached and the difference of level found. 

24. Again supposing the levels have to be carried across a river 
or creek whose width is too great to admit of 

Levelling across a river or creek. 
the ordinary staves being read. I n  this case 

staves of Strange's pattern graduated to tenths and subdivided to  
two-hundredths of a foot are used : they can be read pretty fairly with 
the rectangular level at 50 or 60 chains, and several measurements 
should be talten on two or more days at the most favourable time so as 
to reduce the chances of error to a minimum. 

If however the river or creek is too wide to admit of even this alterna- 
tive, two staves sllould be embedded on opposite sides of the water and 
as nearly as possible at right angles to the direction of the current and 
a large number, say 2 or 300, of simultaneous readinp of the height of 
the water on tho staves taken at intervals of 5 minutes or SO, and the 
difference of height on the two sides deduced from these. 
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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 1st 

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- 
tioils 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 the 
back and forward end readings of the bubble, the 5th and 6th the cal- 
culations of dislevelmeut and the 7th the corresponding correction 
obtained from the subtense table, expressed in thousandths of a foot, 
omitting decimal points and cyphers. The 8th column gives the staff 
readings ; the 9th and I 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 I rth 
and r 2th columns give the true differences of level, i . e . ,  the approxi- 
mate values of the 9th and loth columns corrected for dislevelment; 
in these columns the mean of the results from black 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 14th column is reserved for remarks and descrip- 
tions of the bench-marlrs: the latter should'be sufficiently lucid to 
enable any person who may have occasion to visit a bench-mark, either 
for the purpose of commencing or closing a new line of levels, to 
ascertain the exact position of the mark without the slightest doubt ; 
drawings of the bench-marks should also be given with their distances 
and bearings from any prominent buildings in the neighbourhood. 
The remaining columns on the right hand side are required for the 
entry of details regarding the small cumulative errors described in 
pages 295 and 296. The level and staff readings are recorded by a native 
assistant who calculates the results before llandilig the Field Book over 
to the observer, by whom they are checked before proceeding to the 
next station. The headings, remarks and descriptions of stations 
ohould invariably be written by the observer. 
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I. I t  is a practice in the Levelling Party to prepare duplicates of - 

Duplicate field books. 
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 abstract. 
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 far points on the several branch lines. The 
abstract is also prepared in duplicate by two computers working 
independently. 

3. The 
Press copj  of 

Iicights. 

press copy of pamphlets of heights is also prepared in the 
apirit-leveued office of the Levelling Party, a copy of which 

is given in the original field book. Ili 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 
chart. season'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 sncli work 
being again undertaken in India. I t  is, however, such an important 
factor in a geodetic survey that i t  cannot be entirely passed over with- 
out reference; but it 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 Peaclulums, was entrustecl, 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 ancl 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. 

IEiscellaneous Subjects. 

1. The operations of the Trigonometrical Branch are so varied in 
General remarks on annual re- their character, that it is almost impossible to 

porta. lay down exact rules by which all Executive 
OfEcera may be guided in the preparation of their annual re.ports. 

Executive Officers must always keep in mind that the object of 
these reports is to enable the authorities to know exactly what is done 
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C ~ A P .  I.] ANNUAL RXPOIITB, &c. 

from year to year; they must therefore so draw them up, that all a h o  
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 turned out. 

2. I11 all cases the dates of going to, and returning from, the field 

Genernl remarks on annual re- must be shown, the strength of the establish- 
ports. ment, and the duties allotted 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 pasty, must be given. To this extent 
the circumstances of all the parties are nearly similar. For details 
executive officers mav with advantage consult the published annual 
reports of the Survey of India Department which mill give them a 
clear idea of what i t  is advisable to insert. 

3. For instance, an officer' engaged upon Triangulation may with 

A~lnunl report of a triangulation 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, giving also a general description of the stations, 
and the precalitions takenfor their protection. Any political difficulties 
met Witll in the past, or anticipated in the future, should also be 
touched upon. 

4. An officer employed upon Latitude observations should describe in 
- 

Annunl report of a lntitude 
detail the programme of star observations at each 

pnrty. station, the instrument he used, and any pecu- 

liarities noticed in i t ;  also any remedies Le devised to cancel them. 
Hc  sllould also dran up a tabular statement giving ihe values of the 
latitlldes observed, with their probable errors, the number of stars from 
~ ~ l l i ~ l ~  tl1ey were deduced and the dixerences between the astronomic 
and geodetic latitndcs of the stations occo?;eu. A - 2 ~  hi~.;-s for future 

~ h s c r v e ~ s ,  deduced from his own experience may propeilv find a place 
in his report. 
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Annual 
party. 

A report on Electro-Telegraphic Longitude Operations should 

report ot e longitude contain a list of the arcs measured with the 
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 of the Tidal and Levelling party are somewhat 
dnnunl report of Tidal md voluminous. They should contain a brief ac- 

Levelling party. 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 J J , ,, low J ,  

( 3) j) ) )  heights of high ,, 
(4) J , ,J J J  low J ,  

(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, 
and by levelling, respectively. New bench-marlcs must also be noticed, 
when they are in connection with tidal stations. 

7. I n  addition to the annual reports explained above it is necessary 

Precie of annual report. for every Executive Officer in charge of a party 
to submit a precis of his report. This precis 

must be 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 work : it should be written 
in  the third person,'and the services of the individual members of the 
party should not be alluded to, unless they are particularly praise- 
worthy, when they lllay 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  making 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 the Deputy Surveyor 
General's Office. Specimens may be found in the Annual Reports 
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 sub- 

Confidential reports. 
jects, beyond the limits of British India, and 
of the feudatory Native states, are to be con- 

sidered in the first instance as strictly confidential. 

9. Officers of the senior division must consider i t  part of their duty 

Visits to other survey omces 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 happens that the procedure of different parties 
varies in some particulars, and mutual visits between the officers 
concerned tends to utilize to the utmost their varied experiences. 

10. Officers of both divisions visiting the presidency should, unless 
incapacitated by ill-health, be officially con- 

Visita to Hend-Quarters offlcee. 
clucted through the offices of the Survey of - 

India ; and be made acquainted as far as possible with the procedure of 
the Drawing, Engraving, Mathematical Instrument, Photographic and 
Lithograpllic offices. Advantage should be talcen by officers passing 
through Dehra of the opportunity to pay an official visit to the offices 
of the Trigonometrical Branch, after having obtained permission from 
the Deputy Surveyor General. 

I I. Officers and surveyors of all grades will in future not only 

Arrivals to be rbported to senior report in person their arrival at the Head- 
survey officer. Quarters of the Survey of India at Calcutta and 
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Dehra, but at all stations where an office of the Survey of India is 
established, thcy 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. 

CHAPTER 11. MANAGEMENT OF TIIE HEALTH OF A PARTY.* 

I. Although in  general the occupation of a surveyor may be 

General remarks. 

- 

reclronccl more llealtlly 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 ~vhich trigonometrical survey partics are 
exposed to consiclerable risk from jungle fever and other diseases which 
prevail with greater or less virulence for several montlls in  the year. 

2. As tliese parts of the country mnst, however, be surveyed i t  be- 
comes an important matter to consider the best sanitary arrangements 
for the protection of survey parties, from jungle fever in the first 
instance ; and secondly, the proper treatment and line of conduct to be 
pursued in the event of the disease breaking out as an'epidemic in camps. 

3. Tllat it is practicable, by judicious sanitary arrangements, to 
carry on operations with comparative safety for several months in 
such tracts, has been proved by the experience of the Survey Depart- 
ment in all parts of India;  wllile it has also been demonstrated that 
by proper medical treatment, disaster may be prevented, and the 
estal~lishment restored to efficiency after being attacked by jungle fever. 

4. Although i t  may, at  first, appear to  be beyond the province of a 
non-medical person to enter on a subject of this nature, still surveyors 
are of necessity thrown upon their own resources, and compelled to 
qualify themselves, as well as they can, t o  perform this work of huma- 
nity, in addition to their own all-absorbing dl~ties. Fortunately, the 
treatment of jungle fever, if talien in llanrl on the first appearance of 
premonitory symptoms, and the patient be not unnecessarily exposed 
to  aggravating circumstances, is suficiently simple to be learned by any 

This section is  reprinted from nn Extract from Remnrks on the Sanitary arran~ernents of Survey bIfties in the  j u n ~ l y  tracts of India, by Colonel Sir Andrew Scott Waugh, Survepor General of lodia ; Dellrs 
ull, October 1861. 
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person of common sagacity, and will prove successful in nineteen cases 
out of twenty ; tllougll, it' once the disease he allo~red to gain head, it mill 
require the utmost skill and refiuement 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 ; they have been tested 
by experience, and are believed to be consistent with modern practice, as 
far as tbey go. When once a moderate degree of sl(il1 is acquired by 
experience, combined with the advice which metiical officers are always 
willing to afford, i t  will bc found that a degree of confidence will be 
inspired among all parties in camp,-a feeling indispensable to success 
i n  all arduous unclertakings. 

6. Although 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 of 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 portion of a party has escaped on the same tract in 
which another portion has suffered, merely owing to the difference of 
habit and treatment. 

7. The benefit of breakfasting 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, may be attributed the circum- 
stance, that Mussalmans are less subject to the influence of miasma 
than Hindus, who cannot conveniently cook oftener than once a day. 
Nevertheless, the latter class of people shonlcl be induced to eat parched 
grain or something similar to break their fast, or be compelled to cook 
a regular meal in the early morning, if 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 weather is very hot, it is 
usual to move at night, to save the men from exposure to sun. I t  is 

impossible so far to break up established habits as to breakfast in the 
middle of the night ; but i t  is usual for officers to take a cup of coffee 
and a biscuit; and as a further precnl~t,ion, if likely to be detained 
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out long, it is a good plan to fill the pocltets with biscuits, ginger- 
bread-liuts, or sometlling of 'illat sort, and carry a bottle of cold tea 
or cold weak coffee without milk.* 

9. I n  tlie survey season, surveyors are liable to be out all day, 
from mornillg till night. I n  such circumstances it is desirable to be 
accompanied with a basket containing sandwiches, kc. ; 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 the whole day. 

10. Now, it may be remarlred that most officers talre these precau- 
P r e r i ~ o a n g  c..ges in case tions for themselves : they also slcep under 

native establishment. canvas, protected from the dew, and upon beds 
raiscd 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 the Europeans 
are of weakly constitution, peculiarly susceptible to fever, or neglect- 
ful of their comforts. 

I I .  I t  is difficult in the case of Hindus to get them to cook their 

Proper protection at night. 
meals at proper times,-but as far as possible it 
should l ~ e  done ; and 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 renders it easy to carry charpoys for some of the upper 
servants ; and when men are detached to show signals 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 malarious tracts in the Central 
Provinces, the executive officer has furnished his men with tea, blankets 
and filters. The effects have been so to increase their efficiency that 
the cost of these comforts has been abundantly repaid by increased 
outturn of work. 

Makc coffee as usual and pour into a bottle tiU half full, flll up with h o t  water and add augur accord: 
In8 to a t e  : a man can work dl day on this bevernge. 
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12.  I n  addition to the ordinary precautions above directcd, it is 
usual i n  the case of persons very susceptible of 

Quinine ae a preventive. 
fever to fortify tliemselves by taking 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 

Importance open camping due enquiry should be made of the indigenous 
grounds and good wnter. 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 
it 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 - - 

compound the medicines and act according to 
Hospital Assistants. the orders of the officer in charge. These 
men are very useful in attendance on the sick, in general arrange- 
ment and hospital duties, and some are pretty slii lf~~l in the use of 
medicines ; but, as a general rule, they are wanting in a strong mind to 
fall back on for advice in times of difficulty and dangel; being either 
disposed to act with timidity or rashness. Be this as it may, the 

attendance of the officer on the sick prevents neglect, and cheers the 
poor men in their misfortunes. I t  sometimes llappens, however, that 

the hospital assistant requires to be left at sorllc distaace, while obscrva- 
tions are being taken on hill tops, moreover i t  usually hagpens that some 
of the subordinates being detached are unable to avail themselves of the. 
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hospital assistant's services. Under such conditions in  orcler to avoid 
the weigllillg and mixing of medicines which is not a very pleasant 
business 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 will be saved. 

15. It may be said that the sedulous attention here recommended 

of to ensure the comfort of every individual in 
precautions. camp would substitute, for the ancient hardy 

habits of the Indian surveyors, a sybaritic regard for luxury, in- 
consistent with 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 worlc is 
done? It is a very good thing to be able to  brave an Indian sun with 
impunity ; but i t  will be found that an umbrella will enable any man to 
accomplish more survey work than he could withont that protection. 
The quantity of worli is the only criterion of good habit and arrange- 
ment, and all other experience shows that, unless a party'take the field 
well equipped with 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 

Healthiness of camp life. 
the persons composing the party was good at 

starting, that the coolies &c., are well provided with warm blankets 
during the cold season, aud that every care is talren 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 
treated of at considerable length in Moore's Family Medicine for India, 
a book which all European membcrs of a Survey party should carry 
with them. The price of this work is Rs. 3 to all government officials 
receiving less than Rs. 500 per measem, and Rs. q to all others, and 
to  the public at large. A certificate declaring that the book is to be 
purchased ouly for the personal use of the officer is necessary for the 
lower rate. It may be convenieut however to give here a brief de- 
acripiiion of the symptoms and treatrneut of the commoner forms of 
sickness prevale'nt in survey camps. 
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18. Malarious fevers are beyond question the diseases which most 

Fever. 
tend to interfere with the progress of Survey 
parties in  India; and a clear conception as 

to how they should be treated in a general nay 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, Bengal 
fever, Jungle fever, 4c .  Tlie affections commonly referred to by these 
names correspond to what medical men describe as Intermittent and 
Remittent forms of inalarious fevcrs. By intermittent fever is meant 
that form of fever nrhich, whilst recurring claily, on alternate days, or 
every third day, leaves the patient fever-free in the intervals ; there is 
an internzission 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  the case of remittent fever, honrever, the feverishness does not com- 
pletely disappear betnrecn paroxysms, there is simply a diminution-a 
renzission of the attack. It is the severer attacks of this latter form 
of ~nalarious disease that is usually meant when the terms jungle arid 
terai fever are used, whilst the former is commonly referred to as 
ague. 

It is, however, frequently difficult, even for the experienced physi- 
cian, to decide definitely whether a person is suffering from the 
intermittent or tlle remittent form of the malady, as tlie symptoms 
often 'shade off' one into another-the fever being intermittent for 
a few days, then remittent, and again, perhaps, intermittent. 

Fortunately the general line of treatment to be adopted is the same 
in  both forms, and i t  will probably be found that when working in 
some malarious localities, the two forms of the disease may prevail 
simultaneously . 

19. When it has bcen decided to visit a locality known to be pro- 
ductive of fever, it  should be laid down as a 

Propliylnctic measures. general rule that every member of the party 
should rcceive small doses of some cinchona preparation during a few 
days prcviously, and twice claily daring the stay in the locality. Two 

to three grains of quinine should he taken morning and evening, or, 
what is equally efficacious and vcry much cheaper, the same quantity 
of tlie Cinchona fe lr i f i~ge,  prepared at tlle Government ciuchoua 
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plalltation. The expense of a prophylactic measure of this kind would 
be very trifling, especially if the febr fuge  be rcsorted to. 

20. An attack of ague consists of three more or less distinctly 
marked stages : a cold stage, often not well 

Intermittent fever. marlied, 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 attaclr 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. Sho~ild it be considered aclvisable to administer a 
purgative, wait for an hour after its administration, and then give l o  to 
15 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 Irind, if not almays successful in warding off the attaclr alto- 
gether, tends greatly to diminish its severity. 

Shoul'd 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 dracllm of compound jalap powder in a wine-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 teaspooliful of this granular  reparation, 
added, as required, to a little sweetened water, and administered every 
hour or so, will form a pleasant effervescing febrifuge. If, however, 
the bowels are relaxed, it will be 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 should be 
made to relieve headache by applying wet cloths to the Ilead. 
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As soon as the sweating stage sets in, lo grains of quinine [or an 
equivalent quantity of the Cinchona febrifuge] should be given every 
eight liours or so during the intermission. The quinine (or the cinchona 
febrifuge) may either be talcen in powder, or dissolved by means of half 
a teaspoonful of thc 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 diarrhea 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- 

Treatmentof nemittent,0r jungle 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 ushered in by 
more or less distinctly marlted shivers ; but it will be found that, as a 
rule, this stage is less marked here than in an ordinary attack of ague ; 
the succeeding or hot stage, however, is more prolonged, and generally 
more severe. The temperature runs high, the pulse is very quiclr, 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 from all 
painful sensations, as in intermittent fever, there is only a subsidence 
in  the severity of the symptoms-a remission, not a cessation, of the 
fever. The duration of the paroxysm is uncertain-may last from 
6 to 24 hours, and an attack may recur daily for a week, 10 days, or 
even longer. 

When the cold stage has passed away, and the pulse becomes full 
and the face flushed, administer frequent small doses of the granular 
citrate of magnesia as above directed, and apply cold to the head : 
avoid stimulants of all kin&, 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 mill 
be ltnown 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 quinine may mow 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 
dose 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 of diamhma and and 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 substituted, and cold drinks should be avoided. Should 
the diarrhea have been immediately preceded by constipation, a  mall 
dose of castor oil should be taken, and possibly after this bas acted, 

b~wels may return to their ordinary condition. 

If, however, the diarrhea has not been preceded by constipation, 30 
drolls of chlorodyne may he takeu in half a vine-glassful of lokewnmnl 
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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 
taken in combination with 5 grains of Dover's powder, and the patient 
sent to bed. It 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, followed by the quinine and Dover's 
powder, twice daily, for a day or two, or until perfect recovery. 

Should the diarrhea 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 
tl~emselves should be carefully noted, and if traces of blood or fleshy 
shreds be observed, it is absolutely necessary that complete rest should 
be enjoined. The patient should be given a grain of opium, or 30 
drops of chlorodyne in a little mater, to be followed in about quarter 
of an hour by 20 grains of ipecacuanha powder in half a wine-glassful 
of mater, 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 it 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 tablespoonful of turpentine on a piece of 
flannel wrung out of hot water) over the painful part. 

If the patient does not recover in al~out a week after a fair trial of 
this treatment, he should be carried to the'nearest station where medical 
aid may be ~rocured. - 

24. When cholera breaks out 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 the greatest possible attention should 
be paid to the sanitary state of the camp, and especial care taken 
during periods of this kind in particular to avoid unwholesome food 
and impure water. 
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25. Unfortunately 

Trentmentof cholera. 

no very certain remedy is ltnown for this 
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 tlie voice huslry, 10 drops, of the ' Cholera drops,' sup- 
plied by the Meclical Stores Department, should be given every half an 
hour in a tablespoonful of water. Or, if this medicine be not at hand, 
I; 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, and cold drinks (soda water and tlie like) 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 
unexposed parts of the body become warmer to the applied hand, the 
stimulating medicine (whether ' cholera drops ' or ammonia) should be 
discontinued. Attempts should be made to get the patient to swallow 
a little beef tea, Liebig's extractum carnis, or such other nutritious 
food as may be available of an allied character. Occasionally, small 
effervescing draughts, made by adding half a teaspoonful of citrate 
of magnesia to a little sweetened water may be given. Should the 
urinary functions not have become restored towards the end of the 
second day, the loins should be well fomented with warm water, fol- 
lowed by a turpentine stupe applied over the kidneys, with a linseed 
or bran poultice over the bladder. Should indications of stupor be 
observed, and-the tongue become dry, the baclr of the head should he 
shaved, and the nape of the neck painted two or three times with 
blistering fluid. As a rule, when the urinary secretion becomes re- 
established, convalescence is rapid. 

26. The Europeans of a party are more liable to suffer from sun-stroke 

Bun-stroke. 
than the natives, and it not uncommonly hap- 
pens that when one attack has occurred, it is 
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followed during the next few days by others. I t  is therefore especially 
necessary that the tents should be pitched in shaded positions, and that 
great care sliould be talcen to avoid unnecessary exposure to the sun'a 
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 sun-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, homever, the face get flushed, the pulse full, and the heat 
of the body to the applied hand very great, mi.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 drachius 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 made to clear the bowels by means 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 the sun for some seeks. 

28. A short list is appended of the medicines which would be 

Bupply of medicines for detaclied 
found useful in cases of emergency of the kind 

parties. referred to above. Only the simpler kind of 

remedies have been mentioned, as it would be useless to do more than 
suggest the gcneral line of treatment allicll meets with tlie approval 
of the majority of the profession. Were more than this done, it would 
tend to confuse non-professional persons, and an elaborate list of re- 
medies wonld imply a great addition to the weight to be carried. 
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A LIST OF MEDICINES, &c., WHICH, IT IS SUGGESTED, SHOULD BE TAKEN BY 

SMALL DETACHED SURVEY PARTIES OF ABOUT 25 MEN. 

4 oz. Sulphate of Quinin,e. 
2 oz. ' Cinchona Febrifuge ' or ' Mixed Cinchona Alkaloids.' 
I oz. Chlorodyne. 
2 ox. ' Cholera Drops,' as issued by Medical Stores Department. 

01. Anisi, 01. Cajeput, 01. Juniper, each !j ounce, 
E t h e r  + ounce; Liquor Acid. Halleri 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 : I o to r 5 drops in water for a dose. 

2 oz. Sal Volatile (Sp. Ammon. Aromat). 
8 oz. Granular Citrate of Magnesia. 
8 oz. Epsom Salts. 
8 oz. Castor Oil. 
2 ox. Compound Jalap Powder: a brisk purgative : dose I or 2 

drachms. 
I oz. Dover's Powder. 

25 One-grain opium pills [in a well-corked phial]. 
50 Podophyllin pills [Recipe, Podophylli Resin= gr. ; Extr. 

Hyoscyam. gr. I ; Pil. Colocynth Co. gr. 3. Make a 
pill] . Preserve in a well-corked phial. 

50 Two-and-a-half grain Quinine pills. I n  a well-corked phial. 
25 Gallic acid (three grains) and opium (half a grain) pills. 

In  a well-corlred phial. Useful in mild cases of 
diarrhea : one or two for a dose. 

I oz. Ipecacuanha Powder. For treatment of dysentery. 
I oz. Blistering Fluid. [In order to produce a blister, paint 

the part three or four times with a feather]. 
z 02. Solution of Acetate of Lead [Liq. Plumbi Subacetas] . 

For making Goulard's Lotion, add about a tablcs1)oorlf~l 
to a pint of water. A useful application to sprains and 
to indolent sores. 

1 02. Tincture of Steel. Useful for stopping hzemorrhage. Dip 
a cotton rag into the solution, press it into the wound, 
and apply a bandage. 

I oz. nncture of Iodine. Useful 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 &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 Isinylass adl~esive plaster (i. e., Court plaster). 

This is preferable to ordinary sticking-plaster, as the 
latter, owing to the heat, often becomes useless. To be 
moistened before application. 

29. As several of the powder-medicines deteriorate greatly when 

Care of medioines. 
kept in paper packages, and frequently, owing. 
to damp, &c., become useless when thus pre- 

viously weighed out, it 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 measure 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. 

S o  ti d . ~ .  
20 grains = r scruple. 
3 scruples = I drachm. 
8 drachms = I ounce. 

12 ounces = I pound. 

Fluids. 
60 minims = I fluid drachm. 

8 drachms = r fluid ounce. 
20 ounces = I pint. 

APPROXIMATE FLUID MEASURES. 
1 minim = about I drop. 
I fluid drachm = I teaspoonful. 

2 J ,  drachrns = I dessertspoonful. 
4 9 ,  dracllms = I tablespoonful. 

, ounce = 2 tablespoonfulg. 
2 ,, Ounces = I wine-glassful. 
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CHAPTER 111. CARE AND TREATMENT OF ELEPIIANTS. 

1. I n  many parts of India and Burma elephants are almost in- 
dispensable for ~ r i~onomet r ica l  survey parties, 

Necessity of wpervlsion. 
when employed on Triangnlation, 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 supervision over their treatment in order to ensure their 
efficiency. 

2. I t  would be impossible to enter here into all the diseases to 

TWO principnl causes of disable- which elephants are subject, but there are two 
~nent.  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 of 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, 
Iduries to tile feet, and their named ' Tawakh ' and ' Sarjan '. They are 

treatment. both contracted through neglect, and from 
allowing the animal to stand for many consecutive days on the same 
'tahan' without cleansing it. The best treatment is by nitric acid, 
applied wit11 thin strips of copper, which should be dipped into the 
bottle containing the acid, 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 :- 

Countinued. 
' Tua' or ' Chowdara), one fruit, cut up) 
powdered, and mixed with one seer of mustard 

oil; this must be kept on the fire until it burns, and becomes thick 
and black. The mixture is spread over the wounded surface whilst it 
is qllite hot. An ordinary paint-brush is the best means of applying it* 
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Carbolic lotion is useful for clrcssing wounds on thc feet of the 
elephant, and shoulcl be applied on plugs of tow inserted in the n-ounds 
after tllcy have been carefully cleaned out, and all proucl flesh cut 
away. 

5 .  Sore baclts arc generally caused by the padding being out of 

Sore hnclCs, their cnllse and  treat- order, in CO~sequellCe of whiC!ll the loads press 
nlent. dircctly on the bacl~, and thus occasion inflam- 

mation, and very frequently suppuration to an extcnt that sonletimes 
require molltlls to cure. If on tllc first symptom of a s\~clling being 
obscrvecl, the placc is well fomented ancl rubbcd, a sore back, may prob- 
ably bc avoi(1cd. But mallouts, as a class, arc l~roverl~ially unobservant 
nncl l~cedless in the performance of their duties ; and the chanccs are 
that  the swelling will not be noticed by them, until i t  bccomcs so large 
tliat i t  is impossiblc to avoid secing it. Tile mischief is tllen done, 
and sul)pumtion, ~ v l ~ i c h  nzust be allowed to take its course, has most 
probably set in. Tllcsc snl~purating abscesses usualiy take. place a little 
bellincl tllc tips of tllc shouldcr blacles. TVllen they are quite ripe they 
shoulcl bc opcned ~vitli a long lancet-shapccl knife, four incisions i n  
the lomrcr snrfacc being made-two on either side. I t  is bctter to 
open thein tllorouglily at  first, otherwise tlle pus is liable to find its 
may into tlie surronllding cellular tissue, and an enormous diffused 
nbsccss is the result. After the matter has been well pressed oat, 
tlie cavity sl~ould be tl~oroiiglily syringcd with lulren-arm water; 
twice a day, morning and evening-the cavity being filled betwecn 
the syringiags 117ith tow steeped in carbolic acid lotion of th$ 
follo\ving streligtll, viz., I oz. of carbolic acid to lo oz. of natcr. 
Tile \vound should bc constantly protected by a broad pad of cloth, 
otllcrwisc its curc will be considerably retarded by tlie habit clepliantv 
llave of blowing dust or dirt ovcr their bodics-more particularly \\lien 
tlley have sores on any part of them. 

6. I n  tlic casc of sore 11aclts prevention is easier than cure, and 
as the " gadl~elrt" or pads are generally tlle 

Elcpllant gear discribed. cause, too much attention cannot be given to  
ensure their being ltept in a proper condition. They are rcry liable to  

become rottcu when erposcd to rain, and should thel.efore bc always kept 
,lnc1er covcr w11cn not in actual nsc; a single month of monsoon weather 
is sllficicnt to destroy them, if recldessly exposcd to it. The pads aud 
otllcr furuiture at present, in use for the e lep l i~ l t  are as f o l l 0 ~ ~ : -  
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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 the 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 gunny filled with bulrushes, a foot thick, and two feet 
broad, the length being four to five feet, according to the size of the 
animal. These 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 " Nimgadhi" which is of similar construction to the 
gadhela, but smaller in its dimensions. 

4th. The " jh619' a coarse cloth consisting of gunny which is 
t h r o ~ n  over the whole. 

5th. A rope about one inch in diameter by which the above are 
fixed on the back-one end of this rope is converted into a loop, suffi- 
ciently long nearly to surround the body of the animal and the pads. 
It is tied on the top, then passed singly round the neck, then along the 
upper sides 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 uncler 
the belly and tail are sheathed with leather, to prevent abrasion of the 
elephant's skin. 

7.  I t  may be assumed as a principle that sore backs and injuries 

Stoppnge of attendants' pay. 
to the feet of elephants are the result of neg- 
ligence on the part of the attendants, and it is 

therefore a good rule to enforce, that so long as the animals are under 
treatment for such injuries, half of the attendants' pay should be 
stopped ; unless good cause can be shown, in individual cases, why tile 
rule should not be put in operation. 

8. Elephants are occasionally very useful in pushing down trees ; 

Herd pads. 
when so occupied pads should be provided to 
defend their heads. If  an elephant bruise or 

injure itself when so employed, and this i t  is liable to do, i t  will 
probably refuse to give assistance again in this way. 
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9. Elephants should not he picketed out in a burning sun; in- 

Xlephantr to be picketed in the flammation of the brain, and other similar 
at~atle. diseases may be caused by such exposure. If 

shade be not available a white padded ccvering should be fastened over 
the head. 

10. On coming off a march, an elephant should be allowed to cool 
previously to being mashed ; negligence in this 

Precautions against cllills. 
particular is apt to occasion serious illness. 

The animal map be allowed to drink water when in a heated state with- 
out any untoward effects resulting, but i t  should not be allowed to 
tlirow water over itself. 

r r .  Elephants should be watered t r ice  daily; at each time they 

Watering clephants. 
take about 15 or 16 gallons of water. They' 
prefer river water to all others, and willingly 

- - 
drink that procured by digging holes in the sandy beds of rivers, 
after it has stood for a few minutes to allow the sediment to sink. 
Elephants cannot be kept with impunity for more than 24 hours without 
water. 

I .  The entertainment of low caste men for the greater portion of 
the native establishment such as " 1<ah,irsJ', 

Constitution of native establish- 
ment. " Itoris", " cham6rs " &c., is advisable, though it 

is useful to have a small proportion of Brahmins 
and Muhammadans. Young hands should be entertained for survey 
work, and executive officers should be careful not to employ old men, 
unless of superior attainments and merit. Every khalPsi should be pro- 
vided mith a service book on joining. All inefficient men should be 
discharged at the close of the field season. 0 thers not absolutely required 
in recess-quarters, or at the field dcpbt, may be allowed leave of absence 
doring the recess on such portion of their salary, not exceeding half, 
as may be deemed advisable by the executive officer, to induce them to 
return to the party at the commencement of the next field season; a 
ccrtificate to this effect being furnished to each man, showing the date 
and place ordered for his return. This leave does not constitute a break 
in service. 
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2, Stores and public property shoulcl not be licpt in a closed tent, 
wit11 a singlc scntry ontsicle; for such an ar- 

Gunrding stores. rangemcnt is unsafe, and unfair to the man on 
guard. Tlie most secure method of guarding propcrty is to collect it 
ill an open spot, from which the scntry can have n clear view on all 
sicles ; tlie articlcs should be raised above the influence of damp groun;2 
and of nrhite ants by means of stones and briclis. Delicate instrnmcnts 
liable to  injury froin exposure can be gaardcd securely if placer1 in a 
" slluldAri J ,  or open " p61." \Vlicn the strength of the guard is insuffi- 
cient for furnislling a double night scntry, the lihalksis of the cstab- 
livllment must take their turn of such duty. 

3. Assistants are not csempted from all office worlr for the days 
wliicli they may 11avc mnrcliccl. Tlic clnilp 

O 5 c e  work whcn marching. 
office hours will be regulated ~ i t h  d r ~ c  c ~ n -  

sideration to the length of the day's march, ancl- to the exigency of 
tlie work in hand. Every detail concerning tlie arrangement of camps 
ancl order of marching is under the control of the officer in charge of 
tlie party. 

4. The ficld scason generally comnleilccs abont the 1,5th of Octobcr, 

Duration of field.scnson. 
ancl lasts abont six months, but tllcre are few 
districts in India or Burma, 11-liere this ~vl~olc 

period can bc utilized. I11 malarious tracts little bcnefit is gainc(1 by 
commencing field work before the middle of Deccmbcr, and in otllcrs, 
snch as Rajputana, out-of-door worli hecomcs almost iinpossiblc for Eu- 
ropeaus aftcr April. I11 Burma littlc in tlie may of triangulation or 
reconnaissance can be donc after the midclle of bIarcli, owing to the dense 
haze which obscnrcs all distant points. Exccutive officers must apply for 
orders from the Surveyor General, or the Dcputy Surveyor Geileral of 
their branch, as to tlie tilncs of taking and leaving the ficld. Tliey are 
on no account, unless by spccial sanction, to return to recess-quarters 
~ ln t i l  all the instruments and storcs havc been propcrly stowcd away ill 
tile field depat, aud all accounts with the field establisllment properly 
adjusted. 
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