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GEODETIC OPERATIONS iN THE UNITED STATES, JANUARY 1, 1912, 
TO DECEMBER 31, 1921. , I  

Hy Wnuasr Bowm, Chief, Dimkion of Qeodmy, U. 8. Coast and Qeodelio Survey. 

INTRODUCTION. 
Tho greater portion of the goodetic work in this country is done by tho U. S. CoFt and 

Geodetic Survey. This bureau began tho work shortly after it was established in 1816, 
primarily, to control the hydrographic charts mado along our coasts. ,4fter the coast triangula- 
tion had progressed to a considornblo oxtont i t  was found necessary to establish arcs of precise 
triangulation parallel with the coasts, but somewhat back in tho interior, with spurs running 
to the coast triangulation on which the topographic and hydrographic surveys were based. 
Later an arc of precise triangulation was extended from the Atlantic to the Pacific coasts in 
order to place the charts of our eastsrn nnd vvestorn waters on the same geodetic datum. 

Tho precise triangulation done by tht* U. S. Const tint1 Geodetic Survey for the purpose of 
correlating the const charts was found to bc so useful for other purposes that our Congress 
decided to authorize the extensioii of ttrcs of trinngulation within our ontire area. 

Tho U. S. Lake Survoy was orgnnixed t L  nuinbw of yenrs ago for the purpose of making 
charts of the five great lakes on or near tho bounclnry botwoen tho United States and Canada. 
This organization wns actively engaged for I L  nurnher of yoan in carrying on geodetic work 
for the horizontnl control of its surveys nnd charts. Its geodotic work wu9 completed boforc 
January 1, 1912, nnd therofore no work of this chmcter has boon dono by tho Lake Survey 
during tlic past 10 years. 

Tilc I!. S. Goologicd Survey is tho ngency chnrged with tho topogrtiphic mapping of the 
interior of our country. In ordm that it might havo the proper horizontal and vertical control 
for its dotailcd mapping, this organization hns done innny miles of triangulation, travone, and 
loveling of the third class, which hns the requisite twcurncy for the topographic work. This 
organizetion has bean actively ongugatl in topogmph mapping m d  the necessary third-order 
control surveys during tho past 10 years. Only briof inontion of this work will be made in this 
report, for it is beliovod that the results will not bc of sciontifir goodotic value until the work 
has beon ndjuetod into the precise network of trinngultttion nnd of leveling after those networks 
have boon much further extended ovor tho country. 

While in the past several organizations ran linos of procise holing, tho  U. S. Coast and 
Geodetic Survey ie the only, ono which has dono this kind of geodotic work since Jtlnuary 1, 1912. 
Tho fi1-t precise loveling dono in tho Unitad States was by the Corps of hgineors of the u. s. 
Army in connection with river improvements nnd flood control. This class of work wag also 
done to n certain extent by the U. S. Lake Survey and tho U. S. Qeological Survey in order to 
provide vertical control for charts and maps. Three of our railrotids havo done a limited amount 
of leveling for their immodiate needs, and have made their results available to anyone needing 
them. These railroads are the Pennsylvania, tho Baltimore & Ohio, and the Buffalo, Rochester 
di Pittsburgh. 
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2 U. 8. OOAST AND QEODETIC SUBVEY. 

About two-thi5ds of the precise leveling of this country has been done by the U. S. Coast. 
and Geodetic Survey. At first this precise leveling was run to provide elevations for use in 
reducing base lines to sea level and also for controlling the trigonometric leveling carried on 
coincidently with precise triangulation, but for many years the work has been done to furnish 
fundamental elevations for all surveying, mapping, and other engineering work of the country. 

Other geodetic work done in the United States during the period covered by this report 
includes the determination of astronomic latitudes, longitudes, and azimuths; the determination. 
of the intensity of gravity; the measurement of earth tides; observations for the vaiiation of' 
latitude; isostatic investigations; investigations in methods for map projections; certain geo- 
physical studies; and the design and improvement of geodetic instrumente. The several classes. 
of geodetic activities mentioned above are considered in more or less detail in the pages which. 
follow. 



GEODETIC WORK ACCOMPLISHED. 
QEODETIC ASTRONOMY. 

All the astronomic work of a geodetic character in the United States completed during the 
past 10 years has been done by the U. S. Coast and Qeodetic Survey. 

AZIMUTHB. 

Azimuth observations on Polaris are made at  the time the triangulation stations are occupied 
for the meaeurement of horizontal directions. When an astronomic azimuth and an astronomic 
longitude are observed at  a triangulation station, we can obtain a meridian free from the effect 
.of station error or the deflection of the vertical. A triangulation station a t  which the astronomic 
azimuth and longitude are determined is called a Laplace station. As is well known, the tri- 
angulation azimuths are subject to systematic errors, and it is only by means of the combina- 
tion of the longitude and azimuth observations at  a triangulation.station that we are able to 
obtain a true north and south line which can be used in the adjustment of an arc or a network 
.of triangulation. 

In  general, an azimuth depends upon observations made at  from 12 to 16 positions of the 
horizontal circle, making from 24 to 32 pointings on the star and on the mark, At a Laplace 
station we have a minimum of 40 pointinga on the star and on the mark made in 16 positions 
of the circle and the observations are distributed over at  least two nights. The azimuth ob- 
servations made at  triangulation stations other than the Laplace stations are for the purpose 
of furnishing deflections in the prime vertical for use in investigations of the figure of the earth. 

Az-huthrj of the f i e f  and alsq of the second order of accuracy have been observed along 
the lihes of trdverse in order 'to control the directions in this class of work. It is evident that 
an azimuth observed for controlling directions in a traverse does not furnish any means of 
obtaining the deflections of the vertical, and therefore the azimuth stations established for 
the control of lines of trnvorse me not included in the number of azimuth stations reported 
on in this paper. 

The azimuths established at triangulation stations during the 10-year period are 102 in 
number. Those azimuths are located along the arm of triangulation which have been estab- 
lished since January 1, 1912. The number observed before that date is 285. 

The azimuths observed in connection with the Laplace stations have a probable error 
seldom greater than k0.30". A t  the other azimuth stations the probable error is seldom 
greater than f 0.50''. The precise azimuth stations in the United States are shown on figure 1. 
Those established gince January 1; 1'912, are in rcd, while the older stations are in black. None 
of'the azimuth stations connected with tho trnverse are shown. Ench azimuth station shown 
is coincident with a triangulation station. 

LONGITUDES 6 

The astronomic longitude determinations in the United States during the past 10 years have 
been mostly for immediate use in determining the deflections of the vertical at stations of new 
arcs of triangulation and lines of precise traverse in cgnnection with the computation of Laplace 
or true geodetic azimuths. A longitude station was established at Rochester, N. Y., for the 
use of the Bausch & Lomb Optical Co. in connection with the testing of their instruments. 

In  the summer of 1914 tho difference in longitude between the Naval Observatory at 
Washington and the observatory a t  Cambridge, Mass., was redetermined, and the differencesin 
longitude between the first of those stations and Far Rockaway on Long Island, N. Y., and 
betweep Far Rockaway and the observatory a t  Cambridge were determined. This work WLLB 
done with extreme accuracy, as it was to be a part of a connection in longitude'betwem the 
united Statea and Germany. The determination of the longitude of Far Rockaway by meam 
.of time signals sent over the cables was undertaken by the Prussian Geodetic Institute. "he 
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4 U. S. COAST A?SD GEODETIC SURVEY. 

outbreak of the European War prevented the completion of the part of the work which was to. 
have been done by Germany. 

The longitude work done to obtain the difference between Germany and the United States 
has been published in a report by ,this Bureau .as Special Publication No. 35, entitled “De- 
termination of difference in longitude between each two of the stations Washington, Cam- 
bridge, and Far Rockaway, by Fremont Morse and 0. B. French.’’ The reports listed on 
another page, giving the data for arcs of precise triangulation, contain the results of any dif- 
ferences of longitude which may have been determined along these arcs. 

In all there was established during the 10-year period covered by this report 69 longitude 
stations of the first order. (x 
the total of 270 stations, 195 are connected with the triangulation system. 

Those 
stations established since January 1, 1912, are shown in red, while the older stations are shown 
in black. On this sketch are shown the connections between the longitude stations used in the 
adjustment of the net made in 1897. The work done since that date has been fitted into the 
adjusted net, for it has been found that the adjusted differences agree very closely with the 
work done since the adjustment. It has been the desire to hold fixed the values of longitudes 
assigned by the adjustment kather than to change them every time that a few more differences 
are added to the net. 

These stations are 
connected with the longitude net of the United States. They were established prior to January 
1, 1912. I n  the Philippines there are 37 astronomic longitude stations of the first class, all 
established before January 1, 1912. 

Beginning with 1914, all obsemations, except a t  the Rochester station, for the determination 
of differences in longitude have been made with the Bamberg broken-telescope transit. It was 
found that the results obtained with this type of instrument were superior to those with the 
straightrtelescope transits which had been used prior to 1914. The desired accuracy could be 
secured with observations on a smaller number of stars. The probable error of a difference in 
longitude is seldom greater than f 0.02 second of time. 

Before January 1, 1912,211 such stations had been established. 

The longitude stations established in the United States are shown in figure 2. 

In  Alaska there are 7 astronomic longitude stations of the first claas. 

LATITUDEB, 

A latitude party established a number of stations in 1913 along the one hundred and fourth 
meridian arc of precise triangulation, and in 1914 another party determined latitude stations 
along the Texas-California arc of precise triangulation, along the arc of triangulation of the third. 
order which runs between Nevada and California, and at several triangulation stations of the third 
order in Arizona which had been established by the U. S. Geological Survey. A latitude was 
determined at Rochester, N. Y., at  the office of the Bausch & Lomb Optical Co., and two others 
on the boundary line between the States of Kentucky and Tennessee for the sole purpose of 
locating a small section of this boundary, The observations at the other latitude stations 
established since January 1, 1912, were made by several longitude parties and one gravity 
party and were incidental to the other work. After 1914 observations for latitude with few 
exceptions have been made with the Bamberg broken-telescope transit; all latitudes are 
observed by the Talcott method and depend upon observations mado on 12 or more pairs of stars. 
The probable error of the result is seldom greater than f 0.10”. 

The latitude stations established in the United States are shown in figure 5.  Those stations 
which were established after January 1, 1912, are shown in red, while the older stations are in 
black. No precise latitude determinations were made during the 10-year period in the Philip- 
pine Islands or in any other outlying territory belonging to the United States, except in Alaska, 
where one was observed. 

In all, there were 125 precise astronomic latitude stations established during the 10-year- 
period from January 1,1912. Before that date 559 stations of the first class had been established 
in the United States, 60 stations in Alaska, and 38 stations in the Philippine Islands. Of the 
084 astronomic stations in the United States 580 are connected with the triangulation system.. 
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GEODETIC OPERATIONS IN THE UNITED STATES. 5 

VA&IATION OF UTITUDE. 

One of tho stations of the iateraational variation-of-latitude servico of tho International 
Geodetic Association is located a t  Ukiah, Calif., and has boen in continuous operation since it 
wm established in October, 1899. At tho boginning of the World War it was r e J i o d  that the 
Intoriiational Geodetic Association would be unable, on account of shortage of funds because 
80 many of its members mere at  war, to give the necessary financial support to-keep the station 
at Uki& ir, continuous operatiqn. It was agreed between the Unitod States State Department 
and the secretary of the International Geo4otic Association that the quota of the United States, 
amounting to 61500, shod4 be ratabed in this country for tho support of Ukiah, thus eliminating 
tbe reduction in this aZpOunt which vould be incurred if the funds ~vere sent to Europe and 
then returned here. The exchange rates at that time wore rather high. The Director of the 
U. S. Coast and Geodetic Survey r o ~ m g  the necessity of keeping tho Ukiah station running, 
and pndorstandkg that sufEciont funds were not othorurise availablo, submitted an estimate 
of $2500 to the State Department for the support of Ukiah. This estimate was in turn sub- 
mitted to Congress and an appropriation was mado. 

In the autumn of 1916 tho United States agreod with six other neutral countries to continue 
the expiring convention of the old association for a period not to exceed two years after the con- 
clusion of peace. This temporary continuation of the old organization may be termed the 
Neutral Geodotic Association, The United Statos coased to be an active momber of this asso- 
ciation whon it entered the war in April, 1917, but continued to pay its quota to the neutral 
association up to and including the fiscal year ending June 30, 1921. 

At tho request of the Director of the U. S. Coast and Geodntic Survey, Congress made an 
additional appropriation of $500 for the support of the Ukiah station during the spring of 1921. 
From July 1, 1921, uptil about tho ond of Novombor of that year the expenses of the Ukiah 
station were defrayed fro4 money allottad for tho purpose from several research funds and by 
EieVersl individuals.. In Decarqber, 1921, Congress made an appropriation to pay the expenses 
of Ukiah during the remainder of the fiscal year 1922. This appropriation was requested by 
the State Department upon recommendation of the National Academy of Sciences. 

The station at Gaithomburg, Md., \vas in continuous operation from October, 1899, to the 
end of the year 1914. It was discontinued because of shortage of funds and also because there 
were a t  the time two other latitudo obsorvatorios in North Amorica--Cincinnati, Ohio, and 
Ukiah, Calif. 

In additional to the regular progrm of visual observations at Gaithemburg, a photographic 
zenith tube was in operation from dune 9, 1911, to Octobor 23, 1914, except for a break of aeven 
weeks in August and Soptomber, 1911, A total of 6944 stars mere observod on 450 nights. 
After the discontinuance of the observatory the photographic zenith tube WRS removed to the 
U. S. Naval Observatory at Washington, D. C., and observations with it were resumed toward 
tbe end of 1915 and have been continued up to tho present time. 

The astronomical observatory of the University of Cincinnati, Ohio, agreed to cooperate 
in the study of the variation of latitude, and work was begun on tho regular program in Sep- 
tember, 1809. Work was discontinued at the end of 1015 becau@ the International Geodetic 
Association could no longer contribute to the expenses of the work. Its  funds were greatly 
depleted because most of the member nations discontinued payment of their quotas as a result 
of the war. 

During the ontire time covered by tho  above statement tho U. S. Coast and Geodetic 
S W V Q ~  has directed tho operations at  the Ukiah station and has kept in touch with the secre- 
tary of the Neutral Geodetic Association, from whom tho lists of stars to bo observed were 
obtained. The records of tho obsorvations mado a t  Ukiah since 1916 have boen sent as soon 

available to the secrotary of tho neutral nssocintion. 
01810 '-22-2 



6 U. S. COAST AND GEODETIC SURVEY. 

PRECISE BABE LINES. 

During the 10 years since January 1, 1912,20 base lines were measured in the United States 
by the U. S. Coast and Geodetic Survey for the control of lengths in the precise triangulation. 
The location of these base lines, their lengths, and probable errors are shown in the table below. 

The measurements of the base lines were made in all cases, except one, by the party carry- 
ing on the triangulation. The methods employed were the same as those clescribed at  the 
meeting of the International Geodetic Association n t  Hamburg in 1912. (See Appendix 4, 
Report for 1910, and Special Publication No. 19 of the U. S. Coast and Geodetic Survey.) 
The 50 m. invar tapes were used, each base depending on three tapes. The tapos were 
standardized by comparison with the 5 m. iced-bar at  the Bureau of Standards before and 
after each field season. The base lines were placed along the arcs of triangulation at  certain 
distances apart, depending on the strength of the distance angles in the best chain of triangles 
through the arcs. The method of determining when II base line is needed is described in 
detail in U. S. Coast nnd Geodetic Survey Special Publications NOS. 19 and 23. 

Precise banes measured in  thr! United States awe Junuury I ,  1912. 

. - .. 

Ambroso, N. Dak ................................................................................ 
Provo, 8. Dak.. .................................................................................. 
E] pmo, M 0  .................................................................................... 
Choyonnc, ”yo.. ............................................................................... 
Bamrordyce, Tox ................................................................................ 
Dryden, Tex .................................................................................... 
I’nloma, Tox .................................................................................... 
Zapatn, Tcx ........................... ......................................................... 
Oarrlzo, Tox ..................................................................................... 
Stanfleld, Oreg.. ................................................................................ 
Paisley, orog .................................................................................... 
Alkl, Wash ...................................................................................... 
Admiralty Bay, Wash ........................................................................... 
JaokaonvUle, Tex.. ..:. 
Little Rook, Ark.. 

.................................................................... ...... 

.............................................................................. 
Caplevfll0, M&. and Tom ........................................................................ 
P m t t ,  A h  ................................................................................... 
Vega, Tex ....................................................................................... 
Bolon, N. Mex ................................................................................... 
8avann8, Okla ................................................................................... 

Namo of baqo and State. 

48 GY 
103 33 
43 11 
103 40 
38 88 
101 31 
‘41 17 
105 00 
u) ‘20 
U8 31 
30 Oa 
102 08 
28 W 

27 w 
W 17 
28 21 
100 01 
45 4fl 
110 23 
42 45 

47 80 
12a 26 
48 10 

122 38 
81 GO 
05 15  
a4 43 
w2 I1 
34 XI 
M) 40 
35 48 
112 ?a 
35 07 
102 a 
31 u) 
108 39 
34 4u 
06 61 

IOU, a? 

120 34 

aeographl 
]“itlon, 
center 

of 1)nW. 

-- 

Lon 1iln 
megrs. 

10479.1774 

14fi50.2s11 

1 12w. os52 

m. 4307 

7627. 6753 

W7G. 3880 

80H.2&3? 

7495.3072 

101uI.2116 

1 ~ . 0 8 8 0  

14527. to83 

aiw. w8 

3708. MW 

R918. 7279 

74vo. lum 

0022. w37 

10012.0271 

1W48.Ul01 

182811.971 1 

7543. w2 

~~~ 

Probablc error. 
.- 

MUU- 
motors. 

- 

f 3.6 

f 4.0 

f 3.1 

i 2.8 

f 22.1 

f G.G 

i 9.0 

i 3.2 

f 13.7 

i 7.6 

i l l . 9  

f 3.3 

f 1.2 

fI0.8 

k 7.0 

& 4.8 

* 8.2 
f 7.3 

112.0 

i 8.4 



GEODETIC OPERATIONS Ih' THE UNITED STATES. 7 

FIRST AND SEOOND CLASS TRIANQULATION AND TRAVERSE. 

From year to year the uso of data furnished by triangulation in tho United States is 
becoming groater. This fact has made it necossary for our Governmont to increase the appro- 
priations nocossary for this class of work. During the 10-year period beginning January 1, 
1912, thoro wero ostablishod in the United Statos 4659 miles (7498 Inn.) of arcs of first-class 
triangulation and 360 milos (563 km.) of arcs of sccond-class triangulation. 

First-class triangulation has an accuracy ruprosented by an avorqo closing error of R 

triangle of about one socond of arc, socond-clws triangulation by an averago closing error betweon 
two and three soconds of arc, and third-class trinngulution by an avcrago closing error betw-eon 
four and five soconds of arc. All of the first and socond class triangulation oxocutod in the 
United States during the last 10 years has boon dono by tho U. S. Coast and Geodetic Survey, 
and this organizatiori is working toward a dufinito plan by which we shall oventually havo a 
triangulation station of tho first order within about 50 milrs ( S O  krn.) of each point in tho United 
States. Excopt whoro it has beon necwsary to concontrate offorts in rather small are- to 
furnish geographic positions for topographic engiiioors who wish the results immodiately, 
tho U. S. Coast and Geodetic Survey has endoavorod to divido tho groat m a s  of our country 
which previously had no horizontal control. 

As a supplemeilt to tho triangulation of the first ordor thoro has beon run in the United 
States 3060 milos (4925 km.) of precise traverse which also furnishes fundamental geographic 
positions. This traverse was run in comparativoly short lines betwoen arcs of triangulation 
and was dosigned to furnish standard goographic positions in aroas which wero low in elevation 
and rather heavily wooded. This work shonld bo placod in tho samo category as the procise 
triangulation, as iu no caso will triangulation be mado ovor tho samo area whero traverse has 
been run. 

The .most important arcs of prociso triangulation establislied duping tho period covered 
by this roport *e:, Wt, the gne hundred and fourth meridian arc, which extends from central 
Colorado northward to the Canadian3oundary; second, tho Utah-Washington arc; third, tho 
Rio Grande arc, which oxtonds parallel with tho riror from tho southorn end of the ninety-eighth 
meridian, whore it touches the Rio Grando, to approximatoly longitude 105'; fourth, tho arc 
running from El Reno, Olda., to tho vicinity of Needles, Calif.; fifth, tho arc which oxtends 
from tho vicinity of I-Iuntsville, Ala., westward through Memphis, Tonn., and Little Rock, 
Ark., to tho ninoty-eighth meridian near El Reno, Okla.; skth, the California-Oregon arc, 
extonding from nom hIount Shasta, Calif., northoavtward to the vicinity of Ontario, Orog., 
whore it  connects with the Utah-Washington arc; and, soventh, the arc ostondhig from the 
ninety-eighth meridian triangulation noar Waco, Tux., to Naplos, La. 

Data concorning tho sevoral pieces of preciso triangulation dono during tho intorval from 
January 1, 1.912, to Deoembor 31, 1921, aro given in tho table below. The approximate latitude 
and longitude of each ond of oach arc are givon, as well as the longth in milos through the hiddle 
of tho scheme. There is also givon in a following table similar information for tlio second: 
class triangulation that was done during tho 10-year period covorod by this report. The third 
tablo which follows furnishes data for tho procise travorso lines which have boon run sinco January 
1, 1012. Tho total amount of first and second grado triangulation and precise traverse done 
botweon January 1, 1912, and Docember 31, 1921, is 8069 miles (12 98G b.). 

The obsorvations for horizontal angles or directions in this triangulation and travorse 
wore made by diroction theodolitos, and in the triangulation the observations over the main 
eoheme directions W O ~ O  made on lamps. Boginning in 1918 most of tho obsorvations were mado 
on electrical signal lamps which proved to be far more efficient than the calcium-carbide lamps 
which had boon usod for some years proviously. 

In addition to the triangulation of tho firjt and socoud class done in the United States, 
235 miles (378 km.) of arcs of first-class triangulation wore extended m o n g  the islands in south- 
eastorii Alaska. It is tho purpose of the U. S. Coast and Goodetic Survoy and of the Qeodetic 
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Survey of Canada to extend,'h cooperation, an arc of precise triangulation from tho vicinity of 
Puget Sound, a t  the northwest corner of the United States, northward into northwest Canada 
and Alaska. Good progress has been made on this project. 

Attention should be called to the fact that the triangulation nets of Mesico and the United 
States have been joined a t  the point where the ninety-eighth meridian crosses the Rio Grando 
and at  the international boundary between California and Lower California. 

Precbe triangulation between Januury I ,  1912, and December SI, 1921. 

Name of arc. 

One hundred and fourth meridfan, ,1912 ....................................................... 
Lauisvine C O M ~ O n ,  October-November, 1911- .............................................. 
f h t h  end of I t h  merldian (with Merlcan connectlon), 1913 ................................... 
Utah-Wtuhlp@an, 191618.. ............................ .: ..................................... 
Rlo Qrande, 1917-18.. ......................................................................... 
Memphls, Tenn.-Hunbvilte, Ale., 1914-16.. ................................................. .: 
OrIfIln-Atlanta, Oa. (coMects traverse to oblique am), 1918.. ................................. 
B a n l o ~ % k W h ~ ~ ~ ,  N. C.1 1819. ................................................................. 
Maxican connectlon in California, lW.. ....................................................... 
Ninety-elghth morldien, vtclnlty of Waco, Tex., to Manslleld,'Le., 1919-20.- ................... 
(Mfomb-Oregon, 1920. ....................................................................... 
Pug& Bound, Teooma to forty-nlnth parallel (COMeCb wlth Ca&n trlangulatlon), lCnl... .. 

E1 Reno, Okla:-Needled, W., 1919-21.. ............ :. 
uttle m k ,  Ark-ninety-elghth majdien, 1917-20 .............................................. 

............................ .......... .;. 
Totd ................................. .:.. ............................................... 

Oeographlc posltlon. 

Beginning. 

. , I ,  

%E4628 
105 02 37 

8 3 5 4 1 2  
27 43 41 
9 7 6 8 2 4  
41 12 01 
111 62 68 
28 00 41 
88 02 45 

8 8 1 8 1 0  
33 41 05 
84 18 60 
362408 
78 16 06 
32 63 I 
lie SG 45 
31 a2 85 
87 63 37 

117 a9 41 

3s 61 ia 

34 a7 05 

44 10 08 

47 17 60 
122 28 00 
a4 43 47 
92 OB 15 
86 10 16 
9 7 4 8 8 0  

-r ......... 

End. 

. I It 

1: E 9 
a82288 
8J 48 4Q 
25 68 18 
'98 00 14 
4 6 6 8 0 7  
121 49 12 
a0 4s 10 
1 M  42 3s 
36 05 a3 
W, 05 20 
33 03 05 
8 4 0 2 a 0  
3836650 
802248 
a2 a0 40 
118 46 00 
32 00 80 
93 43 05 
41 15 38 
0 2  46 47 
4882520 

123 03 20 
8 4 m a 0  
97 28 16 
a4 17 26 

iia ae, 00 
............ 

Length. 

Mlles. 
- 

720 

8a 

176 

840 

sa 
190 

5.5 

120 

40 

245 

bso 

106 

300 

800 

1869 

Ella 
meters. 

iim 
6a 

2s2 

1030 

Ma 

808 

m 
198 

.e4 

394 

886 

169 

rea 
1448 

7498 
II. 

Second-clam triangulation between January I, 1912, and December 91, 1921. 

Same of aro. 

i'zqpl-y-, Arm (United Btate4-McIlco boundmy), 1910-20.. ............................. 
u@ b'maytnreas, iwie20 mi ...................................................................... 

.......................... I 
Total.. ................................................................................... I.. 
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Precixe traverse lines between Janztary I, 1911. and December 31, 1921. 

9 

Name of Ilrlu. 

. . . . . . . . . . .  

Jwbollvllle, p~.-Columbus, Ga., 1917.. ...................................................... 
I)~~w{ck-ColumbuS,  GO., 1917.. ............................................................. 
Call&all, Fla.-Albany, On., 1817-18.. ......................................................... 
Mmn-Forsyth, On., 1917.. ................................................................... 
B~n~vlu+Orlffln, OS., 1017. ................................................................. 
Mmn-Savmlnah, Ga., 1018 .................................................................... 
Bavennah-Everett City, Ga., 1918. ............................................................ 

............................................................. SBvannah, Qn.-Norfolk, Vu., 1918. 

Sanford-Wllmlngton, N. C., 1918.. ............................................................ 
Momphls, Tern.-Little Rock, Ark., 1916 ....................................................... 
Mansflold-Naplw, La., 1019.. .................................................................. 
Posmgoula-Ovett, Mlss., 1921.. ................................................................ 
North Vornon-Sooth Bend, Ind., 1020.. ....................................................... 

.............................................................. Bololt, Wls.-Vandnlia, Ill., 1820. 

Beloltllaclne, Win., 1820 ...................................................................... 
Oreen BaY-8uperlor, Win., IWI... ...................... ;. ..................................... 
Lndysmlth-Wixonnln Rnpids, \VIS., 1821. ..................................................... 

‘rolai. .................................................................................. 

Qeogrophlc posltion. 
__ 

Beglnnlng. 
__ - - . , ,, 
80 18 M 
81 39 38 
31 10 12 
81 30 12 
30 33 95 
81 50 11 

83 8 2 4  
$3 M 67 
84 11 44 
32 50 03 
fB 38 24 
32 M li2 
81 08 61 
32 04 62 
81 08 51 
35 n 33 
70 OS 53 
35 OB 12 
80 04 12 
31 60 31 
09 43 38 
8 0 2 0 9 2  
,sS 43 15 
98 69 S€ 
8638a 
42 20 41 
89 02 11 
11 28 41 
89 02 11 
44 83 s 
8803z 
46 n 4: 
91 00 1( 

............ 

End. 

e , ,, 
3 2 2 9 0 2  
84 49 38 
32 28 02 
84 49 38 
31 33 4S 
8 4 w 3 4 3  
88 02 I6 
83M2.4 
33 11 18 
84 13 58 
32 04 52 
81 08 61 
31 23 30 
81 88 30 
98 48 11 
70 17 58 
31 14 28 
77 33 57 
34 43 47 
02 00 16 
3 0 5 5 6 3  
91 so 31 
31 28 44 
89 01 69 
u s 5 3  
88 12 2u 
38 M 51 
89 OB a 
4240021 
88 05 09 
46 46 3C 
82 10 oc 
44 24 1t 
89 50 01 

............ 

Length. 
. -. . 

UO. 
motets. 
- 

443 

483 

298 

48 

32 

298 

97 

845 

1 6  

m 
I7 

161 

348 

410 

89 

M3 

161 

4825 
- 

THIRD-OLASS TRIANGULATION AND TRAVERSE. 

‘l’riangulation of the third class, amounting to 679 miles (1093 km.), hns boen done duritig 
tho  lo-year period since January 1, 1912, by tho U. S. Coast and Goodetic Survey a t  soveral 
plncos along the coasts of the United States to revise tho coast triangulation proviously 
established. In  tho Stato of Washington new third-class triangulation was oxtendod from Grays 
Harbor to tho Straits of Fuca, a distance of 110 miles (1’77 km.). Third-class triangulation 
and traverso have boon dono by tho U. S. Geologicnl Survey in many local areas of the country 
for tho immodiato use of onginooi.9 carrying on topograpllic surveys. A small amount of third- 
class horizontal control was done by tho Forest Service in the areas under its jurisdiction. 

Along the very brokon coasts of Alaska a total of 1065 miles (1714 km.) of nrcs of new third- 
class triangulation was done by tho U. s. Const and Goodotic Survey during the 10-par period. 
All of the Alaska triaiigulation is now on independent datums. As noted in nnother part of 
this report, tho North American datum is being curricd into Alaskn nnd northmestorn Canada 
by cooperation botweon tho Unitod States and Canada. When this work has been completed, 
i t  will be possible to coinpute tho Alaska triangulation on the North Amcricnn datum. 

NORTH AXERICAN DATUX. 

111 1901 tho U. S. Conat and Geodetic Survey adopted for the trinngulation system of 
tho United States what was called the United States Standard Datum, consisting of the Clarke 
spheroid of refex’enco of 1866 as oxpressed in mutars, an adopted latitude and longitude of 
triangulation station Moades Ranch, Rans., and nn azimuth for tho lino Mofidos Ranch-Waldo. 
All of the connectod triangulation that has been done in t,he United States has been computed 
on this standard datum. 
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In 1913 the Uni tcd States Standard Datum for gcographic positions was adoptcd by Ct~risda 
and Mexico for tho triangulation of those countrics. Because of tlic intcrmtional character of 
what had boen the United States Standard Datum its name was changed to tlic North American 
Datum. This adoption of a singlc datum for thc trinugultition of a contilielit is a most note- 
worthy event in the histor-y of geodesy. By the use of n single tlntum the maps at  the boundary 
of any two contiguous couritries will be free from the ovorhps, gaps, nncl offscts which have 
caused so much trouble in thc past for thc. gcographcrs of vnrious nations. Furthermore, 
the combiricd system will be of greater value in figure of the enrth investigations. 

PRECISE LEVELING. 

Of the 15 975 milcs (25 709 km.) of prccise levcling iri tho Unitcd States completed during 
the past 10 years all has been done by the U. S. Coast and Geodctic survcy except 500 miles 
(800 km.) by the Buffalo, Rochester C% Pittsburgh Railroad in the wcstcrn portions of the 
States of New York and Pennsylvania. To a cartain extent this work by tho U. S. Coast and 
Geodetic Survey has been done for tho purpose of rcfcrring the lengths of bave lines and tho 
observed horizontal directions to sea level, hut the primary purpose has been to furnish accurate 
elevations as the framework from which lovcling of lower degrees will he extended ovor the 
country to control surveying, mapping, and various othcr cngiricering activities. It is planned 
that such an amount of precise leveliiig will be donc in this country that no placo will bo more 
than about 50 miles from a precise loveling bench mark. Due to tho fact that practically all 
of the leveling is done along railroads, i t  is reasonably certain that within a very few gears a line 
of precise levels will run through nearly every ono of our large cities and towns. Urldoubtedly 
the most of these cities and towns will then adopt mean sea lcvrl ns tho datum for elevations 
for their surveying and other engineering work. 

Owing to the fact that we have 48 separate States and also that our lilies of precise levels 
frequently have to oxtend across the borders of the States, it  has becn found most economical 
for the whole country to have the precise leveling, as woll as the prcciiuc triiingulation and 
traverse, run by an agency of the General Government. 

Most of the leveling during the past 10 yeam has becii exteiided through very largo areas 
with R view to gradually diminishing the eizes of the loops forming our precisc love1 net. By 
working in this way i t  becomes gradually ensier to furnish accurato elovations within any 
specified area where precise elmations are urgently ncedcd. All of the leveling has been done 
with the instrument which is described in Appendix 3, U. S. Coast and Gcodetic Survcy Rcport 
for 1903. This instrument has becn found to be very satisfactory, becituso of the fact that it is 
made of an alloy of low-temperature coefficient and also on account of the pcculiar design of 
the instrument. This instrumeqt has been somewhat modified during tho past year, arid i t  is 
believed to be even better than the original design. The modified instrument is described in 
another part of thia report. 

It would add too much to this report to describe in dctail each line of the precise lev& run 
during the past 10 years. I t  may be said that the leveling is of tho accuracy of lcvelillg of high 
precision as defined by the International Geodetic Associatioil a t  its meeting tit IJamhurg in 1912. 
The probable accidental error is approximately f 0.9 mm. pcr kilometer nnd tho correction for 
the closing emor of the circuits in the lovcling done since 1912 is ubout 0.12 mm. per kilometor. 
No precise leveling was done in the Territory of Alaska nor in tho Philippiric Islands during tho 
10-year period. 

The level nets of tho United States and Canada huvc beon connectcd a t  12 places along the 
boundary between the two countries. No adjustment of tho elevations of the bcnch marlis 
common to the two level nets has been made, but this will'be done as soon as additional lcveling 

The following statement furnishes information in regard to tho scvcral lines of precise 
leveling done in the United States from January 1, 1912, to December 31, 1921, by the U. S. 
Comt and Geodetic Survey. The total length of this levding is 15 478 miles (24 904 km.). 

~ ,in the vicjinitj of ths. bounery iy, completed. 
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Tho amount of lovoling done boforo 1912 by the U. S. Conqt niid Geodetic Survey and other 
organization8 is 30 000 miloa (48 280 km.). 

7 .  Snn Vrancisco, Calif. (37' 46', 122' 24'), to Bcowawe, Nev. (40' 35', 116' 30'), through San Jose and ltwoville, 
(hlif., and Itcno, Nov., 589 milos (948 kni.). 

2. Crookston, Minn. (47' 47/, !)Go 3G'), to Berthold, N .  Dak. (48' 19', 101' 457, through Devils Lake and Minot, 
N. Dak., includiiigspur line froin Minot to Portal, N. Dak., 344 miles (554 kin.). 

3. l h t t e ,  hfont. (46' Ol', 112' 31'), to Devon, Mont. (48' 28/, 111' 29/), through Helena, Great I'ulls, and Shelby, 
Mont., iiicluding spur line from Shelby to Sweetgrass, Mont., 330 rnilea (541 kni.). 

4. Iiutto, hlont. (46' Ol', 112' 31'), to Paaco, Wadi. (4G' 14', 119'0G'), through Superior. hiolit.. Sandpoint, Idaho, 
and Hiteville, Waali., including spur fino from Sandpoint to Porthill, Idaho, 617 milee (993 kni.). 

5. Ikrthold, K. D R ~ .  (48' 19/. 101°45/), t o  Devon, Mont. (4Y028/, 111'203, through Snowden and Hinadalo, Mont., 
509 miles (819 km.). 

6 .  Pertli Ainboy, K .  3. (40' 3L/, 74' 16') to Snndy Hook, S .  J .  (40' 28', 74' OO'), through South Amboy, N. J., 

7. I m h d l o ,  Ky. (38' 15', 85' 4139, to Charleetown, Tnd. (38' 26'. 85' 40'). 14 nlilea (22 kni.). 
8. 13laine, IVrrClh. (49'00', 122' 45'). to Seattle, Wash. (47'W, 122' L'O'), through 3lount Vernon, W ~ l i . ,  128 iuilw 

'3. Reno, Xov. (39' W, 119' 497, to Laa Vegaa, Kev. (36' I T ,  115' OS'), through Tonopali Junction, and Hosewell, 

10. IfuntIcy, hfont. (-15' 54', IOY'  17/), to Snowden, hfont. (.ISo O Y ,  104' Oci'), through h l i h  City, hfont., 206 milos 

I I .  Cedar K o y ~ ,  I k  (29' O ! Y ,  83' 023, to IJornaiidiiio, 1%. (30' 41', 81' 27'), through Gaincavillo, Baldwin, Jnck- 

13. Lawrcncrburg, Ind. (39' OO', 84' 49/), to Torre JIaute, Ind. (39' 28/, 87' 24'), through Indianapob, Ind., 170 

13. Indianapolis. Tnd. (39' 46/, 86' lW), to Chicago, Ill. (11' GY, 87' 387, tlirougli Anderson and \ V m w ,  Ind., 

14. Ualdwh, Ela. (30' 18', 81' W), to ltiver Julict.ion, l k  (30' 42/, 64' 50'), througli hfadition and Tnllahnsreq. 

16. Tallaliaeaee, Fla. (30' 27/, 84' 17'), bo Atlrmta, Gn. (33' JV,  84' W), through Kiinbroqli, Colunibus, and 

16. \Vamw, Ind.  (41' Id', 85' 6 V ) ,  to Dutroit, M i d i .  (42' 20/, 83' 03/), through Knlanweoo and JackaoN, Mich., 

17. hlackiiinw, hlicli. (45' 47', 84' 447, to Jachon, Midi.  (42' 16/, 84' 25/), through Grayling, Wdton, Big Rapids, 

18. Mcinpliifl, T m i .  (.75'09', 90'04'), to Little Rock. .!rk. (34'44'. !tZo09/), tlirougli Dcvalls Bluff, Ark., 139 lniioe 

19. Boundnrv. Me. (45' 3Ifs  70'43'A to Vnuccboro. Mc. (46' 34', 67' 269, t l p u g h  Moosahend, Lako Viow, and Ban- 

21) miles (47 km.). 

(20G km .). 

Nev., including spur line froin 'l'onopali Junction, Nev., to Laws, Calif,, 547 nliles (880 km.). 

(477 km.). 

soiivillc. and Yulee, Pia., including spur lino from Javksonville to St. AuguRtillc. Fla., 203 nulee (326 km.). 

m i l a  (274 kin.). 

232 miles (373 km.). 

Fla., 193 milos (311 km.). 

Mrl)oiiougli, Gn., 305 inilea (491 kin.). 

210 iililw (3%; kni.). 

and Ionia, hiicli., 337 iiiiles (642 kin.). 

(224 krn.). 

croft. ~ e . .  211 lnIlee (340 kin.), 
20. \ f i tohnl l ,  N .  Y .  (43' 33'. 73' 25'), to Itouflos Point, N. y. (45' OO', 73' W ) ,  through Westport, N .  Y., 115 

milot, ( I R S  kin.). 

(446 kiu.), 

Solma, Ala., 438 iiulea (705 kin.). 

Plains, Md., including spur line iroril Whito Plains to Indian Head, Lid., 70 inilea (112 km.). 

uiitl Albany, Ga., 234 miles (976 km.). 

Spofford, Tox., inrludirig spur lino from Spofford to Eagle PUY, Tex., 670 milcR (917 km.). 

port Valley, Ga., 314 miles (505 km.). 

Mic:h., 80 miles (129 h.). 

21. CJovie, N. Max. (34' 25'. 103' 12'), to Pwo6, Tux. (31' ?A', 103' %'), through b \ v d l ,  N. &X., 277 l i l h  

22. .\tlanta, (;a. (Y3' 46', 84' est) ,  to Mobilo, Ala (30' 40'. 8s' 030, through Rockmart, Ga , and 13irmbgham and 

23. Washington, 1). C. (38' 64/, 77' Ol'), to Popes ('reek, hlcl. (38' 24/, 76" 599, through Upper hlarlboro and White 

24. Jacksonvillo, Fla. (30' 19/, 81' 40'), to Kimbrough, Ga. (32' OO', 84' 41/), through Callahan, Fla., and \!'aycroBB 

23. Sierra Illnnra, "ex. (31' IO', 105' 227, to San Antonio, Tcx. (29' 2G', 98' 289, through hlnrfa, Sanderdon, and 

26. Rrunflivir~k, Ga. (31' IO', 81' so'), to ColumbuR, Ga. (32O W ,  84' SO'), through Evorott, hlclbe, hlacon, and 

27. hlarquctie, Yich. (46' 33', 87' %'), to E~cai ia l~a,  hlich. (46' 45', 37' 04'), through Kesuncc  and Iathrop, 

28. Algonac, >[ich. (42' 37', 82' 32'), to St. Clair ]:lata, hlich. (42' 33', 82' 37'), 14 miles (23 km.). 
29. Albany, Ga. (31' 34/, 84'.07'), to Callahan, Nn. (30' 34', 8l0 bo'), through Valdosta, Ga., 178 milos (287 km.). 
30. Macon, Ga. (92' SO', 83' 38/), to hlcDonough, Oa. (33' 27', 84' Of)'), 66 miles (107 km.). 
31. Now Uraunfols, Tex. (29' 44', 98' OV) ,  to Point hubel, Tcx. (26' 04/, 97' E), through San Antonio, Sinton, 

32. Macdona, Tcx. (29' 20', 98' 427, to  Tmedo, Tex. (27' 30', 99' 2'3'), through Kirk, Gardendale, and Webb, 
Jlarlingen, and 1Jrownsville, Tcx., including spur liiiu from Robfltowt'n to Corpus Christi, Tcx., 966 miles (688 km.). 

'h., 143 mile8 (230 km.). 
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33. Savannah, Ga. (329 OV, 81' 09/), to Yulee, Fla. (30' 39/, 81' 363, through Everett, Ga., 116 miles (186 km.). 
34. Sinton, Tex. (28O 02/, 97' 283, to New Orleans, La. (29' 58/, 90° 04/), through Bay Cjty and Houston, Tex., 

and Lafayette and Morgan City, La., including spur lines to Port Lavaca, Matagorda, Velaaco, and Sabine Paas, Tex., 
and Weeks Island and South Bend, La., 706 milee (1136 km.). 

35. Biloxi, MLs. (30' 24/, 88' &a/), to River Junction, Ra. (30' 42/, 84O 507, through Mobile and Atmore, Ala., 
and Penencola and De Funiak Springs, Fla., 369 milea (677 km.). 

36. Savannah, Ga. (32' 05/, 81' 09/), to Norfolk, Va. (36' 48/, 76' W ) ,  through Columbia, S. c., and Sanford, 
Raleigh, and Norlina, N. C., 644 milee (876 km.). 

37. Macon, Ga. (32' 50/, 83' 38/), to Savannah, Ga (32' 06/, 81' 09/), through Dublin and Statmboro, Ga., 190 
milea (306 km.) . 

38. Wilmington, N. C. (34' 14/, 77' 579, to Gmenaboro, N. C. (36O 04/, 79O 479, through Fayetteville and Sanford, 
N. C., LS1 m i h  (292 Inn.). 

39. Barlingen, Tex. (28O 12/, 97O 42/), to Eagle PUB, Tex. (28' 44', 100' 283, through Roma, Laredo, Webb, and 
CISnizo Springs, Tex., 320 miles (616 km.). 

40. Hillsboro, Tex. (32' 02/, 97' W), to Gallatin, Tex. (31' 66/, 95O 127, through Jewett, Tex., 190 milee (308 km.). 
41. Tenah, Tex. (31' 58/, 94' 153, to Shreveport, La. (32O 3(Y, 93O 459, through Loganaport and Keithville, La., 

42. Keithville, La. (32O lo', 93' 603, to Naplea, La. (30' 66/ ,  91' 40/), through Manafield and Alexandria, b,, 

43. Troy, N. Y. (42' W, 73' 41'), to Whitehall, N. Y. (43' 33/, 73' %/), through Saratoga Springe, N. Y., 78 miles 

44. Kirk, Or%. (42' 44/, 121' 49/), to Roeeville, Calif. (38' 46/, 121' W ) ,  through Klamath Falle, Oreg., and 
Weed and Red Bluff, Calif., 373 milea (601 km.). 

46. R o w  Point, N. Y. (46O W ,  73' 233, to Buffalo, N. Y. (42' 53/, 78' 52/), through Moira, Watertown, Oewego, 
and Charlotte, N. Y.;includingapur line from Watertown to Cape Vincent, N. Y., 463 mila (745 km.). 

46. San Joae, Calif. (37' l9', 121' W), to Santa Ana, Calif. (33' 46/, 117' 520. through Caatroville, Ean Miguel, 
Port Arguello, and Loa Angela, Calif., including spur linea to Monterey and San Pedro, Calif., 490 mila (788 km.). 

47. Weed, Calif. (41' 26/, 122' 24/), to Auburn, Wash. (47' 18/, 122' 133, through Glendale, Eugene, and Port- 
land, Oreg., and CentraLia, Waah., including apur b e e  from Portland to Aetoris, Oreg., and from Centralia to Grays 
Harbor, Wmh., 786 miles (1,264 km.). 

48. Klamath F a h ,  Oreg. (42O 13/, 121' 47/), to Ontario, Oreg. (44' 02/, 116' 579, through Lakeview, Gap Ranch, 
and Crane, Oreg., including spur line from Gap Ranch to Bend, Oreg., 547 miles (880 km.). 

49. Tenah, Tex. (31" 68', 94' 16'), to Gallatin, Tex. (31O 58/, 96' 129, through Nacogdocha, Tex., 78 mila 

60 miles (97 km.). 

193 mile6 (311 km.). 

(126 km.). 

(126 km.). 
60. Moira, N. Y.. (1Up W ,  74' 343, to Cornwall, Canada (46' Ol', 74' 46/), 20 milee (32 km.). 
61. Rockford, Ill. (42' 16/, 89' O V ) ,  to Prairie du Chien, Wh. (43' 03/, 91' OW), through Freeport, Ill., and Dodge- 

ville, WiS., 166 dlea (267 km.), 
62. Rockton, Ill. (42' 26', 89' 03/); to Centralia, Ill. (38' 32/, 89' 08/), through Rockford, Davie Junction, La Salie, 

and BloomingtOn, Ill., SO3 milea (487 km.). 
53. Louhille, Ky. (38' 16/, 86' 4W), to Cerulean, Ky. (38' 68/, 87' 43/), tbrough Weat Point, Elizsbethtown 

and Bowling Grim, Ky., and Clarhille, Tenn., including spur line from Clarkaville to Naehville , Tenn., 294 milee 
(473 km.). 

64. 33,indde, Mont. (48' W ,  1079 W),  to Boundary Line, Mont. (49'' W ,  107O lV),  50 miles (80 km.). 
65. Green River, Utah (39O W, 110' 11/), to Flagetnff, Ark. (36' 13/, 111' 38'), through Hall8 CrOadng, Utah, 

56. Portland, Oreg. (45' 31/, 122O 42'). to Wallula, Wash. (46' 04/, 118' 553, through Hood River, B W ,  and 

57. Bend, Oreg. (44' 03/, 121' lW), to Prineville, Oreg. (44' 18/, 120' W),  through Pnneville Junction, Or%., 

and Lees Ferry, A h . ,  416 milea (689 b.). 

Rock, Ora., 211 milea (340 km.). 

38 miles (61 km.). 
DETERMINATIONS OF INTENSITY OF GRAVITY. 

The U. S. Coast and Geodetic Survey is charged with the duty of extending gravimetric 
surveys over our area, and this organization is the only one that has done such work in the 
United States. There are now 286 gravity stations in this country, of which 162 were estab- 
lished between January 1, 1912, and December 31, 1921. Before 1921 all of the observations 
were made with the half-second bronze pendulums which are described in detail h,u. So Coast 
and Geod&ic Survey Special Publication No. 69. In 1921 ten stations were established near 
the mouth of the Misaisaippi Rivsr, at which obeervations were made with both the new bvar 
pendulums and the bronze pendulums. The invar pendulums are identical in pattern with 
the bronze pendulums. 

It is now known that the invar pendulums are entirely satisfactory, and by exercising 
certain precautions they can be made so nearly free from any disturbing effect of magnetizs- 
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tion that the results giveii by them will be thoroughly reliable. The observations with these 
pendulums have tlie great advantage of being free from serious effects resulting from inadequate 
temperature control, arid therefore constant temperature rooms are not necessary for them a t  
field stations. Where a building with R suitable floor is not available, the invar pendulums 
can be swung in IL tent and mounted on a portable stand, us was done at  several stations during 
the 1921 S~RSOII .  A mor0 detailed discussion of tlio invar pendulums will bo found in another 
part of this report under tho heading 

A fow of tlio gravity stations of the United States havo beon estnblished a t  physical lebora- 
tories, but most of them have been ostablished especially for tho purpose of furnishing informa- 
tion to be used in deriving a gravity formula, for determination of the shape of the earth, and 
in investigations of the variations from normal of the density of the materials of the earth’s 
crust. This matter oi densities in the earth’s crust is considered below under the heading 
“Isostatic investigations.” Tlwo are t h e e  primary gravity stations and seven secondary 
stations in Alaska wlicli wore cstiiblished before January 1, 1912. None has bueii ostablished 
since that dite. Thore is o d y  olio station in the Philippine Islands. It was ostablished in 1921. 

During tho 1921 field season, when 10 gravity stations wore established, two bronze and 
three invar pendulums wero swung a t  tho first and next to the last stations, in places whore the . 
temporature control was oxccllont and good concrete floors wero available on which to set up 
tho case. At two of tho other stations, where conditiolis wero similar to those above, one 
bronzo arid two iiivars were swung, and a t  the other six stations, where temperature control was 
poor and where a torit had to he used for shelter, only the three invar pendulums were swung. 
At all stations the values of gravity as determined by tlie individual pendulums checked each 
other closoly, proving that the amount of magnotisni in tho invar pendulums, which was kept 
fairly constant throughout the season, caused no variation in the period due to effects of the 
oarth’s magnetic intensity, wid also that no change in lengths of the invar pondulums had 
occurred from molecuIar processes. 

The stnndardizutions of tho invar potidulums a t  Washington before und after the 1921 
field season, magnetizu tion being approximately the samp, gave values from the preliminary 
computntions as follows: 

Now instruments.” 

l’erlod belore. I’crlod after. 
I i ,  0.5008806 aecond. H, 0.5008804 secwnd. 
U8 0.5008194 eocond. 1j8 0.5008190 second. 
1%, 0.5007903 flccond. I$ 0.5007902 second. 

As tho probable error of a single observation is usually about five in the seventh plaoe, the 
above results, which vary much loss than the probable error, aro clmr evidence that no change 
of length occurred in the poiidulums during tho field setison. 

ISOSTATIC INVESTIGATIONS. 

For a number OI years the IT. S. Coa t  and Geodetic Survey has caried on investigations 
looking toward tdb correction of defloctions of the vertical and the observed values of the 
intensity of gravity for the effect of topography and isostatic compensation. This work w&s 
done under the direction of Ur. J. F. Hayford, who was in charge of the-geodetic work of the 
Bureau, from 1898 to 1909, and for the p u t  12 yours under the direction of the author of this 
report. 

A number of reports on those investigations have beon publidwd aa well a8 many wticles 
in the scientific press. The two publications on the figure of the earth give in detail the 
methods employed in applying the thoory of isostasy to deflections of the vertical, while Special 
Publicatiolis Nos. 10, 12, and 40 give details in regard to the application of this theory to the 
reduction of gravity determinations. It would seem to bo reasonable to conclude from the 
accumulntod data and the result of the invevtigutions by the U. S. Coast and Geodetic Survey 
and by organizations and individuals in other countries that the theory of isostwy is substantially 

I Flgure or tho cntth and~lsostasy from moosurelnents lit tho Uulted Stnlw, nitd Supplernontary liivesllKatlon 111 18ou of 1110 Dgure of Lhc earth 
m d  Iicntosy, by J. F. byford. 

9101C0--22-3 
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true. It is reasonably certain that blocks of the earth’s crust of the order of magnitude of 100 
miles square are independently in equilibrium-that is, that any block contains very nearly 
the same mass as any other block-the blocks having the same area at their lower surfaces 
which are at what is called the depth of compensation. It is not known, of course, nor can it 
be definitely determined, what is the depth within which the compensation is located, but it 
appears from the investigations made a t  the U. S. Coast and Geodetic Survey that’ the order 
of magnitude of the depth is about 60 miles (96 km.). 

The dimensions of the earth as derived from data corrected for the effect of topography 
and isostatic compensation are far more reliable than the values obtained from the same data 
uncorrected for these effects. Likewise a gravity formula will be moro accurate if the theory 
of isostasy is taken into account in its derivation. As the theory of isostasy has been proved 
to be substantially true, it is certain that this fact will have to be considered in investigtitions 
in geology and other geophysical sciences, especially in connection with structural and dynamic 
geology. 

It is possible that the determination of the intensity of gravity and the application of the 
theory of isostasy may have a practical value. There are stations in the United States in 
localities which are underlaid by crystalline rocks, and in such cases the anomaly or difference 
between the observed and the computed value of gravity tends to be positive, showing the 
observed value to be greater than normal. It is believed that these positive anomalies are 
largely due to material which is denser than normal closc to the gravity stations. It is possible 
that the fact that the pendulum shows a positive anomaly for gravity when over crystalline 
rocks at or close to the surface will enable us to predict from a gravity anomaly map the char- 
acter of the material close ta the earth’s surface. Scvcral articles have been prcpared in the 
United States on the relation of isostasy to certain geological phenomena and theories. (See 
list in another part of this report.) 

E m T H  TIDE OBSERVATIONS. 

A new type of apparatus for the determination of the yielding of tho earth unclor the tide- 
producing forces of the sun and moon was designed by Prof. A. A. Michelson, of Chicago Uni- 
versity, and in 1913 wag installed at Willitims Bay, Wis., on the ground of the Yerkes Observa- 
tory. The obsorva- 
tions consist of determining the tidal movement of water in two horizontal pipes-onc in the 
meridian and the other in the prime vertical. From the relation of the amount of the actual 
observed tide in these pipes to the corresponding theoretical tides tho yielding of the earth 
can be computed. 

The definitive series of observations was begun on November 20, 1916, and continued for a 
year. The results obtained with Michelson’s apparatus are of the same nature as tbose obtained 
with horizontal pendulums, but in manageableness and in accuracy they nppcar to be much 
superior to those obtained with the older form of apparatus. 

The ratio of the observed water tide in the pipe to the theoretical water ti& in such a pipe on 
a rigid earth or, what is the same thing, the ratio of the observed dofiection of the vertical to the 
theoretical deflection for a rigid earth was found to  be practically the same for both tho east and 
west and the north and south directions. This ratio came out about 0.69. This is the result 
from the short period earth tides uncorrected for the secondary effects of the oceanic tides of like 
periods. On account of the distance of Williams Bay from the sea this correction is probably 
smaller than at most of the places where observations have been made with horizontal pendulums. 
An apparatus similar to the one used at  Williams Bay waa installed a t  Pasadena, Calif., h 1921. 
It wm found practicable to shorten the length of pipe used, the shortening being compensated 
by increased accuracy in reading the water levels. No report has yet been made on the results 
obtained at Pasadena with this apparatus. 

The apparatus is describsd in some detail in another part of this report. 

A list of papers dealing with earth tides i8 given in another part of this roporf, 
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ACTIVITIES AT THE OFFICE O F  TEE U. 8. COAST AND GEODETIC SURVEY. 

The reduction and adjustment of observations made in the field are carried on by the 
mathematicians attached to tho office of the U. S. Coast and Geodetic Survey at  Washington. 
The classes of work treated are principally base measurements, triangulation, precise leveling, 
gravity determinations, and astronomic work. As rapidly as possible tho field observations 
are worked over and the data secured from them are proparod for the printer. It is evident 
thnt the rosults will be of moro valuo if they are available to the public in printed form rather 
than in manuscript. . 

In addition to the work connected with the reduction of field observations research has 
been done in a number of lines including the theory of isostasy, projections for maps, varia- 
tion of latitudo, and othor geophysical matters. 

The publications of the U. S. Coast and Geodetic Survoy listed under another heading 
show the extent of the activities of the office. 

The following statement indicates the magnitude of the activities of the geodetic work 
done at  the Washington ofico of the U. S. Coast and Goodetic Survey during the 10-year 
period covered by this report. It doos not includo the geodetic work done at tho office of the 
U. S. Coast and Geodetic Survoy at  Manila, P. I. 

Trinngulntion nnd trnvorae of first clnea: 2058 geographic positione coiuputed and adjusted. 
Trinngulntion of third clnea: 12 667 geographic poeitione computed and ndjueted. 
Procise base linm: 20 computed and adjueted. 
Precise leveling: 16 975 inilea (26 709 km.) coinputod and ndjuated. 
Aetronomic work: 178 nsimuthe, 80 latitudee, and 74 differences of longitudo computed and adjusted. 
Gravity observatione: ValuGs at 162 stationa computed and adjueted. 
Isoetatic work: Effect of topography and h t n t i c  coinpeneation computed for 162 gravity etatione. 
Preparation of manuscript for printing: Manuscript for 4110 printed pagee prepared. 
Proof reading: 6184 priutud pagee compared with insnuscript. 

h o t h o r  important line of geodetic work carried on at  the Washington office is the designing 
and construction of new geodetic instruments and the improvement of old types. (See pp. 21-26.) 



GEODETIC PUBLICATIONS IN THE UNITED STATES. 
A large number of publications giving the results of geodetic work and investigations 

have appeared since January 1, 1912. As far as practicable the results of precise triangulation 
in the interior of the country are placed in print as soon as possible aftef tho work is done in 
order that they may be available to scientists and to engineers engaged in surveying, mapping, 
and other activities. 

As rapidly aa the circumstances will permit the triangulation along the coast, much of 
which waa done many years ago, is printed for the use of the engineers and any others needing 
the data. These reports, in general, are confined to individual States in order that they may 
not be too bulky and also to make i t  possible to print the report ns soon ns t.he manuscript 
for any particular State is completed. 

The results of any piece of triangulation are not published until the computations of the 
geographic positions have been made on the North American datum. "here is given below a 
list of the publications of the U. S. Coast and Geodetic Survey which contain tho results of 
triangulation done by that Bureau which have appeared since January 1, 1912, or which are 
now in the hands of the printer. The publications issued contnin the geographic positions 
on the North American datum of 10 150 stations, and the manuscript of the reports now in the 
hands of the printer contains the geographic positions on the North American datum of 3203 
stations. There are geographic positions on the North American datum for 6126 triangda- 
tion stations (not duplicated in later reports) in publications of tho TJ. S. Const and Geodetic 
Survey which appeared before January 1, 1912. 

The total number of geographic positions on the North Arnericnn clntum, in print or in 
the hands of the printer, is therefore 19 479. 

TRXANGULATSON PUBLSCATXONS BY TEE W. 8 .  COAST AND CiEODETIC SURVEY. 

Special Publication No. 11. The Tcxart('n1ifornia arc of primary t~iangulatio~i. 
Special Publication No. 13. The California-%Hhington arc of primary trjnngulation. 
Fpecial Publication No. 16. Triangulatisn along thc west coiist of Floridn. 1933. ('. 13. Swirk. 
Special Publication No. 17. Triarqulation on the coapt of Texay, from Sahinc I'see to Corpun ('hriHti Hay. 1913. 

Special Publication No. 19. Primary triatlgulation 011 the onc hundred aud fourth nicridiali and on the thirty- 

SpecinlPublication No 24. Triangulation i l l  Alabamiu and hlisuissippi. 
Special Puhlicatinn No. 90. Trianplatioil ill West Virginia, Ohio, Kentucky, I~ i ( l i : t i i t~ ,  Illinoin, arid M i ~ ~ o ~ r i .  

Special Publication No. 31. Triangulafioil dong the Columbia Rivcr and the cowls of Oregon and iiorthern 

Special Publication No. 43. Triangulation in Georgia. 
Special Publication No. 45. Descriptions of trianqulation stations in Gcorgia. 1017. C' TI. Swick. 
Special Publication No. 46. Triangulation in  Maine. 1918. Walter I?. Reynolds. 
Special Publication No. 54. Report on the connoction of tho arca of primary triangulation along tho ninety- 

1919. William 

191 2.  \Villiam Bowio. 
1913. A. 1,. l3aldwin. 

Charles A. Mourheee. 

ninth parallel i n  Colorado, Utah, and Nevada. 1914. William Ho!\<e. 

1915. A. L. Baldwin. 

California. 2915. Charles A. MourheRs. 

1915. \Viillcr I?. R ~ y ~ l t l ~ .  

1917. C .  1%. Swick. 

eighth meridian in the United States and in hkxico and 011 tho triaiigulation i n  southcrn Tcxas. 
Bowic. 

Special Publication No. 62. Triangulution in  Rhodc Islaad. 1920. Earl Church. 
Special Publication No. 74. Utah-Washington arc of preciso triangulation. 
Special Publication No. 76. Triangulation i n  Massachusetts. 1922. 0. P. Suthorland. 
Spe& Publication No. 78. Pre&e triangulation in TOXSB, Rio Grande arc. 1922. Clom L. Gamer. 
Special Publication No. 79. Precise traverse and triangulation i n  Indiana, 1922. 

1921. C. V. Jlodgfion. 

Charlea A. hlourhess and 
J. 6. Rilby. 

18 
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Publications of the U. S. Coast and Geodetic Survey containing triangulation results on 
the North American datum which were printed before January I, 1912, are shown in the fol- 
lowing reports : 

Appendix 8 of the roport for 1888, positions in Connecticut. Chnrlee A. Schott. 
Appendix 8 of the roport for "3, posi tione in Pen~ylvnnia,  Delaware, and Maryland. W. C. Hodgkinu. 
Appendix 6 of the report for 1901, poeitiom and descriptions in Kaneae and Nobraekn. John F. Hayford. 
Appendix 4 of tho report tor 1903, poaitiom nnd descriptions in Kansna, Oklnhoms, niid Toxsa. John F. Hayford. 
Appojidix 0 of the report for 1904, positions and deacriptions in Caiifor~ua. A. I,. Baldwin. 
Appendix 5 of the report for 1905, positiorls and doflcriptioiifl in TQXM. John F. Hnyford. 
Appendix 3 of the report for lW7, positions and descriptions in California. John F. Hayford und A. 1,. Baldwin. 
Appendix 6 of tho report for 1910, poeitiom and descriptions in California. C. R. Duvall and A. L. Baldwin. 
Appendix 4 of the report for 1911, positions and deucnptiom i n  Nobmka, Miunosota, North Dakota, and South 

Appnndix 5 of tho report for 1911, poait.ioxu and doecriptiom in Tams. 
Appendix 6 of the roport for 1911, pmitions nnd doflcriptions in I'loridn. Hugh C .  Mitchell. 

Dakota. William Uowie. 
A. T,. Baldwin. 

TRIANGULATION PUBLICATIONS BY ORGANIZATIONS OTHER THAN THE U. 6. COAST AND 
GEODETIO SURVEY. 

j The following publications contain the results of triangulation computed on the North 
American datum. Somo of these were published before January 1, 1912, but they have been 
included to make the list complete. 

Appendix EEE, pagee 29065031, Annual Report of the Ohief of Engineers, United fitatea Army, 1909, pwitions 

Profdona1 Paper KO. 24, Corps of Ihgineem, Unitod States Army, 1582, descriptions of pinta on asd near the 

Pubhatione of the hlassachusetta lrurbor nnd Land Comnimion. 
Report brl the Triangnlation of Greater New York, 1908. 

1 Repbrt bn a plan of Sewerage for the CIty of Cincinnati, 1912. 
Report of the Iuternational Uoundary Cornmiasion upon the  reestablishment of tho boundmy between the linited 

of pointa on and near the Great Lakos. 

Great Lakes. 

Statee and Cnnuda from the forty-ninth pnrallol to the Pacific C)cenn, 1921. 

These reports contain the geographic positions of 1934 triangulation stations, 
During tho interval 1912-1921 Bulletins Nos. 496, 551, 552, 644, and 709 have been pub- 

lished by the TJ. s. Geological Survey. These contain tho geographic positions and descriptions 
of triangulRtion and traveme stations in the United States established by that organization and 
also the results of triangulation by others where the work of the latter is close to the work of 
the foi*mor. The triangulation and traverso covered by the U. S. Geological Survey bulletins 
are largely of the third class in chnmctor, and therefore will bo subject to some revision when the 
precise notwork of triangulation is further extended. This triangulation will be of much value 
in investigations of the figure of the earth and of isostasy when it has been adjusted to the pre- 
cise not and nfter the nstronomic latitude tind longitudo havo been observed a t  many of the 
stations. 

mVELIW3 PUBLIOATIONS BY TKE U. 6. OOABT ANI) GEODETIC SURVEY. 

The results of the precise leveling in tho Unitod States $1'0 given in the following publications 
of the U. S. Coast and Qeodetic Survey: 

Appciidix 8, roport for 1899, Procise loveling in the IJnited Stnfes. John 1'. Ihyford. 
hppcridix 3, roport for 1903, Prociso levsling iu the United States, 1900-03. John F. llnyford. 
(Not numbered) Prociee 1CVQlhg in the United States, 1905-07. John F. Nayford and L. Pike, 1909. 
Special Publication No. 18, Fourth genoral adjustment of the precise levo1 net in the Unitod States and the 

Spocinl Publication KO. 22, Precise leveling from Brigham, Utah, to san Fmncieco, Calif. W. Bowie, 1914. 
Special Publication No. 39, Precieo lovoling from Reno to La8 Vogae, Nev., and from Tonopah Junction, Nev., 

Special Publication No. 77, Preciae leveling in Texas. H. G. Avere, 1922. 

resulting stwdard olovatione. W. 13owio and 11. G. Avers, 1914. 

to Lawa, Calif. ][I. G. Avers and G. D. Uowie, 1916. 

These reports contain data for 32 672 miles (62 681 km.) of precise leveling and the eleva- 
tions for 13 667 benoh marks. 
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When Special Publication No. 18 was prepared, it was possible, on account of the small 
space required, to include the elevations of all adjusted precise leveling bench marks. It was 
considered impracticable, however, to assemble in the same volume the descriptions of the 
bench marks which had been printed in previous rcports. The index of Special Publication 
No. 18 refers to Appendix 8, report for 1899, Appendix 3, report for 1903, and precise leveling 
in the United States, 1903-1907, which contain the descriptions of the bench marks established 
in the earlier leveling. 

The methods employed in the field and the ofice in precise leveling are discussed in detail 
in Special Publications Nos. 18 and 22. There are in the United States about 12 000 miles 
(19 300 km.) of precise leveling, the results of which have not yet been printed. This is because 
of the necessity of adding more leveling to the net before the final adjustment is made. This 
is especially the case with tho precise leveling in our Northwestern States. Before the final 
adjustment of the lines in that section it is desired to make additional connections between the 
precise level nets of the IJnited States and Canada and to adjust the nets of both countxies 
together. 

LEVELING PUBLICATIONS BY THE U. 8. GEOLOGIOAL SURVEY. 

The United States Geological Survey has a number of bulletins covering the results of 
spirit leveling which it has done in various States of the country. Most of the leveling published 
in these bulletins was done for the immediate control of the topographic mapping.and ie of 
the third class, although the bulletins also contain the redts of any precise leveling that may 
have been done in the region wvered by the report. The elevations of the third-class leveling 
will, in many cases, be changed when the precise leveling net is expanded. 

There are 46 of these repork all together, of which 42 have appeared since January 1,1912. 
Some of them supersede previous reports, aa it  is the practice to publish a new bulletin for a 
State as soon as sufficient new material has accumulated. It is not believed necessary to indi- 
cate the individual numbers of the bulletins in this report. 

PUBLICATIONS BY THE U. 8. COAST AND GEODETIC BURVEY DEALING WITH GRAVITY AND 
THE TEEORY O F  ISOSTASY. 

The field 4nd office methods employed in the determination of the intensity of gravity are 
given in detail i:i Special Publication No. 69 of the U. S. Coast and Geodetic Survey, which is 
used aa a guide and manual in this work. Three publications of the U. S. Coast and Geodetic 
Survey on the subject of gravity and isostasy have appeared since January 1, 1912. They 
are as follows: 

Effect of topY8pliy and isoetatic cornpewtion on the intensity of gravity, Special Publication No. 10. by John 

Effect of topography and isostatic compensation on the intensity of gravity, second paper, Special Publication 

Inveetigations of gravity and isostmy, Special Publication No. 40, by William Bowie, 191 7 .  

F. Hayford and William Uowie, 1912. 

No. 12, by William Bowie, 1912. 

Each of these publications contains the r e s u h  of an investigation to show whether what 
are called gravity anomalies are lessened by the application of the theory of isostasy in the 
reduction of the gravity values. The work supplements that done by Prof. J. F. Hayford on 
the figure of the earth and isostasy, two reports on which appeared prior to January 1, 1912. 
These reports were entitled: 

Figure of the earth and isoetsay from rneasuremcnte in the United Statea, 1909. 
Supplementary inveetigation in 1909 of the figure of the earth and isoetaay, 1910. , 
The above reports cover in detail the methods employed in computing the effect of topog- 

raphy and the isostatic compensation on the vertical and on the value of gravity. 
It would take too much space in this report to go into details as to the findings of tho inves- 

tigations in isostasy or to  abstract the papers listed above. It suffices to say that the subject is 
becoming one of great importance in many branches oE the geophysical sciences, and it is hoped 
that isostatic investigations will be made by all other countries which have geodetic organha- 
tiona. Many of them have material available in the form of deflections of the vertical and 
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values of the intensity of gravity which could be used in investigations of the figure of the 
earth and of the theory of isostasy. Even though the stations may be confined wjthin slimited 
area, if they were reduced by some method that is approved by the Section of Geodesy, the 
results would be of much value to  anyone who wished to extend investigations already made. 

ARTICLES BEARING ON ISOSTASY NOT PUBLISHED BY THE U. S. COAST AND GEODETIC 
SURVEY. 

A number of papers not printed by the U. S. Coast and Geodetic Survey have appeared in 
the United States during recent years on the question of isostasy or its application to some 
geological or other geophysical question. These papers are listed below. There are other scien- 
tific articles which have appeared in the United States during the past 10 years which touch on 
isostasy incidentally, but are not strictly isostatic publications. 

1912. John F. 
Hayford. . Iaoatasy, a rojoinder to the article l)y Harmon l.ewis, Journal of Geology, Vol. XX, No. G. 

Condition of the earth’s crust, Science, December 20, 1912. G. R. Putnam. 
Some relations between gravity anomalies and the geologic formation i n  the United States, American Journal of 

Some results of tho naylord nirthod of gravity reduction, Journal of Washington Academy of Scioncee, December 

The strength of the oarth’e crust, Journal of Geology, Vol. XXIJ, Nos. 1-8; Vol. XXIII ,  Nos. 1, 5, and 6, 1914 and 

Iaostasy and the size and Bhape of the earth, Science, hlay 15, 1914. William Bowie. 
Interpretation of anomaliee of gravity, U. S. Geological Survey Prof. Paper 86, 1915. G. K. Gilbert. 
180starry and radio-activity, Goological Society of America, Bull. March 31, 1915; Science, January 29, 1915. G. F. 

Aesumptions involved i n  the doctrine of isostatic compensation, with a note on Hecker’s determination of gravity 

Isostasy in  the light of the planetesimal theory, American Journal of Science, October, 1916. T. C. Chsmberlin. 
On the hypothesis of iaostaay, Journal of Geology, February-March, 1917. W. D. Mchlillan. 
Tho gravimetric survey of the Unitod Statea, Proc. Nat. Academy of Sciences, March, 1917. William Bowie. 
Our present knowledge of ieostssy from gcodctic ovidrnce, Journal of Geology, July-August, 1917. William Bowiie. 
I m a l  versurr regional distribution of isostatic compeneation, Am. Journal of Science, June, 1917. William Bowie. 
Possibility o[ using gravity anomalica i n  the Aearch for salt domo oil and giu pools, Science, Decomber 7, 1917. 

(iravit) aiitl i.qo.rlxiy, Svioncr, April 13, 1917. John I:. Hayford. 
The rarth lrornagcophysicalstandpoint, Smith. In&., Ann. Rept., 1916. John F. Hayford. 
The status of tho thoory of isostasy, hmorican Journal of Science, Octobor, 1919. Joseph Banell. 
Tho nature and boaringa of iaostwp, Amrrican Journal of Science, Octobor 19, 1919. Joseph Barrell. 
Tho mathomatice of isoslasy, American Journal of Scionce, hlay, 1920. T. C. Chamberlin. 
Isostatic measure of tho Rocky h l o u n t a h ,  Geological Magazine, June, 1920. Charles Keyee. 
Tho mathematic8 of isostaay, A n d c a n  Journal of Science, !day, 1920. W. D. hlchlillan. 
8omo geologic conclusioiis from goodotic data, Proceodinga of tho National Academy of Sciences, January, 1921. 

Tho relation of isorrtaay to uplift und subsidence, Ainerican Journal of Scionce, July, 1821. William Bowie. 

Science, March, 1912. William Bowie. 

19, 1912. William Rowie. 

l!)l5. Joseph Uarrell. 

Becker. 

at sa, Journal of Gcology,, October-November, 1016. W. H. Hobbs. 

E. W. Shaw. 

William Bowie. 

ARTICLES ON GRAVITY AT SEA. 

The following articles on the measurement of the intensity of gravity at  sea have appeared 

A new inothod of measuring gravity at sea with Borne tram-Pacific obsorvations. I,. J. Brigge. (Abstract.) Phye- 

A new method of measuring acceleration of gravity at sea. 1,. J. Briggs. Proceedings of the National Academy of 

Measurement of glnvity a t  eea-A reviow. 1,. J. B r i m .  Bulletin of tho National Research Coullcil, vol. 3, p. 2 

during the 10 years covered by this report: 

ical Roviuw, vol. 5 (1916), p. 184. 

Sciences, vol. 2 (1916), p. 399. 

(January, 1922), No. 17. 
ARTICLES ON THE VARIATION O F  LATITUDE. 

There have been several papers issued during the 10-year period covered by this report 
on the variation of latitude. 

No. 27 of the U. S. Coast and Geodetic Survoy, 1915. 

The most important of these are: 
I 

Latitude observations with the photographic zenith tube a t  Gnitheidurg, hld. Finnk E. Rose, Special Publicatiou 
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Variations of latitude: Their bearing upon our knowledge of the interior of the earth. Iilank Schleeinger. Pro- 
ceedings of the Americau Philosophical Society, vol. 5 (1915), p. 351. 

Variatiom of latitude observations a t  U. S. Kava1 Observatory, 1915.%1920. I'. B. Littell. Astronomical Journal, 
vol. 33 (1921), p. 123. 

Variations of latitude obaenTations a t  the Ti. S. Naval Obeervatory. F. R. Littell. Astronomical Journal, vol. 33 
(1921), p. 173. 

The mobility of the coaat ranges of California: An exploitation of tbe elastic rebound theory. Andrew C.'Laweon. 
University of California Publications, Bulletin of the Department of Geology, vol. 12 (1921), No. 7. This article baea 
certain geological conclusions on the Ukiah obeervations of the International Latitude Senice and on latitude obeerva- 
tions a t  Lick Observatory, Mount Hamilton, Calif. 

An investigation of the latitude of Ukiah, Calif., and of the motion of the pole. W. D. Lambert. Special Publi- 
cation No. 80 of the U. 8. Coast and Geodetic Survey. (In the hands of the printer.) A partial summary of this publi- 
cation is given in the Journal of the Waehington Academy of Sciences, vol. 12 (1922), p. 28. 

PUBLICATION8 ON MAP PROJECTION8 BY THE U. 8. COAST AND GEODETIC S U R V E Y .  

A number of publications by the U. S. Coast and Geodetic Survey dealing with prpjeotions 
have appeared during the last 10 years. When the Unitod States entered the war, it was found 
that there was very little published in the English language dealing with the projections in 
actual use in the war area in Europe. The U. S. Coast and Geodetic Survey immediately pre- 
pared publications on projections to meet the needs of our Army. Since the war several pub- 
lications have been issued which deal with various other projections useful in map production. 
The publications on projections referred to above are given in the following list: 

The Lambert conformal conic projection with two standard parallela. Special Publication No. 47, 1918 
Charlee H. Deetz. 

The Lambert projection tablea with conversion tables. 
The Lambert projection tablea for the United States. 
General theory of the Lambert conformal conic projection. Special Publication No. 63, 1918. Oscar S. Adams. 
General theory of polyconic projections. Special Publication No. 57, 1919. Oscar S. Adams. 
Grid syetem for progreseive maps in the United States. Special Publication No. 59, 1919. I7illiam Bowie and 

A study of map projection i n  general. Special Publication No. 60, 1919. Oscar S. Adame, 
Lstitude developments connected with geodeay and cartography, with tables, including a table for Lambert equal 

Elements of map projection with applications to map and chart construction. Special Publication No. Bs, 1921. - 
Radio compm bearings. Special Publication No. 75, 1921. Oscar S. Adams. 

Special Publication No. 49, 1918. 
Special Publication No. 52, 1918. 

Charla H. Deetz. 
Oscar S. Adame. 

Oecar 5. A h a .  

area meridional projection. Special Publication No. 67, 1921. Oecar 8. Adams. 

Charlee H. Deetz and. Oecar S. Adams. 

ARTICLES DEALING W I T H  EARTH TmES. 

Since January 1,  1912, a number of articles have appeared in the scientific journals of the 
Uuited States dealing with earth tide investigations. The most important of these arc listed 
below: 

Preliminary results of tho measurement of the rigidity of the earth. A. A. Michelson. Journal of Geology, vol. 
22 (1914), p. 97, or Astrophysical Journal, vol. 39 (1914), p. 105. (An oversight in the calculation of theae preliminary 
reeulta which made it appear that the ratio of observed tide to theoretical tide was ementially different according 
the pipe waa in tho meridian or the prime vertical was corrected in an article in Science, vol. 60 (1919), p. 327.) 

or Journal of Geology, vol. 27 (1919), p. 585. 
The Rigidity of the Earth. A. A. Michelson and Henry G. Gale. Astrophysical Journal, vol. 50 (1919), p. 330, 

The theory of tides in pipes on a rigid earth. F. R. Moulton. Astrophysical Journal, vol. 50 (1919), p. 346. 
The problem of the earth tidee. W. D. Lambert. Bulletin of the National Remarch Council, No. 17 (January, 

1922). 



NEW GEODETIC INSTRUMENTS. 
ELECTRIC SXGINAL LAXPS. 

The great cost of even unskilled labor and therefore of a field party carrying on triangulation 
makes imperative the grestost possible effectiveness of the signal lights used, as the failure of a 
lamp a t  a distant station when needed frequently causes the loss of a day for the whole party. 

Careful consideration of this point resulted in the design by E. G. Fisclior, chief of the in- 
strument section of the U. S. Coast and Geodetic Survey, of a new type of electric signal lamp, 
which was first used in the field early in the year 1916. It consists of an automobilo headlight 
with a 23 cm. parabolic reflector mounted on n baseboard so as to bo adjustnblo in elevation and 
azimuth. A sighting tube secured to the reflector serves to direct the beam of light in the proper 
direction. A small rheostat, switch, and ammetor are provided for current regulation. The 
apparatus and its packing case weighs 11.4 kg. 

When trtking up the design of this new lamp, it was found that electric bulbs suitable tu 
produce a beam of light of very small angle, the primary requisite for long-distance illumination, 
wore not on the market and were not made by tho lamp-bulb manufacturers. The latter were 
therefore induced to make such bulbs specially for this purpose according to specifications 
furnished by the ofico of the I T .  S. Coast and Geodetic Survey. The rosulting lamp bulb has 8 

highly concontratod filament and requires for maximum intensity a current of about 9.5 volts 
and 2.4 hmporos, which in field practice is obtclined from dry cells of the standard size connected 
in series of six and sovon multiples of three cells each. Tho test of the lamp SO prepared showed 
an apparent beam candlopower of 250 000 st I& distance of 100 feet (30 m.). Its penetrating 
power is so great that even in unfavorablo conditions of the atmosphere the observations can 
bo csrried on, thus saving many days in each season for the party. The lamp has frequently 
been seen with the unaided eye a t  n distmco of over 100 miles (160 km.). At one station it was 
seen at n distnnca of 152 miles (241 km.) nnd appeared liko a star of the mngnitude of PolariA. 

THE SMAL'I. ELECTRIC SIQNAJ. LANP. 

In schemes of triangulation in which the length of the linea rarely oxceeds 60 miles (96 km.) 
it would manifestly be uneconomical to uee signal lamps much mom poweiful than aeaded. 
Another and smaller 1 m p  was therefore designed and constructed and put into the field in 
November, 1920. It is made up of an rtutomobile headlight with a parabolic reflector 17 em. in 
diameter pivoted for adjustment in elevation in a wooden box frame 28 by 26 by 17 cm., which is 
mounted on tho triangulation point by m e w  of a centey smew, permitting of adjustment in 
azimuth. A small rheostat, switoh, and sighting tube are provided aa for the larger lamp.. 
Tho lamp bulb is likewise specially made from specifications furnished by the Survey. The 
filament, being designed for R current of only 3 to 4 volts and 0.6 amporo, is concentrated into a 
spclco of only about a cubic millimeter and wfieu adjusted into the focus of the refleotar produces. 
a hoain very ncarly parallel. Tho test showed an apparent benm cimdlopowcr at  n distanae of 
100 fact (30 m.) of 74 000, with R current of 0.64 nmporo fwniahed by t h e e  dry cells conneoted 
in scrim The lnmp hns boon tmn with tho unaided aye tit a distanoe of 80 milos (128 km.). 

Both the large und small signal lamps uro arranged so as to permit tho uso of either the 2.4- 
amporo or the 0.G-amporo lnmp bulb. This fttcilitatos adaptation to epocid conditions a t  any 
stetion m d  has rosulted in 11 large saving in expmditures for dry calls. 

Preparations nre now in prograss for proriding clocks to he connected witli the olechic 
aircuit of the signal lamps in such R mannor that tho lamps will light up and go,out &.night 
au tomat idy .  The triangulation statiou, after being put in propor working order, a n  then 
be left without an attendant until the lump is  to be directed to anotlior shtioa. The alook 
needs winding only once in s wok. More than one station can thus bo operatad by one man mid 
die operating cost rediiccd wry mnterinlly. 

9161UO-22 --4 21 
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TEAUK LEVEL. 

Until recently the inclination of the base tape in traverse measurements along railroad 
tracks has been determined with the Y level. I It was thought that time and expense could be 
saved by measuring the inclination of the track for each tape length with a simple instrument 
mrtnipuladed by a single member of the party during the progress of the tape measuremonts. 

Such an instrument, called the “Track level,’’ was designed by E. G. Fischer, chief of tho 
-wtrument section of the U. S. Coast and Geodetic Survey, and constructed in July, 1920. 
It consists of a light wooden footpiece 1.83 m. long, 12 cm. high in the middle, and 9 cm. at 
each end, with a vertical extension 72 cm. high, 13 cm. wido below, widening to  28 ciu. at tho 
top. At the ends of the footpiece are vertical oxtensions which carry hardened steel pins for 
‘resisting wear where it rests on tho track. (,%a A,  fig. 14.) At the front is mounted a wooden 
arm 12.6 by 48 cm. pivoted near the bottom (P, fig. 14), with a metal vernier ( 17) on its upper 
face. This a m  is held against the vertical extension by a mota1 arc secured to  the latter. 
This arc, which has a radius of 77.5 om., is graduated into 10-minute spacos, the vernier 
reading to  single minutes for ranges of 5’ on either side of the normal. The graduations are 
bold and can be read easily with the unaided eye. About 6 cm. below the arc there is secured 
to the vernier arm a level (B) readily adjustable, with a value of about 20“ per division of 2 mm. 

At the rear of the vertical extension is a handle for carrying the apparatus from place to 
place and also a prop which can be thrown out for setting the instrument on the ground in an 
upright position whon not in use. At  each side of each foot is a metal side guard which oan 
be turned up and out of use. The two on eithor side desired can he turned down to aervo as 
guides to assure that the two feot rest near the middle of the rail. ‘fie distance between the 
feet is 1.78 m. Tho weight of the whole apparatus is 4 kg. 

For each tape length the track level is placed on tho rail near the center of the tape. Tho 
accuracy attainable was found to be ample to provide reliable corrections for reducing inclined 
tape lengths to the horizontal. 

INVAR PRECIBE LEVEL. 

The general features of the instrument described here are embodied in the precise level 
described and illustrated in detail in Appendix 6 of tho U. S. Coast and Geodetic Survey Report 
for 1900. As the features held is particular view in the design of that instrument have proven 
so effective, the several improvements, made and successfully triod out in tho field in 1921, 
are thought to be of sufficient intmost to he montioned in this report. 

The experiences gathered in many pars’ uae of precise levels prior to  the Rdoption of tho 
one in question impressed the designer, E. G. Fisclior, chief of the instrumont section of tho 
U. S. Coast and Geodetic Survey, with tho nooossity for the greatest possible rigidity, H strict 
constancy of the relation between the lino of collimtrtion and lovol, and the utmost fncility 
.and certainty in reading the rod and lcrel without disturbing the instiumcnt in thc slightest 
#degree. 

In fUing the first of these roquirements the designer dimgarclecl the previously eccoptod 
form, which had become convontionnlized. In placo of the cuetomnry smdl bttve of support, 
senerally about 5.5 cm., tho distance of thc foot screws from tho ccnhr w t t s  m ~ d c  9 cm. l l c  
distance of the collimation line above the plane of support, from 16 to 18 cm. in  most 
precise levels, was reduced to 11 cm. in this om, though its vortical axis is one-third longer 
and the aperture and focal length of tho telescopo aro very much lerger t hm thoso of the usual 
instruments. This instrument, mounted on a tripod also designed particularly with tho viow 
to rigidity, is used successfully in any winds against which tho rodman is nblo to hold the rod 
upright and steady. 

The careful study of the level records of many years had proven beyond doubt that certain 
large systematic errors were direotly related to differences of temperature of different parta of 
the instrument when making the backsights and the foresighb. In other words, these errors 
indicated that the instrument was either exposed to or shielded from heat radiation differently 



FIG. 13.-LAI<GE ELECTRIC SIGNAL L A M P .  



Special Publication No 81. 

V 

A 

I 

I 

I 
P 

FIG. 14.-TRACK LEVEL. 
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FIG. 16.--INVAR LEVELING ROD. 
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during the fore and baok sighb, and that the consequent thermal expansions oaused systematic 
changes in the relation between the level and the line of collimation. To reduce this unavoidable 
effect to a minimum, the designer selected a material with a very low temperature co&cient 
and reduoed to a minimum the vertical distance of the parts connecting the level and the h e  
of collimation. 

The older type of instrument is made of an alloy of one part grain nickel and two parts 
cast iron, with a coefficient of 0.000004 per degree centigrade. The level vial is sunk into and 
fastened directly to  the telescope as closely aa the cone of the image producing rays will permit. 
These arrangements yield a constancy of the relation between the level and the line of collima- 
tion, which requires readjustment but rarely. On numerous occasions an instrument after 
having been adjusted has been sent hundreds of miles and been used for weeke in the field 
without readjustment being necessary. 

When it became possible to obtain nickel-steel or invar in the form of tubing and when 
forms could be molded in sand and cast in invar, with coefficients not exceeding 0.000001 per 
degree centigrade in either case, a new precise level was constructed. @ of its parts now being 
of a ductile and therefore stronger material it could be made somewhat lighter than the former 
type, which being of a softer and more brittle material, had to be made quite massive. In this 
latest precise level the telescope is pivoted at  a point on the vertical axis. Thb avoids the danger 
of slight systematic differences in the height of the instrument between the back and fore sights 
should the observer habitually adjust the vertical axis out of the normal in one particular direc- 
tion, This fault exists in the former type of level as the telescope is pivoted 9.7 cm. forward 
of the axis. 

The resulb obtained with the instrument used in the geodetic leveling of the United States 
may be expressed in a few words, as follows: The average length of sighta is about 85 m., the 
maximum reaching 150 m. ; the average time for each set-up is sonpewhat less than thee  minutes; 
the average distance of leveling per month is 135 km., or about 270 km. of single line; the aver- 
age amount of line failing to chock within 4 mm. Jk and required to be run a second t h e  is 
about 10 per cent; the probable error of the resulting elevations is about 0.9 mm. per kilometer. 
In this connection it should be noted that the engineer is held to the maxim that any inorease 
in accuracy beyond that established by the International Qeodetic Association, if attained by ' 
increase of cost in either time or money, is undesirable. 

INVAR ROD FOR PREOISE LEVELING. 

In September, 1916, an important improvement wae made in the type of rod used in geodetic 
leveling by the U. S. Coast and Qeodetic Survey. Up to  that time reliance as to the'constancy 
of the rod had been placed on pine wood thoroughly permeated with paraffine. The new rob 
consiste essentially of a strip of invar 26 mm. wide and 0.9 mm. thick, with a thermal ooefficient 
not exceeding 0.000001 per degree centigrade, rigidly fastened to a metal foot with 8 hardened' 
steel sole. This foot is shaped so aa to permit of the use of the spikes securing the rail to the 
wooden crossties for turning points. The invar strip carries the alternating black and white 
centimeter graduation of the usual form, extending to 3.25 m., and the wooden rod 28 by 83 
mm. serves only to hold the strip straight and to  carry the marks and numbers indicating the 
decimeters and meters. A thermometer is mounted with its bulb just back of the,strip, and L 
oircular level enables the rodman to hold the rod vertically. The weight of the rod is 5.7 kg. 

Hardened bronze pine with spherical crowns are driven into the ground to serve as turning 
points when t h  spikes of a railroad track are not available. They are &o used when 1evehg 
on railroad tracka for transferring the line temporarily to the ground before the passage of a 
train in order to avoid possible disturbance of the turning point. 
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N33W INVAB-RENDVLulldS AND IMPROVEMENT8 IN "E GRAVITY APPARATUS 

D l h g  the early part of 1920 t@o hew sets of cavity pendulums made of invar metal 
were completed by the instrument section of the U. S. Coast and Goodotic Survey. Theso now 
pendulums are similar in design to the bronze pendulums which hnvc been used during the 
past 30 years for all duterminations of the intensity of gravity in the Unitcd States. .They 
are somewhat heavier, and tlic bobs are about 4 mm. thicker, but their outstanding charncter- 
istic is the low coofficient of expansion, which is only one-fifteenth that of the bronze pon- 
dulum. Tho ternperaturo and pressure coofficients of tlicse now pcndululns have been doter- 
mined and the results, togethor with correction tables, nrc shown in U. S. Cocwt nnd Gcodetic 
Survey Special Publication No. 69. 

Much experimental work was done at  the Washington bnsc station to determine how and 
to what oxbnt the pondulumv are affected by magnetism. I t  was found that, when the pen- 
dulums were magnetized with the north seeking pole down, the periods were nppreciably 
shortor than foi. the same pendulums whon demngnotizod. In order to obtain quantitt-itive 
measures of the magnetizntion of the pendulums n compass declinometor was equippod with 
long arms extending out on eithor side from which a pendulum could be suspended a t  a dis- 
tance of 13 or 15 centimetcrs from the neodle and a t  right angles to its normal position. With 
the pendulum suspondcd first east and then west of the iioedle and a t  equal distanccs from its 
center a measurc-of tho magnetization is obtained from the amounts of deflection. 

An apparatus consisting of n solenoid about 3 inches in diameter connectod with two dry 
cells, a reversing switch, and t t  variable rosistancc was used for changing tho amount of mag- 
netism in the pendulums or for practically demagnetizing them whon desired. 

It was necessary to supplement this experimental work a t  Wnshington by similar w-ork 
in the field at a considerablo dietanco away in order to ascertain the effcct of variations in the 
strength of the earth's magnetic fiold. Ten stations, located on or near the Mississippi D o h ,  
were occupied during the latter part of 1921, and where constant tompcrature rooms wore 
available both the invar and bronze pendulums were used. The h a 1  computations for them 
stations have not been comploted, but the preliminQry rosults indicate a vory closo agreement 
between the invar and bronze pendulums. 

It was found. contrary to expectations, that the magnotization of the invar pendulums 
waa not materially affected by shipment. Tho solenoid wag used only at tho first fiold station 
ta demagnetize ono pendulum which had been highly magnotized for oxperimontal purposes n t  
Washington. Tests with the compass declinometer before and aftor swinging each pendulum 
indicated only slight changes in their amounts of magnotism throughout tho ontire field soason. 
It may be found desirable in the final computations to apply small corrcctions to the results 
,on awount of these slight changes in the residual niagnotism. Tho results of the field work 
show such a slight difference between the determinations of gravity with the bronzc and invar 
pendu lhs  that the offect of thc variation'of the intonsity of thi? earth's magnetic Gold can 
not be deduced from the rosults. 

There have beon two recent improvements in tho gravity apparatus in addition to tho 
change in the material of thc pendulums. One is a case made of wool felt about 3 inches thick 
covered with leather which is placed around the receiver to control tho tempcraturc when the 
bronze pendulums are used. Thoro arc openings in this case opppsite the windows and levem 
in thc receiver to permit lowering and starting thc pendulum and making tho readings, but 
these openings are kept closed except while the obsorvations am being made. The foot scrows 
of tho receiver are placod on three small stone blocks to allow a section of this felt and lonther 
case to bo placed on the bottom of the receiver. 

The othcr improvement is 'a  prism to fit on the object end of tho obsurving tolescope. 
'Ilia makos it possible to mount the receiver on a concrete floor without constructing a pior 
and still permit the observer to make his coincidence readings in a comfortable position by 
using the telescope vortically as shown in figure 17. 

(Soo fig. 17.) 
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EARTH-TIDE APPARATUS. 
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In 1913 an apparatus for the determination of tides in the oarth was installed by Prof. A. A. 
Michelson at  Williams Bay, Wis., on the grounds of the Yerkes Observatory. The deflections 
of the vertical caused by the .tide-producing forces produce corresponding changes in the levol 
of tho free surfaco of a liquid. The free surface may be considered tu tipping about its contar of 
gravity, so as to remain always perpendicular to the instantaneous direction of tho vertical at  
the central point. The disculty is to keep the surface calm and to record accurately the rise 
and fall of its edges. This difficulty was surmounted by using 8s the liquid surface that of 
water in R horizontal pipe 6 inches in diameter and about 600 feet long and only partly filled 
with water. The water in tho pipe was deep enough, so that the time taken for an impulse to 
trave1 from end to end wm very small in comparison with the periods of the tidal forces. 

' The pipe was buried to a depth of 6 feet to diminish surface vibrations and temperature 
effects. Readings on the surface of the water were taken in pits st the ends of the pipe. There 
were, in fact, two such pipes, one in the meridian and one in the prime vertical. Preliminary 
observations were started in September and continued for two months. The readinge on the 
level of the water were taken with miscroscopes. The results were so promising that a more 
aacurate method of reading the level ww installed, namely, by mans of interferometers. 

APPARATUS pyla REOORDINQ R b I O  TIXE SIQNALS. 

At the request of the U. S. Coast and Geodetic Survey the U. S. Bureau d Stand& has 
perfected an apparatus for receiving radio sign& graphically. The apparatus records the 
signals on a chronograph by aotuating the same pen that records the b e h  of the local timepiece, 
and thus a dire& comparison of the time reoeived by wirdeas and the local chronometer bime 
may be made easily and acourately. This apparatm wi l l  be used for receiving the Naval Ob- 
sermbry time signale transmitted by radio telegraphy and will thus fill a very important need 
in connection with the determination of longitude and the intandity of gravity. 

At the time tihis report is written the apparatus has been pdected but has not undegme 
field tests. No difficulty is anticipated in receiving by means of this apparatus time signale 
sent from the Annapolis station, anywhere in the United States or probably in a great part of 
Alaska. If this apparatus.mests the expectation of the offici& of the Coast and Geodetic 
Survey and of the Bureau of Standards, its use in the field will expedite certain clamem of geodetic 
work and will decrease the ooat. 

Them has been only one article published on sthis apparatus, namely, in the Journal of the 
Washington Academy of Sciences, Vol. 11, 1921, pages 308-311, by E. A. Eckhardt and J. C. 
Karcher. This article iiicludos SRVBPLI illustrntions showing essential feat'ures of the apparatus 



MISCELLANEOUS ACTIVITIES. 
AXERICAN GEOPHYBICAL UNION. 

After the scientific conference at Brussels, held in July, 1919, to create the International 
Research Council and its branches, the American Geophysical Union was organized as the 
national committee on geophysics for the United States. This union has sections which come- 
spond to the sections of the International Geodetic and Geophysical Union, and in addition 
has a section of geophysical chemistry which has no counterpart in the international union. 
Besides performing the functions of the national committee on geophysics the American 
Geophysical Union and ita sections have taken an active part in coordinating the activitiea of 
the several brancbes of geophysics and have furthered the interests of geophysical sciencca in 
the United States. 

BOARD OF SURVEYS AND MAPS. 

In December, 1919, the President of the United States by Executive order created a Board 
of Surveys and Maps for the purpose of preventing duplication of effort by the several organi- 
zations of the Government making surveys and maps and to provide means of coordinating 
the efforts of these organizations. 

The board was organized in January of 1920 and has been in existence continuously since 
that date. It has more than justified ita creation by the results obtained through its efforts 
in bringing the representatives of a number of Government agencies together on the board. 
"here have also been very beneficial results obtained by having in the board a means of contact 
between Government agenciea doing surveying and mapping work and the map-using public. 

The board hm done much in promoting the adoption of standards of accuracy and in 
outlining methods which should be followed in the various branches of surveying and map 
making. One of the reports of the board outlined a definite plan for the extension of the 
network of fundamental triangulation and leveling over the country to meet the needs of 
engineers engaged on surveying, mapping, and other work. This report gave the designation 
p&e ,  primay, and secondary to the triangulation and leveling of the first three claasee. 
Previously the fist three classes of triangulation had been called primary, secondary, and 
tertiary by the U. S. Coast and Geodetic Survey. A variety of t e r n  have been applied in the 
past by other organizations to the several classes of triangulation and leveling. 
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