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NOTICE 

PUBLICATIONS OF UNITED STATICE9 COAST AXD GEODWL'IC SURVEY 

In  addition to  nautical charts, the publications of the Coast and Geodetic 
Survey include : 

Coast Pilots.'-Twelve separate volumes covering t h e  Atlantic, Paciflc, and 
Gulf coasts, rind t h e  coasts of Alaska, Philippine Islands, Huw:iilan Islands, 
Porto Rico, and Virgin Islmils. 

Tide Tablex.'-Issued annutilly in advance. 
Current Table8.1-Issued tinnually in iidvapce. 
Magnetic DccZinrrlion.'-Sepnr:ite PubliciltloIIS giving mugnetic declination 

(variation of compass) in Arkunstis (10 cents), Missouri (10 cents), North 
Carolina (10 cents) ,  Florida (10 cents), Texas (10 cents), and California and 
Neviidn (15 cents). 

Tidal Bmch hfMaVk8.'-f%pUriltc publications glvinl: location and description 
of tidal bench marks in Connecticut (10 cents), District of Columbia ( 6  cents), 
Ilhode Island (10 cents), New Jersey (10 cents), New York (20 cents), Mnssu- 
chusetts (10 cents), find California (10 cents). 

Tide and Cuirmt  SurveU8.*-Separate publications giving results of tide and 
current surveys in  New York Ilnrbor (30 cents), San Francisco Bay (20 cents), 
Delaware Bay and River (25 cents), Southeast Alaska (20 cents), Bostop Hur- 
bor (30 cents), Portsmouth Hnrbor (30 cents), and Coastal Currents ulong the 
Paciflc Coast (15 cents). 

Dige8ta of Qeodetic Publications.-A digest of publications containing datu 
regarding triangulation, leveling, and mngnetlc surveys is being prepared for  
each State  in the  Union. These afford an index of eiich county, showing the 
places in the county where surveys have been made. A base map of the State 
shows grilpliically where surveys litive been made nnd their nature. Digests 
have been compiled for the followipg States : Alabama, Arkansas, Colorado, 
Florida, Idaho, Illinois, Indiana, Iowa, Kunsns, Kentucky, Maine, nlussnchu- 
setts, Minnesota, hllssouri, Montanti, Nebraska, Nevadti, North Dakota, Ohio, 
Oregon, Rhode Island, South Dakota, Teras, Utah, West Virginia, and Wy- 
oming. Any of these digests m y  be obtained wltliout chrirge by addressing the 
Pirector, United States Coast and Geodetic Survey, Wasliington, D. C. 

1 Avallnble only Prom Coast and Goodetlc Survey. 
~Avallable only from Superintendent pf  Powmentu, Washtn$ton, D. C., and at price 

Ask for catnloye. 

ptated. 
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The United States Coast and Geodetic Survey maintains mailing lists contain- 
ing the names and addresses of pwsons interested in its publications. When 
a new publication or a new edition is issued on any of the subjects covered by 
the mailing list, a circular showing its scope aiid contents is sent to each person 
whose name and address is on the mailiiig list of the subject covered by t h e  
publication. 

If you desire to receive notices regarding publications of the United States 
Coast and Geodetic Survey a s  issued, write to the Director, United States Coiist 
and Geodetic Survey, Washington, D. C., indicating the mailing lists on which 
you wish your nrimc entered, or, if you prefer, check the list 011 the form below, 
remove this sheet and mail i t  to the Director, United States Coast aiid Geodetic 
Survey, Washingtoil, D, C. 

Date  __________--________-_-_----_- 
The DLRECTOB, UNITED STATES COAt3T AND GEODETIC SURVEY, 

Washington, U. C. 
DEAR SIR: I desire that  my nnme be plriccd on the mailing lists indiciited 

by check below to receive notices regarding publications issued by the Coast 
und Geodetic Survey : 

( ) 109. 
109-A. 

( j 109-B. 
( ) 109-c. 
( ) 109-D. 
( ) 109-E. 
( ) 109-F. 
( ) 109-G, 
( ) 109-H. 
( ) 109-1. 
i 109-J. 

109-M. 
) 109-N. 

I i 109-0. 
( j 109-P. 
( ) 109-R. 

Astronomic Work. 
Base Lines. 
Coast Pilot. 
Currents. 
Geodesy, or Measurement of the  Earth. 
Gravit?. 
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Leveling. 
Nautical Charts. 
Oceanography. 
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FRONTISPIECE.-UNITED STATES COAST A N D  GEODETIC S U R V E Y  S H I P  “ S U R V E Y O R  * ’  ENGAGED 
IN COMBINED S U R V E Y S  O N  PACIFIC C O A S T  

This vessel, built  esprrssly for the Const and Geodetic Survey, is 17’7.8 feet long 34.1 feet beam, draft 12 feet. She 
she sends ou t  four parties in small 

Her chevrons and star were won in the World War by sinking the submarine which sauk the Lusitanio. 
can keep to the open sea for 30 dags without refueling or provisioning. 
launches. 

VI11 



UNITED STATES COAST AND GEODETIC 
SURVEY 

ITS WORK, METHODS, AND ORGANIZATION 

INTRODUCTORY 
To all peoples whose territories touch the sea or who have any 

interest in the coinnierce of the sea a full and, complete knowledge 
of the coast, its nature and forin, the character of the sea bottom 
near it, the locations of reefs, shoals, and other dangers to  naviga- 
tion, the rise and fall of the tides, the direction and strength of cur- 
rents, and the character and amount of magnetic disturbance are of 
the greatest ructical value. To supply this knowledge, the 
governments o P the principal maritime nations have in modern times 
made surveys of their coasts by the most exact methods. 

Some idea of the importance to this country of such operations 
may be formed when it is remembered that the coast line of tho 
United States and Alaska, measured along its general trend, exceeds 
11,500 statute miles in length. To represent the actual shore line, 
which includes all the islands, bays, sounds, and rivers in the littoral 
or tidal belt, these figures would have to  be increased to 91,000 miles; 
and to the foregoing must be added the shore line of Porto Rico, 
Guam, Tutuila, \Valre, the Hawaiian, the Midway, and the Philip- 
pine Islands, and the Virgin Islands of the United States. The 
len th  of the general shore line of these islands exceeds 5,400 miles, 

HISTORICAL OUTLINE 

I n  1807, during the administration of President Thomas Jefferson, 
Con ress authorized the establishmerit of u national Coast Survey 
as a % ureau under the Secretary of the Treasury. The plan adopted 
for its execution was that submitted by Ferdinand R. Hassler. Be- 
cause of the external relations of the country it was impracticable 
to take any steps toward puttin the plan in action until 1811, when 
Nassler was directed to proceef to Europe to arrange for the con- 
struction of the necessary instruments and standards, some of the 
most im ortant of these being macle after his own design. The out- 
break o?the War of 1812 seriously interfered with his commissions, 
their completion being thereby delayed until the close of 1815, and in 
consequence actual field work was not possible until 1816. The work 
was sus ended in 1818 and resumed in 1832. 

F o r  t?ie purpose of furnishin geographic positions and other 
data to State surveys the scope o B the bureau was enlarged in 1871, 
and in 1878 its designation became the Coast and Geodetic Survey. 

an c f  their detailed coast line is in excess of 12,000 statute miles. 

1 



2 U. S. COAST AND GEODETIC SUHVEP 

On the organization of the Department of Commerce and Labor 
in 1903 the bureau was transferred to it from the Treasury Depart- 
ment and in 1913 to the Department of Commerce. The plan upon 
which it is a t  present organized is based on the broad scientific 
foundation proposed b Hassler and approved by Jefferson; and its 

the field and office during more than a century of its existence. 
Under the direction of a director there are two great divisions 

of its work-the field and the office. I n  accordance with the plan 
of reorganization of 1843, the work on shore was divided between 
civilian assistants and officers of the Army, and the hydrographic 
work was placed almost entirely in charge of officers of the Navy. 

In 1861 the officers of the Army and Navy mere detached, and 
since that date no officers of the Army have been assigned to  duty 
on the survey. After the Civil War the assi ments of officers of 

work was about equally divided between them and the civil assist- 
ants durin the period which extended to 1898, when the officers of 
the Navy, fecause of conditions created by the outbreak of the war 
with Spain, were finally relieved, and in 1900 Congress authorized 
the establishment of the survey on a purely civil basis. 

present methods are t 3 le perfected results of experience gained in 

the Navy gradually increased in number, so t f? at  the hydrographic 

EQUIPMENT AND PERSONNEL 

The survey operates a fleet of 10 steamers and 6 motor vessels, 
of which 4 were built for the survey, 10 were transferred from the 
Navy Department, and 2 are loaned by the Philippine government. 
The personnel of the survey is a t  present divided as follows : 

1. Field force, composed of 141 hydrographic and geodetic en- 
gineers, junior hydrographic and geodetic engineers, and aides, 8 
maanetic observers, 21 tide observers, 45 mates, engineers, surgeons, 
dec% officers, etc., 550 enlisted men, and an average of 160 additional 
employees who are necessary to insure the effective work of field 
parties on shore, besides a number of laborers hired for brief periods 
when needed. 

2. Office force, composed of disbursing agents, chiefs of division, 
clerks, mathematicians, draftsmen, engravers, instrument makers, 
printers, editor, etc., numbering 208. The office is that part  of the 
establishment which receives the records, original sheets, etc., rep- 
resenting the results of field work. These are registered and de- 
posited in the archives until in turn they are taken u for exam- 

finally published. I n  the office, charts are compiles from original 
surveys, by this and other Government bureaus, and 
photolithography or by transfer from engraved cop er p ates. For  
the convenience of administration the o erations o P the main office 
a t  Washington are carried on by eight $ ivisions, each having some 
specified portion of the general work to perform. 

There is a field station a t  Manila, and the officer in charge, rep- 
resenting the director, has authority to  arrange for the conduct of 
insular field and ofice operations, to  prepare and publish charts and 
sailing directions and all other information which lie decides is 

jnation, computation, and adjustment, prepared for ub P ication, and 

Ped by 



INTRODUCTORY 3 
necessary or desirable for the use of mariners and the ublic en- 
erally. There are field stations also at Boston, New Fork, fiev 
Orleans, San Francisco, Seattle, and Honolulu. 

SYSTEMS OF SURVEY CONTROLS 

Because of the continental extent of the survey’s field of opera- 
tions, a system of first-order and second-order triangulation for the 
determination of geographic positions by geodetic methods must 
furnish the control or framework on which its results are based. 
This control system, while not yet complete has been carried to 
some extent into every State in the United hates. I n  connection 
with this framework of triangulation some exceptionally large 
figures were introduced. The longest line on record, observed from 
both ends, is that from Mount Helena to Mount Shastrr, which is 
over 190 miles in length. 

A third-order triangulation for topographic and hydrographic 
purposes has been completed along the entire Atlantic and Gulf 
coasts and the coasts of Porto Rico and the Virgin Islands and 
along practically the whole of the Pacific coast except Alaska. The 
triangulation of the Philippines has been practically completed, 
and in Alaska the first-order triangulation has been completed from 
Dixon Entrance to Skagway, and considerable progress has been 
made with the third-order triangulation along the coast. 

I n  the determination of astronomic positions the exact methods 
originally developed in the survey have been followed and perfected. 
The use of radio for longitude determination is an important recent 
development. (See p. 10.) 



Chapter 1.-ASTRONOMIC WORK 

The United States Coast and Geodetic Survey ha, carried on 
astronomic work in the United States and its possessions, includ- 
ing the Philippines and Alaska, for many . The urpose of 

separated places in connection with the surveying and mappin 
the coasts and interior of the country, to locate the stations at  w ich 
magnetic observations are taken, and to supply certain data needed 
in the adjustment of the triangulation net of the country. Astro- 
nomic work consists of the determination of time, latitude, longitude, 
and azimuth. 

DETERMINATION OF TIME 

f.0’ 

this work is to give the location of cities, is years ands, and ot f ier widely 

The time observations made by the Coast and Geodetic Survey are, 
in general, of two classes, depending on the accuracy required. For 
the less accurate work observations are made on the sun or stars by 
means of a sextant or vertical circle. With these instruments the 
angular distance of the sun or a star from the zenith, the point 
directly overhead at the place of the observations, is measured and, 
a t  the instant the observation is macle, the time is read on a chro- 
nometer or watch. 

Other data needed in the determination of local time-that is, 
in the determination of the error of the chronometer or watch-are 
the approximate latitude and, for observations on the sun, the ap- 

roximate lon itude of the station at  which the observations are 
geing made. %he coordinates of the star’s position-namely, its 
angular distance from the Equator, called declination, and its an u- 

right ascension-are needed for the coinputation. 1 hese may be 
found in the American Ephemeris and Nautical Almanac, published 
by the Naval Observatory, Washington, ’D. C., or in similar books 
published by other countries. 

I n  order that  the effects of refraction and instrumental errors may 
be eliminated from the results to a great extent, observations are 
made on a star to the eastward of the station and on another to  the 
westward. The error of the determination of time with a sextant 
or vertical circle is approximately one-half second. 

lar distance from the hour circle through the vernal equinox, cal Y ed 

THE ASTRONOMIC TRAXSIT 

In the most refined work of the Coast and Geodetic Survey time 
is determined with an instrument called an astronomic transit. One 
type of this instrument is shown in Figure 1. Descriptions of the 
instruments may be found in Special Publications Nos. 14 nnd 35 of 
the Coast and Geodetic Survey or in any modern textbook on geodetic 
surveying and astronomy. 

4 



ASTRONOMIC IJrORI< 5 

I n  its general principles the astronomic transit is somewhat similar 
to  the ordinary surveyor’s transit, except that  it is much larger and 
has no circle for  reading horizontal angles. It consists of a tele- 
scope with a rotation axis rigidly attached a t  right angles to it 
and terminating in pivots which are supported in two wyes or stancl- 
ards. The telescope contailis wires placed in the focus of the ob- 
jective, so that the image of n star at which the telescope is pointed 
mill be in the same plane as the mires. The eyepiece of the instru- 

FIG. 1 .-B RO KE N-TELESCO P E  T R A NS I T W 1 T H T R A N S  I T 
M I C R O M E T E R  

A prism in the nxis of the trlrsropc brn(1.; tlie light rnys nt right niigles 
and mnltrs it possible to hnvc the rprpicyc of the jnstrumeiit nt one 
end of tho horizontal axis in :I convenlent position for  ollsrt’ving. 
By atlnching :I de1io:itc lrvrl to the liorizontrtl axis this instrumrnt 
may be uscd nlso for lalitndc obsrrvniioils. At  the  eve cncl of the 
tclcscnpc is n tlrvicr m ~ l r t ~  :I tixnsit mi(-romratrr wIiii.11 coutniils n 
niovable observing wire. The ol)st>rver Iterps this wire on thr  s ta r  
while ii is crossing the firltl of v i w  :111d an automntic record of the 
star’s pnssngo is o1)t:iinrd on the chronograph by mciins of electrical 
contacts in  the micrometer. 

merit consists of a siniplc lens or combination of lenses .which inqnify 
the wires andl the image of the star in order to make them visible 
to the observer. 

When the instrument is in adjustment the line joining. the center 
vertical wire in the telescope and the center of the objective lens 
is at  right angles to the horizontal axis of the telescope, the horizon- 
tal axis of the telescope is truly horizontal, and the vertical plane 
described by the line of sight a s  tlie telescope is swung on its hori- 
zontal axis is coincident with the plane of the meridian. It is impos- 



6 U. S. COAST A N D  GEODETIC SURVEY 

Fjble to have the adjustment of an instrument absolutely perfect, and, 
therefore, mcthods of observing are followed which will eliminate, 
or a t  least greatly minimize, the errors due to  the lack of perfect 
adjustment. 

Previous to  1905 the usual method for making time observations 
with the transit was Icnomn as the key and chronograph method. 
A t  the instant the star crossed each one of the number of vertical 
wires in the instrument the observer pressed n key connected in the 

chronograph circuit, and thus recorded the time on the chrono- 
graph sheet. 

The chronograph, as the name implies, is an instrument for 
“marking” or recording time. It has a drum re- 
volving at a uniiorm speed on which a pen or pencil traces a line 
in the form of a helix. The pen is operated by an armature which 
causes it to  make a jog in the line whenever the electric circuit is 
broken. The chronometer is connected in this circuit and auto- 

(See fig. 2.) 



ASTRONOMIC WORK 7 

matically brenlts the circuit every second except the sixtieth of each 
?ninute. The line on the chronograph sheet will therefore show a 
Jog or notch for each second of the chronometer except the sixtieth, 
and an extra notch for each time tbe circuit is broken by the key. 
The exact time when the key was operated can therefore be scaled 
directly from the chronograph sheet. (See fig. 3.) 

AUTOMATIC METHOD OF TIJfE DETERMINATION 

The modern method of noting, the times of transit of the star 
across the field of the telescope is that of tho self-registering mi- 
crometer. I n  this micrometer is a movable thread which can be 
made to follow the star as it crosses the field. By means of a series 
of automatic electric contacts in the micrometer eyeplece a record of 
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the star’s passage across the meridian is made automatically on the 
chronograph as described above. 

The great adrnntage of the automatic method of recording the 
time at  which the star passes the meridian is that it reduces what 
is called the personal equation, which is present in the key and 
chronograph method. The personal equation is an error uncon- 
sciously made by the observer in constantly observing either too soon 
or too late the passage of a star across the wires. The more expert 
the observer the more nearly constant is his personal equation. 

Since the right asccnsion of a star is the local sidereal time of its 
passage across the meridian, the error of the chronometer may be 
easily computed froin the data furnished by the observations de- 
scribed above. The details of the methods employed in making 
these computations are given in United States Coltst and Geodetic 
Survey Special Publication No. 14, entitled “ Determination of 
Time, Longitude, Latitude, and Azimuth.” 

A determination of time with an astronomic transit usually con- 
sists of observations on five or six stars which are especially selected 
to form a group. The probable error of a determination of time 
from such a group is usually not greater than about 0.02 second. 

DETERMINATION OF LONGITUDE] 

As is well known, the position of a place on the earth’s surface is 
expressed in terms of latitude, the angular distance north or south 
of the E uator, and of longitude, the angular distance to the east 

almost universal use at  the present time is the meridian which passes 
through the observatory at  Greenwich, England. A meridian is 
simply an imaminary line formed by the intersection of a plane with 
the earth’s suryace or with the celestial sphere. This plane contains 
the earth’s axis and is at right angles to the plane of the Equator. 

The determination of the longitude of a place consists, therefore, 
in measuring the angular distance between the adopted initial 
meridian plane and the plane of the meridian through the place1 
whose longitucle is sou lit; or i t  may consist in tho determination of 
the angular clistnnce feLween the meridian through some 
already referred to  the initial meridian and the meridian throug the 
new station. 

The angle between any two meridians can be espressed in degrees, 
minutes, and seconds of arc or in hours, minutes, and seconds of time. 
There is a simple relation between these two measures. An hour is 
equivalent to 15”, a minute of time is equivalent to 1.5’ of arc, and 
a second of time to 15’’ of arc. With this known relation between 
time and arc we have a means by which to determine the difference 
of longitude. This consists simply in determining the difference 
between the local times at  the two places, one where the longitude is 
known and the other where it is unknown. 

Before the invention of the electric telegraph it mas necessary in 
determining a difference of longitude to transport a chronometer set 
to the local time of a lace where the longitude was known-as, for 
instance, Greenwich, k e w  York, Paris, or some other place-and 
compare this time with the local time as determined by observations 

or west o P some adopted initial meridian. The meridian that is in 

ElaCe 
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at the new station. This is the method used by navigators when 
radio time signals are not used. 

Other methods of determining the differences of longitude are to 
observe the local time that the moon crosses the local meridian, or 
that stars are occulted by the moon, or that the eclipse of a satellite 
of Jupiter occurs. While these methods avoid the uncertainty in the 
rate of the chronometer when carried from one place to another 
the resulting differences of longitude are not of a high degree 02 
accuracy, and the computation of the local time and the Greenwich 
tlme at  which the observations take place is a laborious process. . 

Another method that has been used by explorers in the determina- 
tion of longitude is that of observing flashes of light on mountains. 
These flashes are made by mirrors reflecting the llght of the sun or 
by explosions of powder. The two observers note their local times 
at which the flash occurs, and later the information is sent by each 
observer to the other and the difference in time becomes known. 

TELEGRAPIIIC BIETIIOD 

Previous to 1922 the most exact nietliod of determining the differ- 
ence of longitude was by means of the electric telegraph. I n  tlis 
method arbitrary breaks of an electric current in a wire joining tho 
two places of observation are recorded on chronographs at the known 
and the unlrnown 1011 itude stations. On each chronogra h are re- 

tjine of each of these clironoineter breaks is known from observa- 
tlons on the stars macle to tleterinine the error of the chronometer.. 
The time of each of the arbitrary brealrs of the electric current can 
be scaled off very accurately froin the chronograph sheet. This is 
done at  each of the stations, and the record of each observer is sent 
to the other. From the data thus obtained the difference of tiino 
between the two observatories can be computed with great accuracy. 

I n  order that the transmission time through the electric system 
due to relays, etc., may be eliminated from the results, the breaks 

at 
of the electric circuit are made partly at one station and 
the other. When this has been clone, the mean of the recor ed times 
of the breaks will be free from any error due to  the transmiqsion 
tlme. The arbitrary breaks of the electqic current are made during 
an interval in the observations on the stars. 

Usually two cleterininations of the locnl time are made in connec- 
tion with longitude observations-one by a set of observations on 
five or six stars just before the arbitrary breaks are made and the 
other by a similar set just after the breaks. Theso two determina- 
tions furnish a rate of the chronometer. A statement in regard to 
the time determination is given on page 4. 

A precise or first-order determination of a difference of lon itude 

of signals when time observations have been made at  each end of 
the line. The probable error of such a determination is usually less 
than 0.02 second of time. 

corded also the secon f s breaks of tlie local chronometgr. $ he exact 

by telegraph depends on at least three nights of successful exc Y iange 

70077"-29-2 
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RADIO METHOD 

Radio signals hare been used by the Coast and Geodetic Survey 
in longitude determinations since 1922. Methods involving the use 
of the radio were formerly objectionable from the standpoint of 
accuracy because a personal equation entered into the reception of 
the signals by ear. The radio recorder perfected by the United 
States Bureau of Standards has overcome this objection by effecting 
the mechanical re istration of the signals. The incoming radio 

the chronograph pen. A coniplete portable radio-receiving out6 t 
is carried by the observing party in addition to the regular instru- 
mental equipment. 

The method of making the star observations is the same as for tele- 
raphic longitudes when wires were used, but there is substituted 

for  the exchange of arbitrary signals between two observers at dif- 
ferent stations a record of the radio time si nals at the unknown 
station only. These signals are the United 8 tates Naval Observa- 
tory time signals, sent by radio from Annapolis or Arlington. They 
are recorded on the same chronograph as the breaks of the local 
chronometer, and the time comparison thus obtained determines the 
longitude of the station referred directly to the Naval Observatory 
a t  Washington. Only one observing party is necessary in the field 
when the radio signals are used, and the success of this method in 
Alaska indicates that there need be no place where instruments can 
be carried whose longitude can not be accurately determined. 

The longitude determinations by thc Coast and Geodetic Survey 
are now made principally for the purpose of furnishing data by 
which the triangulation network of the country may be adjusted 
to the proper geographical position. A description of the methods 
used is contained in Special Publication No. 14 of this bureau, en- 
titled “ Determination of Time, Longitude, Latitude, and Azimuth; ” 
in Special Publication KO. 35, ‘‘ Determination of the Diflerence in 
Longitude between Each Two of the Stations, Washington, Cnm- 
bridge, and F a r  Rockaway”; and in Special Publication No. 109, 
“ Wireless Longitude.” The results of all longitude determinations 
in the United States up to 1921, inclusive, are given in Special Pub- 
lication No. 110, entitled “ Astronomic Determinations by United 
States Coast and Geodetic Survey and other Organizations.” 

DETERMINATION OF LATITUDE 

signals make availa % le a local current of sufficient strength t o  operate 

Latitude may be defined as the angular distance of an object or 
place north or south of the Equator. Hence, the latitude of a place 
becomes known when this angular distance has been determined. 

The approximate determination of the latitude of a place may be 
made by the simple method of observing, with a survevor’s transit 
or a sextant the altitude of the North Star as it asses the meridian. 
The North ,‘$tar, or Polaris, is not exactly coinci i) ent with the exten- 
sion of the axis of the earth to the celestial sphere. This star makes 
a circle approximately el/,’ in diameter around the pole. It is 
readily seen that if we know the altitude of Polaris at the time it  
crosses the meridian below the pole, the latitude of the place is that 
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altitude plus the polar distance of the star. This polar distance is 
90" minus the declination of Polaris. Similarly, if we should ob- 
serve tlie altitude of Polaris when it  is on the meridian above the 
wle, the latitude of the place would be the altitude minus the iolar 

bistance. The latitude of a place may be observed also by c!eter- 
mining the altitude of the sun as i t  crosses the meridian. 

The declinations, or the angular distances of stars to the north 
or the south of the celestial Equator, have been determined by years 
?f observations at fixed observatories, and the results are contained 
:n such publications as the American Ephemeris and Nautical 
Almanac, the Boss Catalogue of Stars, and other star catalogues. 

The method of determining the latitude of a place by observations 
on Polaris and on the sun is subject to considerable error due to  
what is called refraction or the bending of the rays of light coming 
to the earth from tlieso bodies. Tho refraction is the greatest near 
the horizon and gradually decreases to zero at the zenith or the 
point on the celestial sphere directly above the observer. It varies 
somewhat from hour to hour and day to  day but is approximately 
the same for the same angle of elevation in  all directions from the 
observer. 

This principle has been used in what is called the Talcott method 
for the determination of the latitude of a place. In this method two 
stars are used--one to the south of the zeiiith and one to the nortli- 
that cross the meridian within a few minutes of each other. The 
zenith dist:inces of the two stars selected seldom differ by as much as 
20'. Wlien using this nietliocl, it is necessary to know within a few 
minutcs the htitude of the place at  which the observations are to 
be made in order that the proper stars niny be selected. This lati- 
tude can be scaled from a inup or can be determined rough1 by an 
observation on Polaris or the sun, as mentioned above. P&owing 
the approximate latitude of the station and the locsl time, tlie star 
catalogues can be used to find a pair of stars that will meet the re- 
quirements of the Talcott method; that is, that mill cross the 
nieridian within a few minutes of each other and with zenith dis- 
tances nearly the same. 

3IAICIA-G LATITUDE OBSIU<I\'ATIONS 

Either the zenith telescope shown in 'Figure 4 or the broken tele- 
scope transit shown in Figure 1 niay be used for making latitude 
observations. When the latter is used, a delicate level tube must 
be attached and another micrometer must be substituted for the 
transit micrometer. After the instrument has been thoroughly ad- 
justed in the manner that is common to astronoiners and surveyors, 
and the lige of collimation or line of sight of the telescope has been 
Placed allnost exactly in the meridian, the telescope is set to 
such a position that the angle it inalres with the zenith is 
about one-half the sum of the zenith distances of the two stars. 
At the eye end of tlie telescope of the instrument there is a microm- 
eter with which is observed the difference in the zenith distances of 
the two stars, I n  the micrometer there is a wire fastened to a frame 
that moves on the micrometer screw. This wire is made to bisect tho 
star as i t  crosses the meridian. The micrometer screw and head are 
then read to :L small fraction of a second of Brc, 
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Tlie telescope is then tixrned 180' on its vertical axis into position 
for the secoiid star, ant1 the movable thread is made to bisect that 
star. The difference between the microiiieter readings on the two 
stars gives the differences in their zenith distances. A very sensitive 

FIG.  4.-ZENITH T E L E S C O P E  

This instruincnt is u s ~ d  for obsrrvinl: astronomic latitudcs. 

level tube is attached to the instrument and this is reat1 immerliately 
after the observation on the stars to obtain a valiie for tlie tilting of 
the vertical axis of the instrument. With tho h t a  obt!ained from 
the observations and with the lriiown declinations of the stars, ob- 
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tained from tlie star catalogues, the latitude of a station can be 
computed. 

S o  observation can be macle which is entirely free from error, but 
the effect of tlie errors of observation, though small, can be almost 
entirely eliminated by observincr on a freut number of stars. A 
precise latitude of tlie United $tates Coast ancl Geodetic Survey 
usually consists of observations on at least 12 pairs of stars, and tlie 
error of the resulting latitude is usually less than 0.1 second, which 
corresponcls to a distance of about 10 feet. This means that tlie 
astronomic latitude of a place on tlie carth’s surface can be deter- 
mined within this amount. 

Descriptions of the instruments and their adjustments and tlie 
methods of observing and of computing latitudes are given in Spe- 
cial Publication No. 14 of this bureau, entitled “ Determination of 
Time, Longitude, Latitude, and Azimuth )’ ; in Special Publication 
NO. 35, “ Determination of the Difference in Longitude between Each 
Two of tlie Stations, Washington, Cambridge, and F a r  Roclraway ” ; 
and in ‘‘ Directions for Magnetic Measiirements.” I n  tlic last pub- 
lication are given methods for obtaining approsimate latitudes which 
are used where tlie latitude determination need not be of hiah ac- 
curacy. The results of all latitude determinations in the flnited 
States up to 1921, inclusive, are given in Special Publication No. 
110, entitled “ Astroiioinic Determinutions by United States Coast 
and Geodetic Survey and Other Orgaiiizations.” 

DETERMINATION O F  AZIMUTH 

I n  all surveying and mapping o erations i t  is iiecessnry to know 
the true north or the direction o ! the meridian at  various points 
covered by tlie survey or map. 

I n  the work of the Coast and Geodetic Survey the direction of 
the true mericlia~i must be lrnown in connection with the triangula- 
tion and magnetic observations made by tlic bureau. Astronomic 
azimuths are used to control the geodetic azimuths carried through 
t~hngulation. Before tlie nstronoiiiic azimuth can be used for this 
Purpose i t  must be corrected for what is called tlie station error or 
deflection of the vertical at the point of observation. I n  ilia netic 
Work the direction of tlie true iiieridinn must be known in or 8 er to  
determine the angle between that direction and the direction of tho 
ma rietic meridian indicatecl by the magnetic needle. 
’I he direction of tlie true nieridinn is obtnined by observations on 

the sun or 011 Polaris. In order to compute tlie azimuth from tho 
Observations i t  is necessary to know the approsimate latitude of tho 
Place and tlie local time at which tlie observations are made and, in 
the case of the sun, the approsimate longitude of the place of ob- 
servation. The sun is changing materinlly in declination ancl right 
ascension from hour to hour, while a star, on the other hand, changes 
only by an insignificant aiiiount. 

5 

OUSEI~\’ATIOSS os TIIE SON 

Observations on the sun are usiiidly made with un ordinary sur- 
"eyer's transit or theodolite and ‘consist siniply of pointing on tlic 
Sun with the instrument, rioting tlie time at wliicli the observation is 
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made, and then pointing the instrument on some target or mark. 
The observations are repeated a number of times to  minimize the 
errors. The true bearing of the sun or the angle that the line from 
the observer to the sun makes with the true meridian at the time of 
the observation can be obtained from the American Ephemeris and 
Nautical Almanac. When the angle between the iiiark and the sun 
is combined with this true bearing of the sun, the true bearing of 
the line from the observer t o  the mark is obtained. 

When observations are niade on the sun for azimuth, the local 
time is usually obtained from a com arison of the Chronometer or 
watch with the time signals sent Froin the Naval Observatory, 
either by radio or over the telegraph wires of the country. I f  these. 
time signals can not be received conveniently, time is obtained by 
observations on the sun or stars with a vertical circle or a sextant. 
The error of the result in the determination of azimuth by observa- 
tions on the sun is usually about 20” to 30“. 

OBSERTATIOSS ON POLARIS 

Where a rough value only of the azimuth is needed, it is obtained 
by making observations on Polaris at the time this star is at eastern 
or western elongation. When it  is in one of these positions, the local 
time need be known only within a few minutes in order to obtain 
fair results in the azimuth. This is because Polaris is not changing 
rapidly in azimuth at that time. 

When the inost exact azimuths are required, the observations are 
made on Polaris with a large theodolite, which is also used in  the 
measurement of horizontal angles. Before observations on Polaris 
are begun it is necessary to determine accurately the local sidereal 
time. For  this urpose observations are made on several stars to 
the eastward an I! westward of the meridian with a special vertkil  
circle. The time must be determined again after the completion of 
the observations on Polaris in order to have a knowledge of the ratc 
of the chronometer during the azimuth observations. The error of 
the determination of the clock correction is usually about one-half 
second. ltadio reception of United States Naval Observatory time 
signals is frequently used in place of the star observations for obtain- 
in the clock correction. 

%or the azimuth observations the instrument is first pointed on 
a mark which may be a distant triangulation station from which a 
signal light is shown. The position of the telescope with relation 
to the horizontal circle of the instrument is read with the mi- 
crometer microscopes, then the instrument is pointed on Polaris and 
the time of pointing noted. The microscopes are again read, and the 
inclination of the horizontal axis of the telescope is determined by 
the reading of a very sensitive level. The telescope is then reversed 
in its supports or wyes, the inclination of the horizontal axis again 
determined, and a second observation on Polaris and another on the 
mark are made. This combination of observations completes u set 
and gives one determination of the azimuth of the mark. From, 12 
to 16 of these sets are made in  order to minimize the errors of 
observation. 

The computations consist in determining the azimuth or bearing 
of Polaris with relation to the meridian at  the time the observations 



ASTRONOMIC WORK 15 
were made. When this azimuth is combined with the angle between 
Polaris and the mark, there is obtained the bearing of the line be- 
tween the observer and the mark. This is the result sought. The 
error of the determination of a.first-order Laplace azimuth is 
about 0.3“. This is very small, as ma be realized when we consider 

fore, the azimuth may be considered as uncertain to the extent of 
about 4 inches in a distance of 40 miles. 

After the true bearing of some line has been cletermined by azimuth 
observations the exact meridian or true north and south line can 
be laid off on the ground by simply setting off an angle equal to  the 
bearing of the observed line to  the right or left of this line as the 
case may be. Descriptions of the methods used in determining 
astronomic azimuth are given in United States Coast and Geodetic 
Survey Special Publication No. 14 and in Directions for Magnetic 
Measurements. 

The results of all azimuth determinations in the United States up 
to  1921, inclusive, are given in Special Publication No. 110, entitled 
“Astronomic Determinations by United States Coast and Geodetic 
Survey and Other Organizations.” 

that 1 foot a t  a distance of 40 miles su i tends an angle of lf’. There- 



Chapter 11.-BASE LINES 

I n  a triangulation it is necessary to determine by direct measure- 
ment the length of one of the lines of the scheme from which t o  
start. From this line, as a base, and the observed angles, a computa- 
tion will give the lengths of the other lines of the triangulation. It 
is usual in an extensive scheme to have direct measurements of one 

and to guard against gross errors. The direct measurement of t fthS lose 
or more additional triangle sides to strengthen the computed len 

sides of the triangles used as bases has been a difficult problem 
for surveyors and geodesists until recent years. A t  present the bases 
can be measured with great accuracy by means of tapes or wires made 
of the alloy of nickel and steel called invar. 

the earliest forms of measuring apparatus used were 
wooden Amonf ars and glass tubes. These were not satisfactory, and they 
gave way gradually to  metal bars, which apparently were first used 
in 1788 in Italy, and a little later, in 1798, in France. The bars 
were usually made of steel or brass, and they maintained their lengths 
most satisfactorily, but the great difficulties involved were the deter- 
mination (1) of their exact lengtlis in terms of some standard unit 
at some given temperature, (2) of the amount of change in length 
for a given change in temperature, and (3) of the exact temperature 
of the bars during the field measurement. 

The first difficulty was overcome by standardizing the bars in 
a room which could be maintained at  a constant temperature. Then 
the coefficient of expansion was determined by standardizing the 
bars in the room at  widely different temperatures. It was imprac- 
ticable to obtain the temperature of the single-rod bar durin 
measurements in daylight with a high degree of accuracy. 
methods of insulating and protecting the metal rod were employed: 
but the temperatures read from the mercurial thermometer inserted 
in the case did not correctly indicate the actual temperature of the 
rod. A base measured with single brass or steel rod bars, with a 
small probable accidental error, might have a large actual error. As 
an example, a base measured by a set of these bars in Colorado, with 
a probable accidental error of only 1 pnrL in 752,000, was, in 1913, 
remeasured with invar tapes and the difference in the two lengths 
was 1 part in 59,000. 

It is probable that steel or brass single-rod bars would give more 
accurate results if used only on cloudy clays, or if they were used 
a t  night, when the temperature is apt to be more constant, for then 
the temperature given by the thermometers would be more nearly 
that of the bars. n u t  cloudy days in some regions are not numerous, 
and to measure a base at  night is n. difficult and tedious undertaking. 

COMPOUND BARS 

I n  order to minimize or eliminate the effect of errors in tempera- 
ture, various compound bars were devised. One type consisted of 
two parallel rods of different metals, such as platinum and copper, 
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or steel and brass, the two rods of a bar having very different rates 
of expansion. Theoretically, the average temperature could be 
obtained by noting the difference in  length of the two components, 
which were arranged with suitable scales for making the comparison. 
This principle of diflerential expansion was applied in several differ- 

BASE LINES 

ent m:~ys. Other co~npountl b:irs were designetl to give n constant 
lellgth by :L compensnting arrangenient of the components. 

I3scellent results were obtained with the n:1che-~1~~~rde111:11~1~ conl- 
Pensating bars of the Coast ancl Geodetic Siirvey, but i t  m s  found 
that slightly different results were o1,tained with rising ancl with 
falling temperatures. This trouble w s  iiiiiiiiiiizecl by liaving the 
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bars standardized under each condition. The Eiinbeck duplex bars 
of the survey also gave a high degree of accuracy in the measure- 
ments, but they mere not used much, as the use of the tapes was 
begun shortly d t e r  they were made. 

USING BARS IN FIELD MEASUREMENTS 

I n  the field measurements the bars were supported by portable 
tripods. The bars were either " line ineasures " or " end measures." 
I n  the first type the length of the bar is the distance between two 
very fine lines engraved on the top of the bar near its ends. The 
successive bar lengths were referred to powerful microscopes mounted 
on posts set along the line of the base. I n  the " end measures " the 
length of the bar is the distance between its ends, and the procedure 

FIG. 6.-BASE MEASUREMENT W I T H  I N V A R  TAPE 

iVakiii:: forwnril contwt .  

was to set two bars encl to end and then move the rear one ahead 
ant1 bring its rear end into contact with the forward encl of the bar 
left in place. 

I n  one of the earliest methods of measuring, the two bars were 
brought nearly together and the distance between them mas meas- 
ured by a wedge properly gmduatecl and standardized. The wedge 
was inserted between them, and the points of contact of the bar ends 
on the wedge would enable the distance between the bars to be cle- 
termined accurately. These small distances would be added to the 
whole number of bar lengths. 

The usual and better method of making the contact of the two bars 
was to have a sleeve fit over one end OS each bar, the sleeve being 
corinecterl with the bar by a spring. The bar w:is normal when a 
graduation on the sleeve coincided with a graduation on the bar. 
A slow-motion device enabled the operator to move the forward rod 
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in its case until the contact with the rear bar was perfect and the two 
graduations on the bar and sleeve coincided. This Rrocedure was 
repeated throughout the length of the base. 

The only bar used in the United States, and probably in  the, 
world, which will give entire satisfaction so far  as accuracy is con- 
cerned is a “line measure” called the “iced-bar apparatus” of 
the Coast and Geodetic Survey, which was designed by Dr. R. S. 
Woodward. During measurements this bar is placed in a trough 
filled with crushed ice. Thus, the bar is kept a t  a uniform and 
definite temperature, that  of melting ice. Of course, measurements 
can not be made when the temperature of the air is below the freez- 
ing point. The trough is mounted on a carriage which runs along a 
portable track. The successive bar lengths are referred to micro. 
scopes placed on posts set along the base. The cost of usin this 
bar in the field is prohibitive, and it has been a,nd is now usefonly 
for the purpose of standardization of other apparatus, and for this 
it is unexcelled. 

USE OF STEEL WIRES AND TAPES 

Steel wires and tapes were used in general surveying long before 
they were used for the measurement of first-order bnse lines. They 
Were apparently first used successfully for bases b Professor Jaderin, 

first-order base, Indiana, in 1891, and found to be as accurate when 
used a t  night and much more economical than bars. Tapes were 
used in 1893 and 1897 in measuring the bases a t  St. Albnns, W. Va., 
and a t  Versailles, Mo. I n  1900-1901 steel tapes of 100-meter and 
50-meter lengths mere used in connection with the Eimbeck duplex 
bars in the measurement of nine first-order bases on the ninety-eighth 
meridian. The result of this campaign proved conclusively that 
the ta es used at  night gave an accuracy as great as that obtained 

I n  1906, the Coast and Geodetic Survey tested tapes made of tho 
alloy of nickel and steel called invar) by measuring six first-order 

sults of even greater accuracy than the steel tapes, although the 
former were used in daylight, while the latter were used at night. 
All of the tapes were 50 meters in length, this length having been 
found more satisfactory than 100 meters. 

The average coefficient of expansion of the invar ta es used by 

grade, or about one twenty-fifth that of steel. Having available a 
metal with such a low coefficient of expansion, the great problem 
m base measurement has been solved. Bars of this metal would, 
40 doubt, give a measurement almost without error, but invar 
tapes give results which are very satisfactory, and, as a base can 
be measured with tapes for 35 per cent or less of the cost of bar 
measurements, it is practically certain that no more base lines will 
be measured with bars. Tapes have the additional advantage that 
they may be used over brolten ground and steep slopes where the 
bars could not be used. 

The data available indicate a remarkable constancy in the values 
of the lengths of some of the earlier invar tapes, though others used 

of Sweden, about 1882. Tapes were experimente B with at  the Holton 

with t R e best bars. 

bases with both steel an 6 invar tapes. The invar tapes gave re- 

the Coast and Geodetic Survey is only 0.0000004 per cp egree centi- 
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in recent years do not appenr to be so stable. It may be stated that 
the invar tapes are not so susceptible to  injury during.field work as 
was supposed to be the case soon after their introduction. Each of 
the base parties which used the tapes under discussion had only two 
members who were skilled in the use and treatment of tapes, the 
other persons in the party being unskilled men. The members of 
each party were cautioned to use every care in handling the tapes, 
but, even so, it seems remarkable that so few of the tapes have been 
in j ured. 

Invar wires are used in some of the other countries with great SUC- 
cess. The advantages of wires over tapes about equally balance the 
advantages of the tapes over the wires. Each type of ap aratus 
will give results fa r  greater in accuracy than that requirecf The 
wire is less affected by the wind. The tape is more easily reeled and 
unreeled than the wire. The wire may become twisted without de- 
tection, while this seldom happens with the tape. The wire seems 
t o  be more subject to lrinlrs than the tape. Owing to the thinness 
of the tape, a smaller diameter may be used for its reel than for the 
reel of the wire. 

atmKoD OF SUPPORT 

The method of supporting the tape or wire during measurements, 
of applying the tension, and of marking successive lengths varies . Each method has its advocates and its special advantages. 
Featly he method employed in the Coast and Geodetic Survey is to set 
stakes firmly throughout the length of the base. At  50-meter in- 
tervals (the length of the tape) a stake 4 inches in cross section is 
used. The intermecliate supports are nails driven horizontally into 
stakes set just off the line. Usually only one intermediate support 
is used, and, except in rare cases, its top is in a straight line with 
the tops of the two end supports. The tape lengths are transferred 
to  copper strips nailed to the tops of the end supports, the strips 
being of the same thickness as the sleeves of the tape which carry 
the graduations. The tension is given by a spring balance attached 
to a stretcher. A line of levels is run  over the base in both directions 
to get the grades from which corrections to give the horizontal dis- 
tance are computed. The setting of the stakes and the leveling may 
be done in even strong winds, while the calmest days are utilized for 
measuring with the tapes. 

Another method of supporting the tape which has been success- 
fully used in  the measurement of first-order bases is the use of 
movable iron tripods. This method is especially useful when the 
base is measured over ice or along a paved highway or street in  
which stakes can not be driven. Each tripod has a ball and socket 
joint which permits the marking table to  be placed on grade, and in 
some cases a double ball and socket, so that i t  can be adjusted over 
ti point as well as placed on grade. The wooden marlring table has 
a strip of copper fastened to it, to .rvhich the tape ends are transferred 
the same as when stakes are used. Sometimes the marlring tables 
of movable tripods are fitted with graduated invar strips and then 
the tape ends are indicated by the readings on the strips. These 
strips are especially useful for measurcniciits over ice, 
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MEASURING A BASE 

It is customary to divide tlie base into sections of about a kilo- 
meter in length and to measure each section twice, using a differ- 
ent tape for each measurement. The two results to be acceptable 
must have a smaller discrepancy than 10 millimeters times the 
square root of the distance expressed in kilometers. The mean of 
the two measurements is taken as the final length. Usually three 
different tapes are used for each base, different combinations of two 
of the three tapes being used on different sections in such a way that 
each of the three tapes is used in one-third of the measurements. 
The probable error in the measured length of a first-order base line 
is usually less than 1 part in  1,000,000. 

The base party usually consists of six persons, and only one needs 
to have had previous ex erience in the work. In fact, the measure- 
ment of even a first or g er base is so simple ad operation that this 
work is now considered a mere incident of the triangulation and is 
done by the triangulation party. This plan has two decided ad- 
vantages: First the len ths of tlie bases mill be known when the 

work can be done at much lower cost than when a party is especially 
or anized and outfitted for nieasurement of bases. 

fi’lie average field cost of measuring a base by the triangulation 
party is about $50 per kilometer. The cost by special parties may be 
50 per cent greater than this. The cost of the measurements with 
base bars varies greatly, but the minimum is several times greater 
than that with the tapes. 

See also the following publications of the Coast ant1 Geodetic 
Survey: Appendix 8, Report for 1892, On the Measurement of the 
Nolton Base, Indiana, and the St. Albans Base, West Vir inia; 
Appendix 3, 1901, On the Measurement of Nine Base Lines glong 
the Ninety-eighth Meridian ; Appendix 4, 1907, Six Primar Bases 

mary Base Lines at Stanton, Tes., and 8emin d. Mex.; Special 
Publication No. 120, Manual of First-Order &angulation, which 
contains detailed instructions for first-order base measurement ; 
Special Publication No. 145, Manual of Second and Third Order 
Triangulation and Traverse, which covers second and third order 
bases. 

triangulation o i  an arc 7 ias been completed; and, second, the base 

Measured with Steel and Invar Tapes; A pendix 4 1910, 1y he Pri- 



Chapter 111.-TRIANGULATION 

The main object of a geodetic survey is to  furnish the necessary 
control for all other surveys. This control includes the determina- 
tion of the relative positions of some principal points of reference 
upon which to base the work It involves the measurement of base 
lines and the ineasurement of the angles of the triangulation system. 
I n  other words, the distances and directions between certain points 
must be determined. 

When the area to be surveyed is small or unim ortant, the dis- 
tances may be measured directly upon the grouncf, with chain or 
tape, and the directions may be obtained by the use of a compass 
or surveyor’s transit, but when a survey is to cover an extensive 
territory or when great precision is desired, another method must 
be adopted. Aside from the difficulties and delays experienced in 
makin accurate linear measurements upon even moderately level 

and forests, frequent1 render direct measurement impracticable. 

employed. It rests upon the trigonometric proposition that if one 
side and the angles of a triangle are known the remaining sides can 
be computed. 

A line, forming a side of one of the triangles and called the base, 
is measured with extreme care. The angles of each triangle aro 
measured and the distances between the points are then computed, 
one from another, through the successive triangles, proceeding in 
re 

6?riangulations are usually classified as ‘‘ first-order,” ‘‘ second- 
order,” and “ third-order,” nccording to their accuracy. No longer 
is a triangulation classified according to the size of the triangles in- 
volved. First-order triangulation is used in extending the funda- 
mental control over the country and in accurate city surveys, such as 
those in New York, Cincinnati, Rochester, and Atlanta. 

I n  the earlier days, when it was necessary to extend the first-order 
triangulation across the country rapidly, very long lines were used 
whenever possible, these lines in many cases beinv over 100 miles in  
length. A t  present the economical length of line ?or first-order work 
is considered to  be from 25 to 40 miles. The length of line should be 
as a rule, such that the total cost of the work of reconnaissance, build- 
ing, and angle measureiiient will be a minimunl per mile of progress. 
First-order triangulation is used as the framework for all other sur- 
veys. The accuracy of this class of trian ulation is that represented 

is, the sum of the t f ree measured angles of a triangle will, on the 
avera e, vary from 180” plus the spherical excess by not more than 
1”. ipherical excess is the correction that must be applied to the 
angles of a spherical triangle to reduce i t  to a plane triangle. The 
size of this correction depends on the area of the triangle. 

groun % , the natural obstructions, such as bays, rivers, mountains, 

To overcome these di d culties, the method called “ triangulation ” is 

lar order from the measured line or “ base.” 

by an average trian le closing error of a B out 1 second of arc-that 

22 
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RECONNAISSANCE 

The success of any triangulation depends to  a great extent upon 
the reconnaissance, .which is the most difficult and exacting task of 
an extensive surrey. No two regions call for the same treatment, but 
some general coiisiclerntions can be briefly outlined here. 

- 

I 

-‘?€JlNP ’ 
?&AW s%?k*w 

FIG. 7.-STANDARD STATION MARKS OF THE UNITED 
STATES COAST AND GEODETIC SURVEY 

(1) Trinngulntion stntion Innrk ; ( 2 )  tmvcrsc. stntion m:irlc : ( 3 )  refrr- 
ence in:irlc. (4 )  Iien(.li m i r k ;  (5) magnetic station mnrk, and (6) 
llydrogrnpdic station I I I ~ Y I L  

A reconnaissance ni?y be preliminary to minor triangulation 
along the seacoast, a river, or an estuary, where but a moderate 
Ylegree of accuracy is requirecl, nnrl the range of selection of points 
1s limited by the purpose for which the triaiigulation is to be used; 
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namely, the control of a 1~yclrogr:Lphic or topographic survey along 
tlie shore. Or, again, it may have to do with the arrangement 
o€ a great triangri1:ition to cover a wide reZion. I n  the latter 

FIG. 8 -BILBY S T E E L  
TOWER U S E D  IN 
TR I A N G U  LAT 1 ON 

cnFe careful stucly will B e  requirecl in order 
that the resulting project may best satisfy 
all the conditions. 

A reconnaissance for triangulation of the 
largcst size is a matter of much cornplcxity 
ancl demands great skill, experience, and 
judgment. It includes the collection of all 
information that will be valuable in the 
future operations of the building and ob- 
serving parties, such as the proper selection 
of stations, location of base lines, and sources 
of supplies for the parties. Heavily wooded 
country is the most troublesome and makes 
it necessary t o  climb the tallest trees, or to 
raise poles taller than the trees: from which 
the clistant horizon can be seen and such 
observations made as may be practicable. 

The most favorable country for a scheme 
of triangulation is a valley of proper width, 
with peaks on either side. It is possible 
then to select the proper stations( with little 
clearing and building. Naturally the most 
elevated points will be chosen, proviclecl 
their location ~ i l l  gi~7e the best-shaped 
triangles, for the selection of low points 
might necessitate the building of high 
towers. A most important and difficult 
part of the reconnaissance is the determina- 
tion of the heights of the towers necessary 
to make the line joining any two of them 
clear of all obstructions. These heights will 
depend on the relative elevation of the 
ground at the stations and of the intervening 
region. 

MEASURING THE ANGLES 

When the reconnaissance of a region has 
been completed and the stations of the 
triangulation has been selected, the three 
angles of each triangle are carel'. 'ly meas- 
ured. Instruments called theodolites, of 
various sizes and stands or piers of differmt 
]<intis are employed, according to the cliar- 

acter of the country, the size of the triangulation, ancl the facilities 
at  hand. These conditions also determine the kind of signals or 
objects to be used a t  the distant stations. A t  great distances the only 
objects which can be used are heliotropes by day and powerful lights 
by night. The heliotrope is a small mirror so arranged that it reflects 
the sunlight toward the observcr. 
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During recent years most of the observing for  first-order trinngu1:a- 
tion has been done a t  night. To make the stations visible, a very 
efficient electric signal lanip operated by dry-cell batteries has been 
designed. By the use of a special bulb, with a small, compact fila- 
ment placed exactly a t  tlie focus of a parabolic rcflector, nearly all 
the light is concentrated in  the desired direction, and the lamps may 
be seen a t  great distances. An automatic clock control has been 
devised to  turn  on the light in the early cvenirig and turn it off late 
at night. Fewer light keepers are required with this 
type of lanip and the cost o€ tlie triangulation 1s considerably 

The theodolites ordinarily used on first-order triangul a t' ion are  
jnstruments Iyith well-graduated circles 8 to  9 inches 111 diameter. 
The circle is read to n second of arc by each of twc? or three 
"&rometer inicroscopcs, the mean of the readings coiistitiiting one 
Observation of :I c~irection. \\'ere all the conditions l~ r i ' e c t .  a single 

(See fig. 11.) 

decreased. 

FIG. 9.-PACKING UP A MOUNTAIN PEAK WITH HORSES 

I n  locnlit irs ~vhele  pnclc I i o r ~ s  can lw obtniiird, they IIPC used to  trnns- 
port 1 he 1ip:lvp Irlstrun1cnt:tl cquipiiiciit tis far :IS possibl~~ up the 
Inountuin piwlcs. 

camful &serration of each direction woukl be sufficient. nlit, the 
'host excellent instruments have some clefects, the most careful ob- 
s e r I r ~ ~ s  are liable to soo1ne slight error, and, above all, the line of sight, 
]'assing tlIroi@ miles of atmosphere of varying density and tciiiper- 

is siibject to  influences which defy analysis and mliich can be 
neutralizecl only by making observations under different conditions. 
It is therefore customary to  make several observations on each 
'tatlon, covering a periocl of several ~iours. I n  ordrr also to  eljmi- 

errors due to  irregular graduation of the horizontal circle, these 
Sllccessive observations are made on different parts of the circle by 
'hifting it IIiroqrh a definite portion of tlic circumference after each 
"t of observ <1 t' 1011s. 

OBSERVATION TOWERS 

.Triangulation wit11 very long lines is possible only in  regions of 
'%h mountains wliere the curvature of the eartli is overcome by the 

76977 "-2O-3 
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natural elevations making it possible to see for long distances. I n  
flat country, especially where it is heavily wooded, shorter lines 
must be used and the stations made intervisible by the erection of 
towers. It has been necessary, in regions of tall timber, to elevate 
the instrument to a height of 120 feet, with a superstructure above 

FIG. 1 0 . - P A R K H U R S T  THEODOLITE.  9 - I N C H  C I R C L E  

Used for measuring angles on 
hurst  of thc 

first-order trinngultition. u. S. Coast and Ueocktic 
rkveloped by D. L. Park- 
survey. 

the instrument tripod for signal lamps. The structure upon which 
the theodolite rests must be entirely separate from that upon which 
the observer stands in order that the movements of the observer 
may not disturb the observing instrument. Ordinarily with wooden 
towers it, is desirable to keep the height of the instrument tripod 
down to 75 feet in order to lessen the vibrations due to the wind, 
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h t  the outer structure is sometimes extended upward to  a height 
of 125 or even 140 feet in order to elevate the signal lights which 
must be observed upon from other st a t' ions. 

I n  1927 steel towers were first used to  replace the wooden struc- 
tures. Each steel tower consists of a double triangular 
structure. the inner one supporting the theodolite nncl the ,outer one 

(See fig. 8.) 

,, 'he 0IDserver:s platform. 1 he towers can be used a t  varying heights 
'I'hc3y 

have been found to be even more stable than wooden towers and can 
be SO quickly erected and taken down that  they will probably alwsys 
be used in the future instead of wooden towers where road conditions 
Permit, 

to  nearly 150 feet for  the top of the instrument tripod. 
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I n  regions of very tall timber, such as are found along the west 
coast of the United States, tree towers are used. These are macle by 
climbing the tallest tree in the vicinity of the station, cutting out 
its top, prepariiii a “ crow’s nest ” as an observer’s platform, and 
using the stump of the tree as the instrument support. Usually 
other trees are felled into the tree upon which the instrument is 
placed for a bracing. Theodolites have been mounted on tree 
towers, built as described, as high as 183 feet above the ground, and 
signal lamps have been shown from tree towers as high as 215 feet. 

ACCURACY O F  TRIANGULATION 

By means of first-order triangulation the distance between two 
points may be obtained with an error of not more than one one- 
hundred-thousandth of the distance. For instance, if the distance 
is IO0 miles the error will probably be less than 5 feet. 

I n  second-order and third-order triangulation the same general 
principles apply as in first order triangulation, but the details of 

the work will vary with 

FIG. 12.-STANFIELD BASE N E T  

The heavy H11v wprewnta a hase Hnc. n length 
nctunlly ineiisur( cl on the ground. The lcw9ha 
of the other I h w u  shown huve been computed 
from thlri meusured length by uslng the measured 
angles of the t~lo~igleu.  

the circumstances. “Helio- 
tropes and lamps are 
rarely used, a n d  t h e  
angles are nearly always 
measured with smaller 
theodolites, and a smaller 
number of measures are 
made. The accuracy of 
second-order triangula- 
tion is represented by an 
average closing error of 
a triangle of not more 
than 3 seconds of arc 
and that of third-order by 
not more than G seconds. 

U p  to the present time most of the main-scheme coastal triangu- 
lation, executed by the Coast and Geodetic Survey for the control of 
its hydrographic and topographic surveys in the United States 
has been of third-order accuracy. 

Second-order triangulation has been used principally for three 
purposes: Pivst, for the main scheme of an isolated region of mod- 
erate extent such as the Philippine lslands ; second, to  connect third- 
order with first-order triangulation when the latter lies at  a con- 
siderable distance froin the area requiring the detailed third-order 
control; and, third, as the detailed control over areas of economic 
importance. The increasing demand for second-order horizontal 
control, under the last set of conditions, and the growin economic, 
importance of the entire coastal region of the United fi tates, led 
the Director of the Coast and Geodetic Survey to decide, early in 
1928, to make the entire coastal main-scheme triangulation of 
second-order accuracy. Third-order triangulation will still be usnd 
along rivers and inlets or in places where a connection to first or 
second order triangulation can be made at  intervals of not more 
than 50 miles. 
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COMPUTATIONS 

After measuring the angles of any class of work the triangle sides 
are computed. The latitudes and longitudes of d l  stations are also 
computed by geodetic formulas, which are adapted to a particular 
spheroid representing the earth's size and shape. All distances de- 
termined by trian ulation are referred to sea level. 

tomary to use a system of rectangular coordinates based upon plane 
surveying in addition to the geographic coordinates-latitude and 
longitude. I n  the plane system all points are referred to an arbi- 
trarily selected pair of rectangular coordinate axes instead of to the 
actual meridians and parallels. 

It is possible, knowing the geographic coordinates of triangulation 
stations in u certain area, to obtain by simple formulas the rectangu- 
lar coordinates. After an origin has been selected all the direc- 
tlons are referred to the true meridian p s s i n g  through it. 

I n  the survey o f a city or other survey of limited extent it is cus- 

MARKING STATIONS 

I f  the triangulation is to serve any further purpose, it is very 
essential that the stations be marked in a permanent manner. The 
Practice in the Coast and Geodetic Survey is to have at  every station 
a standard metal triangulation mark, which, if practicable, is set in  
rock or concrete. (See fig. 7.) There is also placed an underground 
$ark which is separated from the surface mark. I n  addition there 
1s set a t  least one reference mark which is referred to the station by 
an angle and distance. This rejerence mark is not only important 
!n serving in place of the station mark if the latter is destroyed but 
It aids in the recovery of the station mark. I f  the station mark is 
in bedrock it is surrounded by a triangle cut in the rock, so that it 
will be possible to recover the station approximately if the metal 
ask has been removed. 

It is especially important in the execution of a triangulation 
Scheme that careful and accurate descriptions of all stations be 
made. The description should enable one who is unfamilia? with 
the locality to find the esuct point determined and to positively 
identify the monunients marking the station. 

The triangulation of the United States has been done by. the 
united States Coast and Geodetic Survey, Corps of Engineers (u. S. Army) , International Boundary Comniission, United States 
and Canada, and other organizations. 

See also Report for 1911, Appendix 4, and Special Publications 
Nos. 28,71,91,93, 120, 137, 138, uiid 145. 



Chapter 1V.-FIRST-ORDER TRAVERSE 

Traverse is a surveying operation designed to furnish the lati- 
tudes and longitudes of a number of points which form the con- 
trol or base stations for detailed surveying o erations. Traverse 

it would be excessively expensive to carry on triangulation, owing 
to the necessity of having high signals to elevate the surveying 
instruments above intervening obstructions. The traverse lines 
nearly always follow railroads, ancl therefore very little signal build- 
in and clearing of lines are necessary. 

United States Coast 
a series of base lines 
of the lines is made 

with almost the same accuracy as is used on first-order base lines. 
The angle formed by each two contiguous lines of traverse is meas- 
ured in the same way as in first-order triangulation, but only about 
one-half as many measurements of the anl;le are made. The obser- 
vations are macle on poles as well as on heliotropes and lamps, as the 
lines between traverse stations are shorter than in first-order triangu- 
lation. The probable error of the measurement of an angle is about 
double that of first-order triangul a t' ion. 

Traverse was used very little in control surveys by the Coast and 
Geodetic Survey previous to tlie year 1017. Since that year an 
elaborate system of first-order traverse lines has been established in 
Georgia, Virginia, North Carolina, South Carolina, Florida, Lou- 
isiana, Indiana, Illinois, Minnesota, and Wisconsin for the pur ose 

country throu 11 which the lines run. 

tween the intersections of a tangent with the two contiguous tan- 
gents of the railroad. A tangent is the technics! name of a straight 
piece of track of a railroad. At  e:ich of the Intersections of two 
conti uous tangents is located a station of the traverse, but occa- 

is such that it would be difficult to observe between the two ends of 
a tangent one or more stations are placed to the side of the rail- 
road. Usually the traverse stntions are not niorc than 5 d e s  apart. 
Whenever a traverse runs through IL town of considerable size, a t  
least two traverse stations are established close to it in order that 
the results may be used by the local engiiiecrs ancl surveyors in their 
work. 

TRAVERSE MEASUREMENT 

is used in those areas which are so flat or so K eavily wooded that 

%irst-order traverse, as carried on b 
and Geodetic Survey, consists, practical 
placed end to end. The nieasurenient o 

of furnishing control for military and other maps in the parts o P the 

A section o F a line of traverse i~sually consists of the distance be- 

siona 7 Iy when a tangent is very long or the profile of the railroad 

The length of each of the lines of the traverse is measured with 
great accuracy with an invar (nickel-steel) tape 50 nieters in length, 
such as is used in measuring base lines. There are two marks on the 

30 



FIRST-ORDER TRAVERSE 31 

tape, one a t  each end, which are almost exactly 50 ineters apart under 
standard conditions. The exact cliff erence between the distance from 
one mark to the other and SO meters is determined at the United 
States Bureau of Standards. The tape is used on the traverse under 
exactly the same conditions, as far as practicable, as obtained when 
the tape was standardized at  the Bureau of Standards before being 
sent to the field. 

What is desired is the horizontal distance between the ends of the 
tape when it is stretched out. I n  order to have this, it is necessary 
to ]mow the diff erence between the temperature of the tapel when the 
measurement is made and the temperature of the tape when it was 
standarclizecl. The temperature of the tape is obtained from read- 
ings of two therinometers attached to the tape during the measiwe- 
ments. From this it is possible to coiiipute a correction to  the 

FIG.  13.-PLACING T H E  TAPE O N  1-HE RAIL 

The middle of the tape is held up while thv tension is being applied in 
order to elimiii;ite :is far 11s possiblr the frivtioii brtwecii the tape ant1 
the  mil. 

measured distnnce. If the temperature' is higher than the standard 
temperature, tile correction must be n t ~ ~ e d ,  while if tlie tcmperature 

lower than stanclard, the corrcction must be subtracted, provided 
the tape has a positive coefiicient of expansion. Another correction 
that is necessary is for the inclination OS tlie tape or gracle. It is 
readily seen that if the inensurcment is made on a slope the distance 
between the ends of tlie tape will be greater than the corresponding 
horizontal distance between the ends. 

It is necessary to apply the same pull on the tape that was used 
during the stanclardization. This pull is usually 15 kilograms 
(about 33 pounds) ancl is applied by a spring balance attached to 
one of the two especially designed stretchers. When this tension 
hi been applied and tlie tape is iield on the top of the rail, it nssumes 
Practically a straight line between its ends. I f  the tape was not 
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stretched with this rather high tension, the small bends in the tape 
would make i t  impossible to get an accurate measurement. 

There is usually a distance of several hundred feet from the point 
a t  wliich the curve begins at  the end of a tangent to  tlie traverse sta- 
tion. Along this distance stalres are placed to support the tape sur- 
ing the measurement. When inensuring over tlie stakes, the forward 
end of the tape is inarlrecl by a knife cut on the top of the 
stake. While measuring along the tops of the rails the rear mark 
on tlie tape is brought into coincidence with some mark that has pre- 
viously been macle on the rail and the mark on the forward end of 
the tape is transferred to the rail by a glac;s cutter. 

\J&.J 

# , % ?  
< 

Y 

11 

L .- 
FIG. 14.-FORWARD E N D  OF T A P E  

A tension of 15 ltilogriiins (about :$3 pouiids) is npplic4 to  thr tripe bg 
lncniis of vi spring b:i]: i~iw :lnd :I t:ipv strrtclirr. Tlir mil of thc tape 
is marked 011 the  rail wit11 a glass cutter. Two tlirrmorncters arc 
:cttacli4 lo the t:ipc, oiie :it canch end, and these arc rend ant1 recordecl 
for each tape lcngtll. 

MAKING CORRECTIONS 

The grade, or inclination, corrections to reduce tlie measured dis- 
tance to what i t  would have been if the rail hncl been horizontal are 
obtained froin the results of a line of first-order levels which is car- 
ried along the rail. This leveling determines the elevations of the 
traverse stations, and the rail opposite each traverse station, mile- 
post, and railroad station, these elevations being used as control for 
the less accurate leveling. The cliff erenccs of elevation of consecutive 
tape ends are cletcrininecl by a Y level or by an instrument called a 
track lercl which Iins recently been designed and constructed by tlie 
Coast and Geodetic Survey. 

I n  addition to other corrections i t  is necessary to apply one which 
will retluce the horizontal clistxncc between two stations to what i t  
mould have been if it had been measured at  sea level. It is readily 
seen that in order to have the control surveys, extending over B 
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large area, accurately fit the earth and not be distorted, all distances 
must be referred to sea level. I n  order to reduce the distance to sea 
level, it is necessary to know the avera e elevation of the line, the 

and size of the earth. 
I n  all measurements in surveying it is wise to use such methods as 

will make it possible to discover mistakes in the work. I n  order to 
guard against mistakes in the measurement of the traverse lines with 
the 50-meter invar tape, a rough measurement is made with a 300- 
foot steel tape. The measurement with the latter is rather crude in  
comparison with the work that is done with the invar tape, but it is 
of sufficient accuracy to discover any large mistakes, such as added 
or dropped tape lengths or a setback for set-up, or vice versa. Set- 
ups and setbacks are distances in the traverse line which are shorter 
than a full tape length. It is seen that it would be impossible to  
make a mistake in each measurement which would have exactly the 
Same value when tapes of different lengths and different units are 
used. 

As in triangulation, each traverse station is marked by a metal 
disk properly inscribed, set into solid rock or especially constructed 
blocks of concrete, 

ACCURACY AND ADVANTAGES 

A traverse line usually starts from some station of the triangu- 
lation net of the couiitry whose latitude and longitude and the azi- 
1lluths of the triangulation lines radiating froin it have been de- 
termined. After the distances and an les of the traverse have been 

traverse and the azimuths of the lines of the traverse can be coin- 
p t e d .  At  frequent intervals along the traverse the azimuth of a 
1ne must be deteriiiined astronomically by observations on Polaris. 

At  the office of the Coast and Geodetic Survey in Washington an 
a d ~ ~ s t m e n t  of the traverse line is made to fit it into the general net- 
work of the triangulation and traverse lines of the country in order 
that there mill be no inconsistencies in the work. I n  the adjustment 
the astroiioniic azimuths that are observed along the line of traverse 
are used to control the geodetic azimuths which are carried throu h 

line of triangulation where the traverse started. 
It has been found that the accuracy which can be obtained with 

first-orcler traverse is as great as that obtained by first-order tri- 
angulation. It is reasonably certain that the distance 

any two 1)oints of a traverse which has been adjusted for 
azimuth and loop closures is known within about 1 part in 100,000. 

The traverse has an advantage over triangulation by having its 
stations much closer together and in places that are more accessible, 
and therefore can be used by surveyors and engineers to greater ad- 
'antage. Besides? the traverse lines are run along railroad tracks 
-where transportation of artics, instruments, and equipment is easier 
than in triangulation. 8 n  the other hand, triangulation has advan- 
tages over traverse because its stations are usually on high points, .and 
thus are visible from much larger ureas than is the case with stations 
Of the traverse. Besides, the triangulation stations are usually 10 or 

general direction of the line, and the s i a r e  f 

(See p. 28 and fig 7.) 

lneasured, the geographic positions o P each of the stations of the 

the measured angles froin the precet~ing azimuth station or froin t P le 

(See p. 28.) 
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15 miles apart, and it can be seen that in carrying on an  arc of tri- 
an ulation a belt of country of approximately 10 or 15 miles in 
wi i th  is controlled, while with the traverse there is only a single line. 

Small motor velocipede cars mere enerally used to transport the 
parties in the earlier traverse work, % ut  recently automobile trucks 
have been found more economical for this urpose, especially where 
there are ood highways parallel to the rai P road. 

After t i e completion of the work in the field and the office, the 

I O S i -  tions of the stations, the distances and azimuths of t a e lines, an the 

order traverse, although i t  has perfected methods to { e used in this 

results of the first-order traverse, consisting of the eographic 

descriptions of the stations, are published in pamphlet form for the 
use of engineers and map makers. 

The Coast and Geodetic Survey has carried on ver little second- 

class of work in place of second-order triangulation wherever the 
conditions make i t  more economical to do so. The second-order tra- 
verse is almost exactly similar in character to the first-order traverse, 
except that the methods used are not quite so refined. 

Anyone who wishes to study the traverse work and methods of 
the United States Coast and Geodetic Survey is referred to Special 
Publication No. 137 of that organization, entitled " Manual of First- 
Order Traverse," and to Special Publication No. 145, entitled Manual 
of Second and Third Order Triangulation and Traverse. Special 
Publications Nos. 79, 86, and 101 give the results of traverse lines in 
Indiana, Illinois, southern Wisconsin, and North Carolina. They 
also give the details of the field work and explain the methods em- 
ployed in adjusting traverse lines. 



Chapter V.-TOPOGRAPHY 

A topographic map is one on which tho natural and artificial fea- 
tures of the country are represented in their proper geographic posi- 
tions by conventional symbols. 

The two most important symbols on maps, where they occur, are 
the “ shore line,” or boundary between land and water, and “ con- 
tour lines,” which are lines of equal elevation above a selected plane, 
such as the sea level. A contour is, in fact, a representation of what 
the shore line would be if tho level of the water were to rise to the 
elevation indicated by that particular contour. 

I n  order to show the undulations of tho ground, contour lines are 
drawn for some constant vertical interval-20 feet, for instance. On 
large-scale maps the have superseded the representation of heights . 
by hachures, or sha B e lines, which only picture the configuration of 
the country, without furnishing the means, as tho contours do, of 
stating in terms of some linear unit the difference of elevation. 

I n  reading a map one is able to tell the nature of the country from 
the various symbols-whether it is high or low, rugged or gently 
undulating-by the number and arrangement of the contours or 
hachures, and whether it is marshy or sandy, wooded or rocky, and 
SO on, by conventional symbols. 

A topographic map is particularly valuable for tho study of the 
physical conditions relating to engineering projects in general, such 
as the preliminary location of railroads and highways, the problems 
relating to  mater ‘supply, draina e, etc. It serves as a basis for 
directinm military movements anc P planning military works of de- 
fense. eombined with hydrography, it forms a chart on which is 
shown the relation of land to water for purposes of navigation and 
the improvement of harbors and waterways. 

Charting the coasts of tho United States is tho chiof function of 
the Coast and Geodetic Survey, and topography is necessarily in- 
cluded as one of the important features of its work. 

A topographic survey has for its object the collection of dBta for 
tho construction of a topographic map. The character of tho map 
in regard to accuracy, scale, and fullness of detail depends on the 
Purpose which it is intended to  serve. Military topographic slretches 
are frequently made by using a pocket compass, tho stride of the 
observer or his liorso serving to estimate the distance. More elabo- 
rate methods are used where greater accuracy is required and greater 
detail is desired. 

TOPOGRAPHIC METHODS 

Different topooraphic methods require the use of various instrii- 
ments and may, For the purpose of description, be classed under five 
heads, from the fact that each method is identified with some par- 
ticular instrument or combination of instruments with which the 
Principal part of the work is done. 

36 
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CHAIN, OR STEEL TAPE, A S D  LEVEL METHOD 

I n  this method the whole area is subdivided into rectangles by 
a system of distances measured with e chain or steel tape and marked 
by pegs whose elevations are determined with a level and rod. 
The positions and elevations of the pegs having been plotted, the 

contours are drawn on the plan with refeitnce to them, and all other 
details are located by measurements from them. This method is 
best adapted for small areas where work of construction is shortly 
to follow the survey. 

The topography of the ordnance survey of Great Britain was 
executed by traversing the country with a network of straight lines 
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measured with a chain, the accuracy of the work being controlled by 
starting each line from one triangulation point and ending a t  nn- 
other. Offsets were measured from the line wherever it was neces- 
sary to locate details. The elevations of a number of points on the 
ground were determined by the level, and thc contours were sketchcd 
with reference to these after the rest of the details had been plotted. 
This is the simplest of all instrumental methods in the field, but it is 
not efficient where there is little detail or where the ground is unsuit- 
able for chaining. 

TRANSIF ASD STADIA METHOD 

This method is a development of the preceding one. The country 
is likewise traversed by lines, but instead of chaining, the distances 
are read through the telescope of the transit on the stadia rod held 
at any desired point. The level is also dispensed with, as the height 
of any point can be determined by computation when its distance is 
known and the vertical an le to it is observed. A vertical circle is 

sighted upon, as well as the distances and angles to them, are entered 
in a. notebook, together with sketches of the locality, to  assist the 
draftsman to interpret the notes. 

attached to the transit for t f is purpose. All the names of tho objects 

ORDISARP PHOTOQRAPHIC METHOD 

Topographic surveys can be made wit.11 an ordinary landscape 
camera, but  there are many advantages in having one especially 
desipcd for the purpose. The essential feature of this method 
conslsts in occupying a sufficient number of camera stations to cover 
fully the territor to  be mapped, so that every topographic detail of 
importance may t e photographed from at least two stations. 

This is one of the most rapid of all instrumental methods in  the 
field, since a great deal of topographic material can be gathered 
photographicaily in a short time. It has the serious drawback that 
for  areas abounding in detail the plottin8 becomes overwhelming. 
It has been found most usoful in mapping rugged mountainous 
regions with characteristic features which can be identified in photo- 
GTaphs taken from two or more different points of view. 

AIRPLASE I'HOTOGIIAPHIC M I T H O D  

Airplane photographs, where the optical axis of the camera is 
vertical or a t  a known angle, were used to a very larue extent during 
the World IVar in locating military features within txe area occupied 
by the enemy. The experience then gained is being utilized in de- 
veloping methods and apparatus for topographic surveys. At pres- 
ent i t  is not certain to what extent they will supersede the usual 
methods. 
from an  airplane is over flat country, or country with low relieg 
and in revision surveys. The changing features are shore lines, 
'VOOds, roads, and villages, and these features can be readily placed 
O n  the old map by fitting in the new features shown on the photo- 
graph to the unchanged features shown on both the old map and the 
1)hotograph. 

The most promising field for surveying and mappin 
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PLdh'E TABLE AKD STADIA BIETHOD 

By the foregoing methods the map is constructed in the office, but 
when the plane table is used the construction of the map is coincident 
with the field work. This is the principal method used for topo- 
graphic work by the Coast and Geodetic Survey. For this purpose 
the plane table is a universal instrument. All the necessar opera- 

country as a model. Other instruments ma at  times be employed as 

Owing to  the rapidity with which results are obtained by the 
method of graphic triangulation, and the facilit which the plane 
table affords the topographer for determining l is  position a t  an 
unknown point by the graphic solution of the 3-point problem, 
and in the effectiveness of the stadia, it is an instrument peculiarly 
fitted for delineating coast topography, which includes such features 
as outlying islands and ledges, inaccessible rock bluffs, and large 
marsh areas intersected by numerous streams. ($or further details 
see Topographic Manual, Special Publication No. 144, 1928.) 

tions for producing a map are executed with it in the field P rom the 

auxiliaries, but in general it alone fulfills a P 1 requirements. 



Chapter VI.-HYDROGRAPHY 

Hydrography is that branch of surveying which defines the depth 
and conh uratioii of the bottom of the ocean and of lakes, bays, 
rivers, an § other bodies of water. Such surveys furnish the inforniu- 
tion from which nautical charts are constructed. The preparation of 
these charts and the hydrographic surveys on which they are based 
constitute the two major activities of the Coast and Geodetic Survey. 
Physical hydrography, which relates to tides and currents, is else- 
)\.liere described ; this chapter deals only with hydrography of depth 
and of bottom configuration and coni osition. 

erations- (1) nieasiireiiient of tlie depth a n l  (2) determination of 
the exact geographical position of the depth measurement. The ac- 
curacy of the survey, and hence tho value of the chart based upon 
that survey, depends upon the precision with which both operations 
have heen performed. 

Hydrographic surveying is close1 related to, and to  a considerable 
extent depends upon, eocletic a n 8  to ographic surveying. Depth 

Position so fa r  as possible by reference to geodetic contro points on 
the adjacent shores. Also, hydrographic surveys are correlated with 
each other, and adjacent surreys joined, by means of their geodetic 
control. Top0 raphic surveys indicate the osition and delineation 

Proiiiinent features, both natural and artificial, and the visible rock 
and objects offshore, all of which information is required for the con- 
struction of the nautical chart. 

A nautical chart is similar in  many respects to a topographic map. 
It might even be regarded as a topographic map of an area which 
]lad been flooded to  the elevation of that contour which became the 
shore line. The methods employed in h drograpliic surveying, how- 
ever, aro entirely different from tliose oPtopograp1iic surveying. I n  
topographic surveys the surveyor sees t l p  land which he surveis- 
he travels over it and takes such rneasureinents as mill enable him 
to describe it on paper by conventional signs and symbols-while in  
bdrographic Survew the surveyor must examine and measure that 
"hich is concealed i y  the water and must adopt such means of es- 
g h a t i o n  that no important feature of the bottom configuration will 

The hydrographic surveyor must always delve into the unknown 
and the invisible and get such information as will enable him and, 
thrpugh him, the cartogra her to construct a true picture of that 
Rhlch lies under water. Actually, all that he really knows of the 

bottom are those comparatively few spots that lie has touched 
W h  his depth-measuring apparatus, but he must be able to draw 
from such information correct inference as to what lies on each side 

I 

Hydrographic surveying consists o F two se mate and distinct op- 

YOgFaphic 
ineasurements, usually % nown as soun c f  ings, are fixed in  

of the shore, t i e  Y relief and character of t l e adjacent terrain, the 

e omitted. 

39 
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ancl all  around the spots which he has esplorecl. To be able to  
do this with some degree of certainty the hydrographic surveyor 
must have had wide experience in such work and a precise knowledge 
of characteristic bottom forniations and compositions that can be 
gained only by years of experience. 

While the methods of 1iyclrogr:ipliic survcyjng are fo r  the most 
part not difficult to understand, in fact may be easily learned, the 
art of applying them efficiently involves many problems difficult 
of solution. Not the least of these problems are those that arise 
from rough seas and strung, varying currents which prevail in some 
localities during all seasons. A knowledge of the science of geology 
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in several of its branches is necessary for  the complete interpretation 
of hydrographic data, and this lciiowleclge must bc made use of by 
the surveyor during the progress of the field work to insure a 
complete survey a t  a minimum cost. 

METHODS OF DEPTH MEASUREMENT 

There are several methotls by means of which the two essential 
operations of hydrographic surveying--deptli measurement and 
position cletermination-in:~y be perfornied. Any one of the meth- 
ods for getting position may be employed with any one of the 
methods Sor measuring depth, but usually there are natural or other 
conditions that render one iiietliocl of position finding and one 

lnethod of deptli ~neasureiiimt prefe~able t'o all others for  the snrvcy 
of any one area. Frequpntly, however, especially in the survey of 
8 large area of TvideIy different depths, conditions vary t o  such an 
extent in different parts of the area that two or more methods are 
@nlployecl for each operation. 

IIAND LINE AND LEAD 

The simplest met~iocl of inensuring (IcptIi, anil the one that 1x1s 
been in  use from tlie earliest clays o i  marine surveying, is by means 
Of the hand line and lead. A line about one-fourth of nn inch in  
diameter is clivided into fatlionis an(1 feet, in accorc~ance mitli :t 
Standarcl system of iiiarlcing, by strips of cloth aiicl of lenther and 

70977 "-29---4 
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cord. These lines are now made of waterproofed cotton braided 
around bronze-mire cable which prevents changes in length from 
moisture and tension. To  the end of this line is attached a mass 
of lead of liesagonal cross section, tapering slightly toward the end 
to which tlie line is attached. Tlie bottom of the lead is concave 
to permit " arming "-that is, the fitting of this hollow with tallow 
to collect a specimen of the bottom. 

Soundings (depth ineasurenients) are usually taken from a power 
boat or ship while the craft is moving at  slow speed. The leadsman 
stands on a small platform which projects over the side of the craft 
and heaves the lead forward far  enough so that by the time the lead 
has sunk to the bottom it will be vertically below him. He then 
quickly gathers in tlie slack of the line and reads the mark that comes 
nearest to  the water surface. I f  soundines are required closer than 
to the nearest foot he estimates tlie fraction in excess of the whole 
number of fathoms and feet. When the water surface is broken 
by swells and waves he estimates the mean water level and notes 
the length of line below that level. This method is employed gen- 
erally where the depth does not exceed 15 fathoms and may even be 
extended to 20 fathoms by a skillful leadsinan. 

MECHANICAL BIICTITIIODS 

It is necessary to  reduce the speed of the surveying vessel as the 
depth increases in order to allow sufficient time for tlie lead to sink 
to the bottom before the lea~clsnian~s platform conies vertically over 
the lead. Otherwise the lead line mill incline bachvnrd from the 
leadsinan and not indicate the true depth. Accordingly, where 
depths exceed about 15 fathoms it is custoinar to resort to median- 

than a man can 
heave it or to resort to sonic other ineans for inemuring depth. Re- 
duction of the speed of tlie surveying vessel slows 'up the progress 
of the work. 

Depths of from 15 to  40 fathoms can be measured at  a good rate 
of progress by either the trolley method or the machine-hand lead 
method, both of which are nieans for getting a greater length 
of cast than is practicable by hand. I n  the foriner method a wire 
cable is stretched tight between short booms extending from the 
side of the vessel, one near the bow and the other near tlie stern, 
tlie forward boom being much lower than tlie after one. The 
leadsman's stand is beside the afterboom. To get a cast, he attaches 
the lead to a device called a trolley, which runs clown tlie cable when 
released and drops the lead on arrival a t  the forward boom. Tho 
lead, which is usually of about a 30-pound weight, is hauled up by a 
power reel. Tlie line is similar to the hand line, but is considerably 
heavier to stand the strain of the heavy lead. 

The machine-hand lead method has superseded the trolley method 
to  some extent, although under some conditions preference is given 
to  tlie latter. I n  this method the hand line is used for measuring the 
depth, but the heavy lead is lifted by a small wire cable and power 
reel. The reel is mounted forwnrcl on tlie vessel and the hoisting 
cable runs over a pulley secured to a short boom near the reel. The 
leadsman's stand is near tlie stern, as with the trolley. 

ical means for projecting tlie lead farther aiead f 
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When taking a sounding the nian at  the power reel releases the 
reel and lets the lead drop and sink freely. The leadsman pays out 
line while the lead is sinlring and then gathers in the slack and r e d s  
the line when it becomes vertical, indicating that the lend is on 
bottom vertically under his stnnil. The reel is then started and the 
lead hove up to the pulls at the boon\. ICst~c.llcnt iwalts have been 
o b t a i n e d  b y  this 
m e t h o d  after the 
sounding crew hnve 
mastered their duties. 

PRESSURE-TUBE METHOD 

Another method of 
3easuring depths not 
m excess of 100 fath- 
oms is by means of R 
pressure tube. These 
tubes are so constructed 
that water can enter 
through a small orifice 
b ~ r  compressing the air 
Foltliin the tube but can 
not escape. Since tlic 
Pressure increases nni- 
f0rrn1-y with the deptli, 
and the volume of air 
contained in a vessel 
contracts in a definitv 
ratio to the pressure 
CXertecl upon it, it is 
Possible to measure 
depth by determining 
the extent t o  which the 
air contained in a sub- 
Qrged-pressure tnbe 
bas contracted under 
the pressure of the 
'T'ater above it. 

The pressnre tube is 
Fttached to the sound- 
l?S lead, or to the lead 
h e  just above the 

bottom of the sea. 
water enters the tube to an amount clepencling ulmn the depth com- 
Pressing the air in the tube to a pressure equal to that of the out- 

The tube is then hauled up and the quantity of mater 
By using a properly constructed 

Qasuring scale the quaiitity of water in the tube will indicate the 

Prcsslxre tubes C:LII be used for  mcasiiring depths up to 100 fathoms, 
but beyoncl tllat clepth the additional quantity of water that will 

lead, 'and loTTFered to FIG.  18.-TYPE OF SIGNAL USED I N  O F F S H O R E  
H Y D R O G R A P H Y  

w:iter. 
in  the tiibe is mensixrecl. 

to which the tube h:is tlcscenilecl. 
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enter the tube per fathom of depth is so little that accurate measure- 
ments of depth can not be made. The great advantage of this method 
is that the soundings can be taken without stopping the surveying 
vessel, although it is necessary to slow clown to about 5 or 6 knots 
to get good results. With the pressure tubes that have been designed 
by the Coast and Geodetic Survey quite accurate results can be ob- 
tained in clepths of 100 fathoms or less. 

DEEP-SEI SOTJSDIATG MACITINE 

For greater depths there w:is until recently but one means of 
getting sounclings-the deep-sea sounding machine. This is a reel 
of 1 fathoin circumference, capable of holding 6 miles or more of 
steel piano wire, gc:tred or beltecl to a steam engine or electric motor. 

FIG.I~.-TYPE OF FLOATING SIGNAL USED IN OFF- 
S H O R E  H Y D R O G R A P H Y  

Suitable means are provided for quickly disconnecting the reel from 
the engine or motor and for stopping the reel instantly. To obtain 
a deep sounding the vessel is stopped. The wire, to which is at- 
tached a heavy sinker, is led from the reel to a pulley suspended 
from a short boom extending over the side of the vessel and then 
down to the surface of the water. The reel is released from the 
engine and allowed to revolve slowly, unwinding the wire until the 
bottom is reached, as evidenced by a reduced tension in the wire. 
The number of fathoms of wire let out is indicated by the number 
of revolutions of the reel and also by a counter attached to the pulley 
at  the boom. The reel is then connected with the engine or motor, 
which is started, and the wire reeled in. 

For depths of a few hundrecl fathoms it is custoinary to use 8 
small wire cable and a lead sinker of 30 to 40 pounds weight. But 
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for depths in excess of 1,000 fathoms it is necessary to use a fine 
single-strand steel wire (piano wire) and a heavier sinker-60 

ounds for tlie greatest depth-to determine positively when the 
gottom has been reached, as the weight of wire alone is sufficient 
to maintain considerable tension, even when the sinker is on the 
bottom. This wire, although of a tensile strength of about 200 
pounds, is not strong enough to bring back a GO-pound sinker and 
other attached apparatus, together with the submerged wire, from a 
great depth. Accordingly, it is tlie practice to drop the weight, 
?n iron pear-shaped casting, on the bottom. This is done by attach- 
?ng the weight to a special contrivance called a detaching tube, 
lnstead of directly to the wire, in such way that the detaching tube 
releases the weight on contact with the bottom. The detaching 
tube also grasps and brings up a sample of the bottom when not 
of rock or other solid formation. 

Soundin mire can not be paid out safely at  a greater sPeed than 
pbout 100 f athoms per minute after the first few hundred nor reeled 
in at much greater speed, so that a single sounding taken in an ocean 
depth of 3,000 to 4,000 fathoms may require from ono to  one and a 
half hours, and tlie greatest deptlis niore than two hours. 

ECHO-SOUNDING METHOD 

A recently devised method of sounding that is rapidly supersed- 
!ng all others mhere a ship can be employed is known as echo sound- 
ing. This method makes use of two principles-(1) that sound 
travels through water at a constant s eed, dependin upon the 

baclr fro111 the sea bottom just as an echo is given back in air from 
a wall or other vertical, large surface. Knowinf the velocity of 
sound in sea water, me can determine the depth i me can measure 
With sufficient precision the time required for a sound wave to de- 
scend to tlie bottom and return to tlie source of that sound-twice 
the depth. This is accomplished by means of a very accurate time- 
measuring device on the survey ship, so constructed that i t  measures 
to about one one-thousandth of a second the time interval between 
the emission of a sound and the reception of the echo from that 
sound. 

This time-measuring device, called a fathonieter, is constructed 
so that the time interval is translated into depth units (fathoms) by 
autoliiatically combining this time interval with some arbitrarily 
selected velocity of sound value. I n  this way depth is obtained 
directly b a singlo reading on the instrument. Since, however, 
Velocity oPsound in sea water varies somewhat from place t o  lace, 

depths in the same locality, due to differences in pressure and tem- 
perature, a small correction must be applied sometimes to  the 
fathometer sounding to  get the esnct depth. 

vibrated by an electric magnet-attached to the underbody o the 
The echo is received by means of a 

density and temperature of the water, an x (2) that soun B is reflected 

due to  differences in  temperature and salinity, and at di 2 erent 

F'" The sound is produced by an electric oscillator-a steel 

; outside near tlie keel. 
an apparatus similar in principle to a telephone trans- 
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mitter, submerged in a tank full of water in contact with the plating 
of the underwater body of the ship. 

Echo sounding is now used extensively in the Coast and Geodetic 
Survey for surveying in all depths of 15 fathoms or more whenever 
a survey ship can be employed. Results obtained compare favorably 
with those obtained by sounding machine br pressure tube. 

METHODS OF POSITION FINDING 

SHORE CONTROL 

The geographic position of a sounding, which is just as important 
as the depth, can be determined in several ways, depending upon the 
proximity and nature of the nearest land. The siinplest and, in 
general, the most satisfactory way is by means of observations upon 
visible objects on the adjacent shores. I f  three objects, such as 
structures, prominent rocks or trees, or even well-defined mountain 
tops, the geographic positions of which are known, can be seen 
from the position of the surveying craft while sounding, the position 
of that sounding can be determined accurately by measuring simul- 
taneously the angles between the right and center objects and the 
center and left objects. 

These angles are measured by two observers, each with a sextant, 
at the instant the sounding is taken. The angles are then set off 
on a 3-arm protractor, and the protractor is so placed on the chart 
or boat sheet that each arm touches the plotted losition of one of the 

the chart or boat sheet which has the same relation to the plotted 
Positions of the visible objects, with reference to direction and 
distance, thnt the position of the sounding has to these objects-the 
correct position for charting that sounding. 

This method is used almost exclusively on harbor surveys and 
on coastal surveys to the limit of visibility of shore objects. Since 
the distance seaward thnt the shore objects can be seen depends upon 
the elevation of these objects, as well as upon the clearness of the 
atmosphere, i t  is apparent that the extent to  which this method 
can be used varies reatly in different localities. An elevated coastal 
terrain surmounte 2 by high distinctive peaks furnishes visible con- 
trol far  offshore when the atmosphere is clear-often as far  seaward 
as i t  is necessary to extend accurately corrtrolled surveys. 

objects. The center of the protractor will in d icate the position on 

BCOY CONTROL 

Along the lOw coasts i t  is often necessary to resort to floating 
control objects because of the lack of natural objects and the im- 
Pct icnbi l i ty  of constructing artificial objects (sirmals of sufficient 

eight to  be seen more than a dozen miles or so. fi is $en the prac- 
tice to anclior buoys as fa r  seaward ns they can be seen from a survey 
Vessel soationed at  the outer limit of visibility of the shore objects. 
These buoys are cut in by sextants from the highest position on the 
survey ship after the position of the ship has been established from 
angles on the shore objects. The buoys are usually anchored parallel 
to the shors and about 3 miles apart. After they have been located 
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by three or more intersecting lines they are plotted on the chart 
or boat sheet and are used for getting the position of soundings in 
the same way as the shore signals. 

means of such buoys it is possible to extend fixed position 
wor l Some 6 or 7 miles farther offshore. However, additional lines 
of buoys can be used, each line of buoys determined from the line 
next shoreward from it in the same manner that the first line was 
determined from the shore objects. It is therefore possible to extend 
fairly good hydrographic control a long distance offshore by means 
of buoys, but there are numerous difficulties arising from the use of 
a great number of buoys that limit the practicability of this method, 
usually to one or two lines of buoys. 

B 

HUI%AQUEOLS SOUKD R A N G I N G  

A more accurate and fa r  more expeditious method of fixing the 
position of soundin s beyond the range of visibilit of shore objects 

vantage that it can be used during hazy and foggy weather and at  
night, so that a surveying party can carry on operations continuously 
whenever the sea is not too rough for accurate sounding. There 
are, however, conditions in some localities which have prevented 
the sucessful operation of sound ranging, and a solution of these 

Suba ueous sound ranging is accomplished by nieasuring the time 
require] for sound to  travel through the water from the survey ship 
to two or more places near shore, the exact eo ra hical positions 
of which are known. These time intervals mu F tip PY ie by the velocity 
of sound through the water gives the distances from these known 
places, and, hence, the position of the ship. 

rocedure is as follows: A sniall bomb of high-explosive 

explosion is recorded by a time-measuring apparatus on the ship. 
The arrival of the sound waves from the explosion is picked up by 
hydrophones at  the several stations near shore and reported elec- 
trically, through cables, to radio stations on shore. Each of these 
radio stations responds automatically to the reception of the sound 
waves by its hydrophone station and transmits a radio code si nal 
to  the ship’s radio receiving set. The instant of reception of t F lese 
code signals is recorded on the ship time measuring apparatus, thus 
giving the time interval between the explosion and the reception of 
the sound at  each of the hydrophone stations. Time intervals can 
be determined to  one one-hundredth of a second, and the sum of all 
errors is so small that the position of the survey ship can be deter- 
mined usual1 with an error of not much in excess of 1 per cent of 

is subaqueous sounf ranging. This method has t 9 ie additional ad- 

- difficulties is constantly being sought. 

The 
materia f is detonated under water near the ship, and the instant of 

the distance P rom the shore stations. 

“ DEAD R E C K O S I N O  ” 

“ Dead recltoning,” so called, is still used in hydrogra hic survey- 
ing beyond the range of visibility of shore objects where E uoy control 
is impracticable and where subaqueous sound ninging can not be 
used. This is the least accurate method of fixing tho position of 
soundings, although surprisingly goo2 results have been obtained 
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with careful steering and where a study has been made of the ocean 
currents, both tidal and wind driven. 

A method has been developed in the Coast and Geodetic Survey 
which has been referred to as “precise dead reckoning,” because 
every possible precaution has been taken to  get the best obtainable 
information regarding ocean currents and to eliminate, in so fa r  as 
possible, the uncertainties of navigation. Where it bas been possible 
to verify precise dead reckoning work, positions have been found 
to be not greatly in error. When resorting to  this method the hydrog- 
rapher stops every two hours, anchors his shi and determines the 

Information in computing the most probable track of his ship. 
Hydrography performed far offshore is controlled b a combina- 

dependence is plnced principally upon star fises. The altitudes of 
three or more stars, well distributed around the horizon, are mens- 
ured by sextants, and a position line is computed for each star. The 
llltersection of these lines determines the position, which is either 
at the intersection, if all lines intersect a t  a point, or is at  an equal 
distance from each line, if they form a sniall t r i m  le or severnl-sided 

between fixes, soundings are located by dead reckoning tied in to  
the astronomic fixes. 

SIZE O F  SURVEY VESSELS 

girection and strength of the current and of t E’ e wind and uses this 

tion of denti reckoning and nstronomic observations. r n this morlc 

figure. As iiiuny such fixes are obtained as may f e practicable and, 

Hydrographic surveyin is usually performed from power boats, 

tlcally replaced pulling boats and sailing craft. A large item in 
the cost of hydrogrnpluc surveying is the cost of upkeep and innin- 
tenance of these vessels, inclnding the wages of such of the personnel 
8s do not take direct part in the surve work but are essential to the 
maintenance of the survey party. 8onsequentIy , the sinaller the 
craft that can be employed on any survey the lower mill be the cost of 
that survey. 

It is the policy of the Coast and Geodetic Survey to utilize small 
launches and power boats to the limit of their capacity and wherever 
they can work with safety to the surveying personnel; beyond that 
limit to use steam or motor vessels of from 100 to 300 tons displace- 
ment and to make use of full- owered ships only in the most exposed 

Practicable, not much over 1,000 tons displacement. 

st;eam launches, and sinal f steam or motor ships, which have prac- 

and remote localities and to P teep the size of such ships as small as 

THE WIRE DRAG 

Nydrographic surveys by sounding methods alone develop the 
S1,Ope.s of the bottom, but they do not reveal with certainty all of the 
hldden clan ers to navigation thnt may lie in the pathways of ships. 
In  regions%te the coast of Maine and in Alaska, where there are 
Isolated rocks and led es on the bottom, or in the tropical regions 
fringed with coral reek and dotted with coral heads the work must 
be supplemented by special examinations with special appliances. 

Owing to the extension of commerce and its increasing demands 
bringing in use ever larger and deeper-draft vessols, much specid 
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examination is now required. To meet these requirements and in 
order to be certain that an area is free of all obstruction to naviga- 
tion to a specified depth, the water area is swept over by an appliance 
known as a wire drag, which is essentially a suitable wire of any 
desired length (up to  15,000 feet lon so far  used), supported at  

any re uired depth, irrespective of the changes in the stage of the 
tide. %his apparatus is towed through the water by two launches 
or vessels, and if no obstruction is encountered it is certain that no 
dangers exist a t  a less depth of water than that at which the drag 
was set. 

in a 
finished hydrographic survey in  areas where there is a possibiEty of 
isolated rocks that a brief account of its construction and use is of 
interest. Sweeps or dra s were used long ago for locatin pinnacle 

but the improvement of such apparatus, so as to be an economic 
instrument for general application in searching out possiblo obstruc- 
tions to  navigation, is recent and as now used has reachud n high 
degree of efficiency. 

As described in Coast and Geodetic Survey S ecial Publication 

+ottom wire, which is composed of a number of sections or units of 
double-galvanized, seven-strand, steel wire, one-eighth inch in cliam- 
eter, supported at  intervals by uprights, made of flexible wire cable, 
with suitable buoys and sinlrers, and at intermediate points by hollow 
metal floats. A t  each end of the drag the buoys are large enough 
to support the large sinkers attached, with a reserve buoyancy suf- 
ficient to permit them to float high enough to be seen across the 
length of the drag. The intermediate buoys are smaller and when a t  
rest project about 10 inches out of the water. Towlines from the 
boats are attached to the bottom wire. The depth of the drag may be 
changed while in use. 

One of the best features of the wire dra is the rapidity with which 

is 4,000 to  5,000 feet, except when used in channels of less widt than 
this. The average s eed of the drag through the water is about a 

depends largely upon local conditions, such as natural or artificial 
obstructions. As many as 15 shoal spots have been found in a single 
day’s work. 

After a shoal spot or other obstruction is located by the drag 
soundings are taken before the drag is released. To ascertain that 
the least depth has been found, the area is a ain swept over with 

drag strikes, the operation is repeated until the least depth found 
by sounding is cleared by the drag. 

The drag is removed from the water at the close of each day’s 
work. This operation requires about 25 minutes for a drag 5,000 
feet long, and the time required for other lengths is proportional to 
this. It requires about the same length of time to set out the drag 
read for work. 

intervals by buoys so arranged that t f? e wire ca? be maintained at  

The use of the wire drag has now become such a necessit 

rocks or small ledges w fl ose positions were approximate Y y known, 

No. 118, the drag consists of a horizontal mein E er known as the 

E an area can be examined. The length o 4 drag now common1 

mile and a. half per P lour, and the area that can be covered in a day 

a drag depth slightly less than the least soun f ing obtained. I f  the 

K by c i anges in the stages of the tide, are made with u separate launc 
Changes in the depth of the drag, made necessar 
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while the drag is going ahead with its work. For handling this 
drag and towing it when in use it has been found that large launches 
are essential ; boats of 80 horsepower and 14-foot beam are employed. 

The use of this drag is confined to examination of narrow channels 
and in the vicinity of shoals. For wide channels and where deep 
water is charted, a modification of the drag known as the sweep 
allows for a more rapid investigation of the area. Briefly, the sweep 
differs from the drag in that a less number of buoys and uprights 
are used, with the result that the bottom wire lies in a series of curves 
between uprights instead of being kept horizontal. This makes no 
difference in deep water but is impracticable for investigation of a 
shoal. The sweep can be set out and taken in much more rapidly 
than the drag. A sweep 10,000 feet in length has been completely 
set out in nine minutes. An area of 65 square miles has been swept 
in one day. 

Great accuracy is required of the hydrographer, even where the 
water is so deep that there is no possible danger of the largest ship 
afloat touching bottom, because the hydrography shown on a 
mariner’s chart has a twofold object : First, to point out to the navi- 
gator the invisible dangers which he must avoid; and, second, to 
reveal the configuration of the bottom and also its physical charac- 
teristics so truly that by the use of his sounding appliances he may 
fix his position in relation to those dangers, or when offshore or the 
coast line is invisible, determine his distance from land. The results 
of the hydrographic work shown on the charts are of prime impor- 
tance to the navigator. The manner of chart publication and issue is 
described in another part of this book. For details of the theory 
and practice of hydrographic surveying the reader is referred to the 
service manuals pertainin to h dro raphy and other classes of field 
work which are publishe 3 by t i 2  e oast and Geodetic Survey from 
time to time. 



Chapter VI1.-TIDES 

The tidal work of the Coast and Geodetic Survey had its 0rif.n 
in  the necessity for correcting the soundings taken in hydrograp ic 
surveys for the rise and fall of the tides; that is, for reducing to a 
common level, or datum plane, soundings made a t  varying stages 
of the tide. The further needs of the mariner, engineer, and scientist 
have resulted in  the development and extension of the work until it 
covers a t  the present time the following fields: Determination of 
datum planes for surveying and other engineering purposes, the 
prediction of tides and currents and the preparation of the annual 
tide and current tables, the preparation of current charts, and the 
study of mean sea level and its relation to  crustal movements. The 
tide observations also furnish data used in the study of henomena 

nomena in  general. The tide records are also frequently used 
in admiralty court cases in which the condition of the tide at a 
certain time is involved. 

TIDE OBSERVATIONS 

associated with earthquakes and storms and the study o P tidal phe- 

The times and heights of the tide are considerably influenced by 
terrestrial agencies, such as river discharge, winds, and variations 
in atmospheric pressure. As a consequence, any plane of reference- 
such as, for instance, that  of mean low water-which is determined 
from a short series of observations a t  one time may differ consider- 
ably from the low-water plane determined at another time. It is 
therefore necessary to have long series of observations at  a number 
of places, which are representative of the tidal conditions of lar e 
areas. Stations established for the purpose of obtaining such o f - 
servations over a number of years are designated as primary tide 
stations. Short series of observations a t  any other place may then 
be corrected by comparison with simultaneous observations at a pri- 
mary tide station. proximately 20 to 25 primary tide stations 

and Alaska, the number varying from time to  time as old stations 
are discontinued, or new ones established. A number of these sta- 
tions are maintained cooperatively with other Federal, State, or 
municipal authorities, the cooperation working to the advantage of 
all organizations concerned. 

Tide observations may be made either with a plain tide staff or 
with an automatic tide gage. When the latter is used a plain staff 
or a tape gage is also installed for the purpose of checking the auto- 
matic-gage record and referring the results to permanent bench 
marks. 

The tide staff may be a lain board graduated in feet and tenths, 

extreme fluctuation of the water surface in  the localit in which 
it is to be used. It is secured in a vertical position, wit hy its lowest 
graduation below the probable lowest water. 

are maintained in har "s ors and on the coasts of the United States 

about 5 inches wide, 1 inc I: thick, and of a length greater than the 
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I n  a harbor where there is considerable refuse and fuel oil in the 
water tlie graduated scale on a title st:iif wliic1i is left in the water 
continuously soon beconies illegible. To  overcoine this difficulty the 
survey has adopted a stsiidard portable tide staff with a fixed sup- 
port. The tide staff can be removed from its support after each 
reading and stored in  the tide house. A inetal plate fastened to the 
back o f  the tide staff and anotlier one on top of the support provide 
a means to insixre that the tide staff mill alma-ys be set at  the same 

FIG. 21.-PORTABLE FIELD AUTOMATIC TIDE GAGE 

. .  
of tidnl iluctuntioiis. 

elevation wlien placed in its support. A vitrified scale is now used 
on the tide staff to facilitate cleaning. 

An automatic tide gage operates continuously, with only occn- 
sionnl attention from an  observer. The automatic gages used by 
the Coast and Geocletic Survey produce a graphic record o f  the rise 
and fall of the tide in the Sorin of a curve. The automatic tide 
gage consists, essentially, of n clock to move a sheet OS paper for- 
ward at  a uniform rate of sl~eed, a n d  :I float which, rising and falling 
with the ticlo, inoves a pencil or pen to nnd fro at right angles to tho 



54 TJ. S. COAST A N D  GEODETIC SURVEY 

motion of the paper. The record curve is automatically constructed 
by these combined motions, and the times of the high and low waters, 
as well as the height of the tide for any desired time, inay be readily 
scaled off from these curves. For short series of observations the 
easily installed portable tide gage (fig. 21) is generally used, but 
at  primary tide stations, where observations are to be continued for 
a number of years, the standard tide gage (fig. 22) is used. 

TIDAL DATUM PLANES 

The value of a tidal datum as a plane of reference lies in its siin- 
plicity of definition, as well as in the certainty with which it may be 
reproduced at  some future time if lost because of the destruction of 

FIG. 22.-U. S. C O A S T  A N D  G E O D E T I C  S U R V E Y  M O D E L  A U T O M A T I C  
TIDE GAGE 

Used n t  the primary tide stations a t  rrpresmtntive points along the coasts for 
obtaining a cmitinuous record of the risc nnd full of Ilie tidrs. 

all bench-marl: connections. A low-water plane is the most satis- 
factory for the purposes of the mariner, because by its use a chart 
will show the least depth which he may expect regardless of the 
stage of the tide. The plane of mean lorn mater has therefore been 
adopted on hydrographic charts for the whole of the Atlantic coast. 
On the Pacific coast, because of the diurnal inequality of the tides, 
the plane of mean lower low water is used; that is, all soundings 
shown on charts of the Coast and Geodetic Survey have been re- 
duced, no matter what the stage of the tide at the time the soundings 
were made, to a mean low-water plane on the Atlantic coast, and 
to mean lower low water on the Pacific ancl Alaska coasts. 

Planes determined by high waters or higher high waters are at  
times adopted for other engineering purposes, but the most satisfac- 
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tory plane, in  general, is that of mean sea level, since it is the most 
easily determined of all the tidal planes and also since the other 
tidal planes may be derived from it b a howled e of the range of 

hieh water. etc.. are all local, 

tide and of its diurnal ine uality. d e  planes o B mean low water, 
mean high water, mean hig 1 ier 

si&e they ' depend upon the 
range of the tide at  a given 
place; that is, these datums 
when extended from place to 
place along a coast would be 
wavy or rolling surfaces, while 
mean sea level may be consid- 
ered as an equipotential surface 
forming a continuous, smooth 
datum. Mean sea level may be 
defined, then, as that  level a t  
which the waters of the oceans 
Would come t o  rest if freed 
from all disturbing influences 
of tides, wind, weather, and 
Varying barometric pressures. 

BENCH MARKS 

All along the const, wherever 
tides are observed the Coast 
and Geodetic Survey estnb- 
llshes tidal bench marks, the 
elevations of which with refer- 
ence to the planes of local high 
Water, mean sea level, low 
water, and other tidal planes, 
are determined. These bench 
Inarks then furnish for local 
use accurate data recarding 

FIG. PJ.-SECTIONAL VIEW OF AUTO- 
MATIC TIDE-GAGE STATION 

lllmtratlng the method o! lnstnllation at the 
principal tidal statlons. the various planes of riferenie 

made use of by the engineer. 
I n  geodetic work the tidal plane of mean sea level has been 

carried to man parts of the interior of ,the countr and referred to 

Work a hi h degree of precision is required in the determinatlon of 
mean sea fevel and the initial points for the level net are taken a t  
the bench marlrs at primary tide stations where n. number of years of 
Observations have been secured. 

Descriptions of many of the bench marks have been published. 
Others are in manuscript form and copies can be secured at  a reason- 
able cost. 

TIDE TABLES 

nunierous benc 9 1 iiiarlrs by a network of first-order 9 eveling. In this 

I n  the early days of light-draft vessels advance knowledge of the 
tides w&s of little importance, but with the advent of the de? 
vessels of modern commerce the tides have become of cons1 
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importance in navigation, for the state of the tide determines when 
certain harbors may be entered, when bars may be safely crossed, 
and when short cuts over shoal places may be attempted. To aiel 
the navigator, the Coast and Geodetic Survey has for a number of 
years published in advance, annually, tide t:Lbles giving for every 
day of the year the times and heights of high and low 'waters for the 
more important ports of tlie world. By nieaiis of tidal differences 
given in these tidal tables the mariner may also obtain tlie tides for a, 
large number of other ports in all parts of the world. 

While the tides are due to tlie gravitational attraction of the sun 
and moon, they are very greatly moclifiecl by terrestrial features. As 
a consequence, the titles present striking. diff ereiices not only in 
time of occurrence and in range but also in type. Thus, along the 
Atlantic coast of tlie United States tlie title is almost ~vliolly semi- 
diurnal; that is, there are two high and two low mntcrs each day, 

FIG. 24.-(a) LOW WATER FIG. 24.-(b) H I G H  WATER 
A T  T I D E  S T A T I O N ,  A T  T I D E  S T A T I O N ,  
ANCHORAGE. ALASKA 

The wntcr level rend? 7% feet The water level rends 41 feet 
011 tlic tide sluff. 011 the tide stulr. 

ANCH 0 RAG E. ALASKA 

and the afternoon tides are quite sindm to the n~orning tides. On 
the Pacific coast, however, the title is of the mixed typc ; that is, the 
afternoon tides are quite unlike the morning tides, and on occasion 
there is but one high water and one low mater in a day. 

Even with the same type of tide me find great differences in range. 
I n  the upper part of the Bay of Fundy the tide rises, in the sis hours 
from low water to high water, a vertical distance of more than 40 
feet. During the same interval the tide at  Nantuclret Island shows 
a range of but little more than 1 foot. I n  the upper part of Cook 
Inlet, Alaska, the range of tide is approximately 30 feet. Figure 24 
shows a tide station at Anchorage as it appeared at both high and 
low water. 

The tides, then, are local phenomena, and for purposes of pre- 
dictions they are assumed to be composed of a number of con- 

, stituent t ides which are due to tlie motions of the moon and the 
sun and to their relative positions; and, since the tides are locnl 
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phenomena, the first step in  the making of a tide table for any port 
1s to  obtain continuous tidal observations at that port, extending 
Over a period varying from one month to a year or more. These 
observations are then- subjected to a mathematical treatment known 

the harmonic analysis, which resolves the tide into its constituent 
slinple harmonic waves or harmonic constants, the periods of which 
have astronomical definitions, while the amplitudes and liases are 
derived from observations. The amplitudes (semiranges7 and the 
Phases (times of occurrence reckoned from a fixed origin), as ob- 
tained from this analysis for each component, are set on cranks and 
dials of a tide-predicting machine. This machine sun= the ele- 
mentary or constituent tides into the tide wave of nature and in?;- 
cates on its face each successive high and low water which is copied 
111 tabular form printed, and issued to the mariner as a tide table. 

Each of the ieading maritime nations issues tide tables, and for 
the United States this important work is done by the Coast and 
Geodetic Survey. These tables were first published by the survey 
in 1653, and for the first 14 years they consisted of inore or less elabo- 
rated means for enabling tlie mariner to make his own predictions 
as occasion arose. I n  1667 tables were issued for a few ports on each 
coast of the United States. They have since been considerably in- 
creased in sco )e until a t  the present time they cover the entire 
lllaritiino worl . 

TIDE-PREDICTING MACHINE 
A 

Prior to 1665 the redictions of the tides were made by means of 
enlpiricul tables anzgraphs.  Beginning with 1865 the predictions 
\\‘ere made by use of an ingenious inachine devised b TTilliam Ferrel, 
of the Coast and Geodetic Survey. This machine c r  iffercd somewhat 
from that of Lord Kelvin, mho conceived the idea of such a machine, 
and who devised tlie first one in  1872. When the predictions mere 
extended by the survey to cover the world, it was found that the Fer- 
re1 machine was not well adapted to  the prediction of certain types 
of tides, and since 1912 the predictions have been made on a later 
11!acliine, designed and constructed in the office of the survey. A 
ylew of this machine is shown in Figure 25. It has been described 
in a survey publication, LL Description of the United States Coast 
m.d Geodetic Survey Tide Predicting Machino No. 2.” By use of 
t h s  machine a ticlo table for any single port can be made in about 

the time and height 0: every high and low +ater 

port, tlie constants, rep- 

are so arranged that when the 
a crank and gears it will sum 
waves into the tide of nature. 

this summation is indicated 
through dials on the face of the machine as hi h and low waters, 

account of 37 of these elementary tides. 
To 

obtain the state of the tide at places where no full predictions are 
Qde, it is necessary to refer such places to some port having a simi- 

for an 
of eac 9 1 constituent tide, are set 

\Vith their heights and times of occurrence. 4 his machine takes 

It is obviously impracticable to predict the tides for all ports. 

7 6 9 7 7 ” - 2 L 6  
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lar type of tide for which predictions have been made as a standard 
port. 

Several cen- 
turies before the beginning of the Christian era the intimate relation 
between the tides sild the moon had been noted. Little progress was 
made, however, until toward the close of the seventeenth century, 
when Xemton formulated the law of gravitation and provetl that the 

The study of the tides dates back to ancient times. 

F I G .  25.-THE C O A S T  A N D  G E O D E T I C  S U R V E Y  T I D E -  
P R E D I C T I N G  M A C H I N E  

When set  t o  certnin prc.detc~mined constants this ninc81iinc nutoinntically 
Ijives tlic times and liriglits of the tide for any port  in the world and 
tor any year. 

tides were one of its necessary consequences. Since that tiine the 
labors of many distinguished mathematicians have contributed to 
the considerable advance inade in the subject. To that advance 
the Coast and Geodetic Survey, through Ferrel and Harris- 
the most brilliant of its tidal workers-has made notable contribu- 
tions. A further reference to oceari tides will be found in  the chapter 
on Oceanography. 



Chapter VII1.-CURRENTS 

Accompanying the vertical movement of the water caused by the 
tidal forces of sun and moon, a horizontal movement also takes place 
giving rise to currents in the water. Since the priniary object 02 
the current work of the Coast and Geodetic Survey is for the pur- 
Poses of navigation, the importance of these currents to the mariner 
and engineer are emphasized in this description., 

Currents have always been a factor of importance in navigation. 
I n  thick weather, when the navigator is unable to tlcterniiiie the posi- 
tion of his ship by reference to terrestrial or celestial ob ects, it be- 
comes highly important that he know the velocity and d irection of 

FIG. 26.-THE EFFECTS OF CURRENTS O N  SHIP’S POSITION 
The course of n vessel d t l ~  and callliout current Information;, The daalied 

Utm shows the course of the vessel plotti’d nccordln to dend reckon- 
ing,” no ullownnce being made for  curmfts. Thr )h Zt3e shows the 
course of the veesel p1ottc.d nccordlng t o  tlend rerkoning with ullow- 
ancr for set of the vessel by currcnte. Thc reavel wns ;topped nt the 
posltlons indlcnted by circles and the direction and force of the current 
observed. 

the currents to which his vessel ilia be subject; also, where swift 

of Occurrence of slack water when such places may be safely crossed. 
Figure 26 will serve to illustrate and emphasize the importance to  

the mariner of adequate Irnowledge of coastal currents. This is a 
sounding line lotted from the record log of a survey vessel engaged 
on offshore hyirographic work and mas not exaggerated for the sake 
of em hais .  The dashed line shows the course of the vessel plotted 
accor$ng to (‘ dead reclroning,” no allowance being made for cur- 
rents; the full line, the course of the vessel plotted according to  :.‘ dead reckoning,” with alloivance for set of the vessel by currents. 
rho vessel was anchored at  the positions indicated b circles and the 
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and dangerous tidal currents exist, t 9 le mariner must know the time 

direction and velocity of the current observed at t E ese anchorages. 
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It should be stated, however, that the actual time from the beginning 
to the end of the line of soundings was about 30 hours. 

CURRENT TYPES 

In addition to  those currents due to  astronomical forces working 
through the tides, others are brought about by meteorological condi- 
tions and physical differences in sea water in different parts of the 
oceans. These astronomical forces, combined with terrestrial condi- 
tions, as in the case of the tides, give rise to several types of currents 
which are described in detail hereafter : (1) The rectilinear or re- 
versing type, illustrated b ' the currents in most inland bodies of 
water, such as Chesapeake d a y  and Hudson River; (2) the hydraulic 
type, illustrated by the currents in straits connecting two independ- 
ently tided bodies of water; for example, the East River, N. Y., and 
Seymour Narrows, British Columbia ; (3) the rotary type, illustrated 
by the currents in the open ocean and dong the coasts; (4) wind- 
driven currents of a temporary nature, produced by the effect of 
friction of local winds on the surface of the water; and (5) the per- 
manent currents coin rising the main ocean circulation, illustrated 

The first three types are of tidal origin and are therefore periodic, 
while the last two are nonperiodic and are due to  meteorological con- 
ditions, such as winds, variations in barometric pressures over the 
oceans, and differences in temperatures arid densities of the sea water 
in different parts of the ocean. 

by the Gulf Stream o P the Atlantic and the Kuro Siwo of the Pacific. 

RISCTILINEAR, OR REVERSIhX, TYPE 

The type of current known as the rectilinear or reversing type is 
found in all inland bodies of water connected with the ocean. These 
currents do not change in rotary fashion like the tidal current in the 
ocean, but come to a slack and reverse, the direction being designated 
flood when referring to the horizontal movement of the water toward 
the land or upstream and ebb when referring to  the movement away 
from the land or downstream. 

This current is intimntely related to the tidal r4gime of the body 
of water. I n  a body in which the tides are due to  a progressive wave, 
the time of the reversal of the current, or slack water, occurs about 
half tide, and the strength of flood and ebb occurs about the time of 
high and low water, respectively. I n  a body which has a stationary 
tidal wave slack water O C C I I ~ S  about the time of hivh and low water 
and the greatest current velocity about the time of Zalf tide. 

HYDRAULIC TYPE 

The hydraulic type of current is illustrated by the currents in 
straits connecting two independently tided bodies of water. While 
hydraulic type currents are reversing currents, they are due, not to 
tidal action of the purely stationary or progressive type, but rather 
are due to  a temporary difference in head between the two bodies of 
water, brou ht  about by tidal action. The currents in the East 
River, N. 3 are examples of this type, and a brief description of 
them will serve to illustrate this type in general. 
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The East River connects Long Island Sound with New York BayLy, 
and the tides in these two bodies of water are decidedly different. 
The tides in Long Island Sound are due to a stationary wave, and tho 
ranw of tide increases from 2 feet a t  Montauk Point to '7.2 feet a t  
Wiflets Point, at  the west end of the Sound. The tide in New Yorlr 
Bay is brought about by a progressive wave, and the range decreases 
from 4.7 feet at Sandy Hook to  4.4 feet a t  Governors Island. This 
difference in range of tide at  the two ends of the East River is suffi- 
cent in  itself to produce a h draulic gradient; but, in addition, tho 
time of the tide at Willets IJ oint at the north entrance to the East 
River is later by over three hours than the time of the tide at GOV- 
ernors Island a t  the south entrance. This difference in time is, in 
fact, the larger factor in producing the temporary difference in 
hydraulic head. 

As examples, high water occurs a t  Willets Point when the tide is 
about mean sea level a t  Governors Island, ant1 therefore the current 
a t  this time is setting to the southward through the East River ; and 
at the time of high water a t  Govcrnors Island the tide at  Willets 
Point is about mean sea level and the current then is setting toward 
Long Island Sound. 

This difference of tidal conditions in  Long Island Sound and New 
York Bay, a t  times causinm a hydraulic gradient of 4 feet in the 
distance of 17 miles from $Wets  Point to Governors Island, gives 
rise to currents in  Hell (;ate which attain a mean velocity a t  strength 
of about 5 knots and occnsionally of 8 knots. 

While it is a comparatively simple matter to predict the time that 
the heads will be e unlized and that slack water should occur with 
conditions such as t 1 ese, account must be taken of the momentum of 
this mass of water and of the time of tho continuance of the flow, 
due to this inertia, after equalization of head. This information can 
be attained only from observations, and to  obtain mean conditions 
these observations must be continued over a considerable period, since 
the range of the tide between springs and neaps varies more than 
20 per cent, and therefore the current velocity a t  the different, phases 
of the moon varies proportionately. 

ROTARY TYPE 

On the open coast the tidal current is not of the rectilineqr or 
reversing type, with its period of slack,water; it is never slack, its 
direction changing constantly in a rotary movement at a rate of 
about 30° per hour on the Atlantic coast. I n  other words, twice in 
each tidal da the direction of the current changes clockwise to  
every point o P the compass. On the Pacific coast the offshore cur- 
rents change in direction at a rate varying between 15' and 30' per 
hour. 

Since the rotary tidal currents along the coast are so closely 
related to tidal action, in that their velocities and directions are com- 
Parable with the times of high and low water at some standard port, 
1: is evident that those components of coastal currents, due to tidal ac- 
tlon alone, may be as readily and accurately predicted as tides are. 
Predictions may be made, then, by reference to  the times of the tldes 
at mine standard port, of the direction and velocity of the tidal cur- 
rent for any moment at any light vessel along the coast. 
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WIND-DRIbXN TYPE 

The problem for the navigator, however, is not so easily solved, 
for the tidal current is only one of the components of the total coastal 
currents. The other, due to  the local winds, is not onl nonperiodic, 
defying accurate predictions a long time in advance gut in general 
is also of greater velocity than the tidal currents and therefore pro- 
portionately of greater menace to  coastwise shipping. 

Recent investigations and the comparatively long series of con- 
tinuous current observations obtained during the past few years a t  
different light vessels along the coasts of the United States have 
brought out the important fact that, contrary to the belief of the 
mariner, a local wind creates a current setting not in its own direc- 
tion but in a direction about 15" to the right of the wind on the 
Pacific coast and about 20' to  the right on the Atlantic coast. 

Since a large number of observations of this character are necessary 
for averages of any degree of accuracy and also for the elimination 
of tidal current in the resulting data, it is evident that  the observa- 
tions of wind-driven currents have to be made over n considerable 
period to get a number of winds of 10 miles an hour, 20 miles an 
b u r ,  etc., from various points of the compass. 

While a deflection to  the right in the Northern Hemisphere is to 
-be expected from theoretical considerations, due to  the earth's rota- 

tion on its axis, it is modified along the coasts by configuration of the 
bottom, bottom friction, and form of the coast line. Therefore, 
while a general law may be given of the average current produced 
b any given wind velocity, observations are necessary at  intervals 
a 9 ong the coast, particularly well inshore, to determine the actual 
velocities for that  particular locality. On sailing lines for coast- 
wise navigation, h y e v e r ,  the general law will hold with sufficient 
accuracy for practical results within 5 b 20 miles offshore. It has 
been found that the velocitv varies fairly proportionately with the 
wind velocity and is about 2 per cent in knots of the wind velocity 
in miles per hour on the Pncific coast and 1% per cent on the 
Atlantic coast. 

The importance of a knowledee that the set of the current is to 
the right of the wind direction lies in the fact that a wind blowing 
parallel with the coost produces a current which may tend to set a 
coastwise vessel onshore, a fact which until now has been unsuspected 
by the navigator. As an example, a vessel bound up the Pacific 
coast with a following 60-mile wind will overrun her log, due to  
wind-driven current alone, by 1.2 knots per hour and be set in toward 
the land 15' on the average to the right of the wind direction. In 
practice, of course, i t  is necessary to take into consideration the 
combination of this wind-driven current with the periodic tidal 
current and to apply the resultant for correcting the course made 
good by a vessel. 

Though the total coastal current to which n vessel may be subject 
is made-up of a combinntion of two components-the periodic or 
tidal current and the nonperiodic or wind-driven-analysis of a long 
series of current observations made at  any station serves to  separate 
the two, so that a proper correlation may be made between each 
component and its causes; that  is, the velocity and direction of the 
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tidal current may be referred to the state of the tide a t  some standard 
port and the velocity and the direction of the wind-driven current 
correlated with the force and the direction of the wind prevailmg 
at the time. 

PERNANEKT CCRRENTS 

While tlie main oceanic circulation involves a study of currents 
which are, in general, produced by predominant winds, such as the 
trades, and possibly by differences in baroinetric pressures, densi- 
ties and temperatures over the oceans, little of a quantitative nature 
has been done toward a systematic study of these phenomena. In 
fact, that which lim been accomplished may be considered as a 
reconnaissance only, and volumes may be devoted later to  a thorough 
study of the subject upon obtaining the vast amount of quantitative 
data necessary to such a study. 

The set and clrift of these currents have been inipped in a general 
way; but the principal information is of a qualitative nature ob- 
tained froin a record of the drift of bottles and of wrecks and from 
a difference between the t rue and the dead-reckoning ositions of 

Of accuracy. T3ut all these furnish qualitative data only, and quan- 
tltative data cpn come only from systematic observations, which may 
be considered an international rather than a national problem. A 
further reference to the ocean currents will be found in the chapter 
on Oceanography. 

CURRENT OBSERVATIONS 

Wssels the determination of which does not permit of a ph igh degree 

\mile  the rise and fall of the tide is of considerable importance 
to the mariner when on soundings, it is of no ini ortance to him 

other hand, must be reckoned with both when navigating inlpnd 
waters and in keeping account of position at  sea by dead reckoning. 
Unlrnown or unsuspected currents have undoubtedly been one of 
the princi a1 contributing causes of many vessel strandings. And 
In spite oPthis fact less attention has been given to systematic ob- 
servations and study of ocean currents than has been given to any 
other branch of the subject of oceanography. 

Three reasons may probably be ussiped for this ne lect df n 

ously, tidal observations may be made far  more economically than 
current obserrntions for which espensive vessels, with full conip.le- 
ment of oficers and crew are necessary. Secondly, associated with 
Periodic tidal currents are nontidnl currents, which are in general 
Produced by the wind and are nonperiodic. redic- 
tlons of tidal currents, since they are periodic, may be obtaines froni 
Observations extending over a corn aratively short period of time, 
Mhile the nontidal, being nonperiod!c, require a considerably longer 
series of observations to furnish average conditions and to allow 
of predictions of any. degree of accuracy. Again, another reason for 
this lack of systeniatic current observations at sea is that the oceans 
may be considered the highways of commerce for all nations and 
therefore tlie study of its problems an international rather than a 
national undertaking. 

Over the greater part of the worlcl-the oceans. E urrents, on the 

Phenomenon so closely associated with the subject of t i  I f  es: Obvi- 

n a t a  for the 
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The principal maritime nations have made current Observations, 
however, on their inland maters and along their coasts. Predic- 
tions are made ancl published for the use of the mariner of those 
currents due to tidal action. The Coast and Geodetic Survey has 
within the last few years given attention to the study of coastal 
currents, both tidal and wind driven. Current tables have been 
issued containing information on this subject which is of vital im- 
portance to the safeguarding of life and property in coastwise ship- 
ping, particularly on the Pacific coast. I n  the more than thousand 
miles of Pacific coast line froin the Mexican border to the Strait of 
Juan de Fuca harbors are many miles apart, sailing courses long, 
and periods of foggy and stormy weather of comparatively frequent 
occurrence; and it so happens, too, that the currents on the Pacific 
coast, like the tides, are more complex than those on the Atlantic. 

I n  recent years the Coast and Geodetic Survey has undertaken 
systematic tidal current surveys of the important waterways of the 
United States. The results from these surveys, together with results 
from observations previously obtained in the same localities, are 
bein published from time to time in a series of harbor publications. 

\V%ile the study of currents is intimately associated with that of 
the titles, it presents even more complex features. The title over 
large areas shows considerable uniformity in time and in range, but 

-the currents within the same region will present striking differences 
in time, in direction, and in Velocity. The investi ration of currents 

Coast and Geodetic Surrey. I n  the observation of currents either a 
current meter or a simple current pole is used. The meter is of the 
bucket type with a telephone receiver, nThich perinits the number 
of revolutions to be recorded. 

Good results have been obtained in the observations of surface 
current velocities on the light vessels along the coast by the use of 
the current line, which consists of the orclinnry log line used in the 
days of the sailing ship for estimating the s xed of the vessel, except 

sailing ship lo is replaced by a pole 3 inches in diameter and 15 

about 1 foot out of water. The line is graduated for the 60-second 
interval from the proportion 3,600 sec. : 60 sec.=G,080 feet: X, or 101 
feet, 4 inches representing 1 knot. The knot is subdivided into tenths 
by means of silk fishline tabs. 

is therefore recognized as an important branch o B the work of the 

that it is raduated to a 60-second interval I or use with a stop watch 
instead o P a shorter interval, as used with the old sand glass. The 

feet long, wcig a ted with lead at  the lower end to float upright with 

CURRENT TABLES AND CHARTS 

For the purpose of aiding the navigator the Coast and Geodetic 
Survey publishes annual current tables which include daily pre- 
dictions of the times of slack water and the times and velocities of 
the stren th of current for a number of important waterways, in- 
cluding an Bernardino Strait, Philippine Islands, and current 
differences by means of which corresponding predictions may be 
readily obtained for over 1,000 other stations. I n  addition to the 
predictions the current tables include n o t e  on duration of slack, 
bhe Gulf Stream, coastal tidal currents, wind currents, the combina- 
tion of currents, and current diagrams which show the velocities 
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of the flood and ebb currents and the times of slack water and 
strength over a considerable stretch of the channel of certain tidal 
\vaterways. For economy and convenience to the mariner the cur- 
rent tables are ublished in two separate volumes-one for the At- 
lantic coast of x orth America, and the other for the Pacific coast of 
North America and the Philippine Islands. 

The Coast and Geodetic Survey has commenced the publication 
of a series of tidal current charts for the more important harbors 
of the United States. 

The publication for each harbor consists of a set of 12 charts 
Which show the hourly direction and velocity of the tidal current. 
Besides supplying a means of determining at  a glance the direction 
and velocity of the current at various localities throu hout the 

current movement for the harbor as a whole. 
Although designed primarily for the mariner, these charts are 

useful to the engineer, the scientist, and all other persons confronted 
\Frit11 the solution of the nuinerous problems involving the circula- 
tlon of the tidal waters in our iinportnnt harbors, 

harbor, these charts also present a comprehensive view o B the tidal 
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The inagnetic survey of the United States may be said to have 
had its beginning in 1843, when a plan for the reorganization of 
the survey of the coast was adopted. This plan included a provi- 
sion for making " all such magnetic observations as circumstances 
and tlie state of the annual appropriations may allow." U p  to 
1877 the work of the Coast Survey was confined almost entirely to 
the coast States, and the magnetic observations were in most cases 
made in conjunction with some other branch of the survey work. 
With the broadening of the field of its activities, as indicated by 
the change of title to " Coast and Geodetic Survey " (in 1878), ob- 
servtions were extended to the interior States, but up to  1899 the 
progress was slow. I n  that year :in increase of the annual appropria- 
tion made it possible to undertake a systematic magnetic survey of 
the country and led to tlie forniation of a separate division in the 
Wasliington office to take char e of the work. 

The early magnetic work o f  the Coast and Geodetic Survey de- 
veloped in response to the demands of the navigator and the sur- 
veyor. The use of the compass has now been extended to the naviga- 
tion of aircraft. The recorcls of field observations and results ob- 
tained at  the magnetic observatories are now used by geophysical 
prospectors who use inagnetic niethods in tlie search for oil and 
minerals, and by those who are investigating the relations of radio 
transmission to the earth's magnetism and the closely allied phe- 
nomena of earth currents and atmospheric electricity. 

The primary object of the survey of the coast of a country is to 
supply tlie mariner with all the information needed for the safe 
navigation of the adjacent waters. When no landmarks or heavenly 
bodies are visible he must depend upon the mariner's compass for 
his guide. Unfortunately tlie compass needle does not, in general, 
point true north, nor is its direction at  any particular place con- 
stant. I n  the United States, for example, the coni ass needle points 

north in northwestern Washington. I n  Maine it now points as 
much as 8" more to the west than it did 150 years ago. It is evident, 
therefore, that a howled  e of the compass variation (magnetic 

compass. 
With iron and steel ships the problem of the navigator is further 

complicated by the effect upon his compass of the component parts 
of the ship. The solution of this part of the problem requires a 
knowledge of the dip (inclination) and tlie intensity of the earth's 
ma netic field. 

Beearly all of the early land surveys in the United States were 
made by compass, and the boundaries in the deeds were defined by 
compass bearings. With the lapse of time and increase of land 

22" west of true north in northeastern Maine an s 25" east of true 

declination) is indispensa % le to the navigator when using his 

66 
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Values, controversies arose as to tlie location of boundary lines which 
had not been marked or of which the markings had disappeared. 
I n  order to retrace tlie lines of a piece of land surveyed originall by 
compass, the surveyor must know tlie change in  the direction o J t h e  
compass needl+tliat is, the change in the magnetic declination in 
that particular locality between the date of the original survey and 
the resurvey. The Coast and Geodetic Survey has now collected a 
large amount of data regarding the secular change of the magnetic 
declination in  this country since the date of the earliest observations 
and has made a careful discussion of the collected material. As a 
result it is in a position to furnish the best information avai1:hle 
for the settlement of such disputes in regard to  boundary lines. 

MAGNETIC SURVEY OF UNITED STATES 

I n  view of the difficulties experienced in retracing old compass 
surveys, accentuated as the were by inferior instruments and often 
by carelessness or lack of i mowledge on the part of the early sur- 
Veyor, it became important to guard against a similar condition as to  
present-day compass surveys. This could only be done by determin- 
ing in  detail the distribution of the ma netic declination throughout 

tlnie providing local surveyors with meridian lines or other incans 
of testing their compasses. When the systematic magnetic survey 
of tho country was undertakcn in  1809, the following plan wns 

1. The determination of the three niagnetic elements-cleclination, 
dip, and horizontal intensity-at places 30 to  40 miles apart on the 
average, distributed over the whole country, followed by a more de- 
tailed investigation of areas of local disturbances. 

2. The reoccupation from time to time of a sufficient number of 
repeat ” stations to  determine the secular clinnge of the magnetic 

elements. 
3. The operation of magnetic observatories for tlie control of tlie 

Geld observations, for B more detailed record of the variations of the 
earth’s magnetism, and for the accumulation of the data needed for 
the study of tlie nature and cause of the phenonienon. 

Followin this general plan, the distribution of stations has been 
based largefy upon the county subdivisions of the States and obser- 
vations have been made at  all but about to0 of the county seats, thus 
lnaking readily available the data needed by tho county surveyors 
to test their compasses. I n  addition, a number of areas of marked 
local disturbance have been examined in  more detail. About BO 

repeat ” stations are occupied each year, the average interval 
between successive occupations being about five years. 

I n  addition to the work in the continental part of the United 
States, magnetic surveys have been made of Porto Rico, Hawaii, 
and the Philippine Islands, and many observations hare been made 

Alaska! principally along the coast and the Yukon River. 
hfagnetic observatories of tho Coast and Geodetic Surve have 

been in operation at  Clieltenliani, M~I., since 1901 ; at SitIra, Laslta, 
and near Honolulu, Hawaii, since 1902; a t  Vieques, P. R., from 
1903 to 1924; near San Juan, P. R., since 1926; at Baldwin, ICans., 
froin 1901 to 1909; and u t  Tucson, Ariz., since 1909. At these ob- 

t!ie country, as well as its change wit F i lapse of time, at the same 

adopted : 

( C  
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servntories continuous pliotographic rccorcls of the fluctuations of 
the eartlik magnetism have been secured. 

To supplenient the observations on land and extend our lmowl- 
edge of the distribution of the earth’s magnetism beyond the shore 
lines, some of the vessels of the Const and Geoiletic Surrey linve 
been equipped with suitable instrunlerits for determining the mag- 
netic elements at  sea. lT:duable results have been securccl in coil- 
nectioii with the rcgulnr survey ~ ~ o r k  of tliose vessels. I ~ c c n i i s c  of 

Used 
FIG. 27.-MAGNETOMETER (WITH T H E O D O L I T E )  

determine thr 
u1sv 

mtignetic c l i~l in:~tivn niid liorizvntul 
tiiuc, Iiititudc, ;ind azimuth. iutciisity ; 

the steel construction of the newer surreying vcssels, I i o~~~cver ,  ning- 
iietic observations at sen are now confinctl to clctermiixttion of 
compass deviations neecled in navigating :mtl occasional development 
of :weas of local disturbance in inland Twters. 

The eartli is surrounded by x magnetic ficlcl, and the mrasureinenh 
of the earth’s magiictism at any place involves the deteriiiiiiatioii of 
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the direction and intensity of that fie!d. The declination, dip, and 
horizontal intensity are the quantltles usually measured. From 
them the total intensity and the components in the three coordinate 
planes may be computed by means of siinple formulas. 

M A Q S E T I U  DECLINATION 

The magnetic declination (often called variation of the com- 
pass) is the angle between the true (astronomic) meridian and the 
magnetic meridian. The direction of the true meridian is usually 
determined by observations of the sun with a small theodolite, two 
sets in tlie morning and two sets in the afternoon. The direction 
of the magnetic meridian is usually determined with a ma netoineter 
(fig. 27) in which a magnet is suspended by a very fine gber, so as 
to be frea to  turn in  the horizontal plane. 

DIP  OR INCLIXATION 

The dip or inclination is the angle which the lines of force of the 
earth’s iiiagnetic field make with the horizontal plane. It may be 
lneasured by means of n dip circle (fig. 28) in which a magnetized 
needle is supported so that it is constrained to  turn about a liori- 
zontal axis. The measurements are usually made when this axis 
1s perpendicular to the plane of the magnetic meridian. 

1)ip or iiiclination nitiy also be measured by means of an earth 
inductor (fig. 29) in which there is a coil of copper wire wound on 
8 cylindrical core. An axis in prolongation of a central diameter 
of the core rests in bearings in a ring, so that the coil may be ro- 
tated by incans of a piece of flexible shafting. The ring has an axis 
Pt right angles to tlie rotation axis of the coil, which is supported 
in a horizontal position on bearings in uprights attached to the 
alidade. Attached to the ring is B gradiiated vertical circle, parallel 
to the axis of the coil, by means of which tlie inclination of tho axis 
of the coil to the horizon may be read. The current induced in the 
Coil when it is rotated is conveyed through a commutator and brushes 
t o  a galvanometer. 

The instrument is set up with the coil in the plane of the magnetic 
meridian. The inclination of the coil is then changed until a posi- 
tion is foun%k.in which there is no deflection of thc galvanonieter 
?lien the coil is rotated. The axis of the‘ coil is then parallel to the 
h e s  of force of the earth’s magnetic field, and the angle of dip is 
read on the vertical circle. 

I-IORIZONTAL INTENSITY 

The determination of the horizontal intensity is made with a 
magnetoineter (fig. 27) and involves two operations, called “ oscil- 
lations ” and “ deflections.” The observations at a station usually 
involve two sets of each, arranged in the order: Oscillations, de- 
fl@$ions ; deflections, oscillations. The oscillations serve to deter- 
mlne the product of the magnetic moment of the suspended magnet 
and the horizontal intensity ; the deflections serve to determine the 
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ratio of these same two quantities when the magnet which  as sus- 
pended during oscillations is used to deflect a second magnet sus- 
pended in its place. 

THE MAGNETOGRAPH 

A t  the magnetic observatories o€ the Coast and Geodetic Survey 
the variations of the earth's magnetic field are recorded by means 

F I G .  28.-DIP CIRCLE 

Used to dctcrmine the inngnctic dip or inclination. 

of a magnetograpli (fig. 30) consisting of a recording apparatus 
and three variometers-one for declination, one for horizontal 
intensity, and one for vertical intensity. In  each variometer there 
is a delicately suspended magnet to which is attached a small mir- 
ror. Light fro111 a. small 1:imp is reflectetl by this mirror to a sheet 
of sensitized paper wrapped around the drum of the recording 
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apparatus. This drum revolves once in 24 hours, and the spot of 
light traces an irregular line on the paper. The varying distance 
between this mid a straight line made by tlie reflection from a fixed 
mirror measures the variation of tlie magnetic element which that 
variometer is designed to record. Observations are inacle at regular 
intervals to deterinine the scale value of tlie variometers aiid tlie 
absolute values corresponding to the straight lines, the so-called base- 
line values. 

The buildings in which tlie magnetographs are mounted are so 
constructed that outside changes of teniperature are transmitted to 
the interior very slowly. I n  this way tlie c1iiirn:il variation of tem- 
perature inside seldom exceeds two or three tenths of a degree, aiid 
the sexsoiial cliaiiges are reduced aiid sinootlied out. 

FIG. 29.-EARTH I N D U C T O R  

Uscd to dctcriiiine the iiingnetic dip or inclination. 

PUBLICATION O F  RESULTS 

It is the policy of tlie Coast a i d  Geodetic Survey to  publish. the 
results of the magnetic observations as proiiiptly as possible, SO that 
t$ey may be available for general use by the public. They are pub- 
llslled in various forms: 

1. On every coast clixrt, the value of the compass variatioiis for 
one or more positions for a specified year, arid the annual rate of 
change are given. Similar data for  prominent points along the 
coast are given in tlie various Const l’ilots. 

2. The results of the field observations, together with brief de- 
scriptions of the stations occupied, are published aniiually as sepa- 
rate public a t’ 1011s. 

3. About once in five years, an isogonic chart is issued on mhich 
the distribution of the magnetic clecliiiation fo r  a specified year is 
Shown graphically by means of lilies of equal magnetic decliii a t’ ion. 
This cliart is accompanied by secular c1i:inge tables s1iomiiig tlie 
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change of the magnetic dec1in:dioll since the earliest available ob- 
servations at  one or niore places in each State. With the aid of 
these tables the surveyor c:m determille the change of cleclin a t' ion 
for which he must nixke allowance wlien attempting to retrace the 
lines of an oltl surrey. 

4. About once in 10 years the accuinulatetl results have been pub- 
lished collectively, together with corresponding reduced values for  
a specified year. These tables are accompanied by maps, on mliicll 
the distribution of the declination,. dip and horizontal intensity, 
vertical intensity, and total intensity are shown graphically by 
isoiiiagnetic lines. 
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5. The observatory results are published every two years and 
include values of declination, horizontal intensity, and vertical 
intensity for each hour, niaximum and niininium values for each 
day, daily means and hourly means for each month, tables show- 
ing the average diurnal variations of the magnetic elements and 
colnponents for each month, reproductions of the niagnetograms 
showing the more marlred ma netic disturbances. Earthquake tabu- 
lations, which were incluclef in these publications through 1924, 
are now published in the quarterly seismological report. 

76977 '-2- 



Chapter X.-NAUTICAL CHARTS AND AIRWAY MAPS 

Nautical charts are designed primarily for the use of the navigator. 
They also serve in other ways the interest of commerce, and are Val- 
uable for military defense, planning harbor improvements, the study 
of physical hydrography, and the problems of oceanography. 

Three bureaus of the Government are authorized to publish nau- 
tical charts, but under restrictions which define the duties of each 
and prevent duplication: The Coast and Geodetic Surve in the 

Department, and the Corps of Engineers in the War Department. 
The Coast and Geodetic Survey is charged with surveying the 

coasts of the United States and the coasts under its jurisdiction, 
with researches fo  determine thc origin and courses of the great ocean 
currents known as the Gulf stream and the Japan stream, and from 
these surveys to issue charts suitable for the purposes of naviga- 
tion, commerce, and the public defense. The Hydrographic Office 
is authorized to  republish charts issued by other nations and to 
publish charts based on surveys by our Navy of coasts not under the 

The Corps of Engineers surveys 
the Great Lakes and issues the charts necessary for their navigation. 

EXTENT AND CHARACTER OF CHARTS 

Department of Commerce, the Hydrographic Office in t i e  9 Navy 

- jurisdiction of the United States. 

For purposes of navigation, nautical charts may include large 
areas like one of the oceans or seas, showing the shores and out- 
iying dangers, and perhaps indicating the principal currents and 
winds. Charts may also embrace much smaller areas, on larger 
scales,. permitting greater fullness of detail, and thus presentin 
graphically the channels that can be followed, with the depth o 
water, the position of lights, beacons, and buoys, together with suf- 
ficient topography to enable the mariner to identify the locality 
as he arrives in sight of land. The largest-scale charts are generally 
those of harbors, and exhibiting, as they d ~ ,  all the important de- 
tails, including topography, are of great value to the engineer for 
the study of physical conditions with a view to the improvement 
and military defense of the harbors. 

To supply the different needs of the navigator, the Coast and 
Geodetic Survey issues various series of charts. On the Atlantic 
coast, for example, there are four distinct series. I n  three of these 
series the charts are located so that each chart overlaps the ed5es 
of the adjacent charts in the same series. I n  this way the entire 
coasts are charted on three different scales. 

4 

BAILING CI-IABTB 

I n  the first series, known as sailin f charts, the scale is small and 

the use of the navigator in fixing his position as he approaches the 
each chart embraces a long stretch o B coast. They are intended for 
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coast from the open ocean or when sailing between distant coast 
ports. They show the offshore soundings, the principal lights and 
outer buoys, and such natural landmarks as iiiay be visible froin a 
considerable distance at  sea. 

GENERAL CIIARTS 

Charts in the second series are called general charts of the coast. 
Their scale is three. times as largo as that of the sailing charts, 
and each chart covers a more limited area. They are employed for 
coastwise navigation when the vessel’s course would be mostly within 
sight of land, with her position fixed by landmarks, lights, outer 
buoys, and characteristic soundings. 

COAST CIIARTS 

Charts in the third series, called coast charts, i r e  constructed 011 a 
scale five times as large as the general.cliarts of the coast. One inch 
on these charts represents about 1 iiautical or llk statute miles. Such 
charts are necessarily confined to  short stretches of coast, and they 
are inado for close coastwise navigation where a vessel’s course 
would carry her inside of outlying reefs and shoals. They are the 
ones best suited for entering bays and the larger harbors and for 
navigating the large inland waterways. 

IIARBOR CIIARTS 

The fourth series consists of harbor charts on largo scales, in- 
tended to meet the needs of local navigation. Harbor charts are 
not laid out on EL uniform scale and according to  a ri id system, as 

several scales and generally, each chart havinS; no connection with 
any other one. These charts are much fuller in hydrographic and 
topographic details than are the charts of the other three series, and 
therefore serve a, variety of interests, in addition to navigation, for 
!\.hich the other charts would not sufico on account of lack of 
Information. 

IS the case in the first three series. Hence, they wil B bo found on 
4 

CHART-MAKING MATERIAL 

The various field activities of the C o k t  and Geodetic Survey >re 
carried on to 

case of the Philippine Islands, to the 
gulation and other geocletic and the tidal data are 
examined by expert mathematicians who make tho necessary adjust- 
lllents to connect them with work already done. 

Hydrographic and wire-drag surveys are always unfinished when 
feceived from the field, owing to the necessity of supplying certain 
information ancl checks which can be done only in the ohce. Expert 
cartographers there complete the plotting, inking, and verification of 
these sheets. 
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To one not acquninted mitli the subject it 11611 be a surprise to 
learn how inucli original siirrey niaterixl and published data enter 

FIG. 31.-RECORDS U S E D  IN C O M P I L I N G  A C O A S T  A N D  
G E O D E T I C  S U R V E Y  C H A R T  

This illust~'niion shows the 400 firld-snrvry shcc>is, sounding and tidal 
rccortls, : t i id  voIu!rirs of' d : i t i ~  rcyuircd to  supply inform:ition for tlw 
productiou of :L smgle chart. 

into tlie preparation of a chart. The following statenleiit shows the 
niaterial used in preparing one of the Alaska charts a i d  is well beloiv 
the average in the quantity of illaterial required : 
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Matorial used in constructing a tupical Coa& a.nd Geodetic Survey 
cllart 
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PROJECTIONS 

The surveys and other field data having been, examined and ad- 
p d ,  tlie preparation of tlie chart ma?y be started, tlie first step 

This is the term applied to 

sent tlie parallels of latitude and meridians of longitude. Some- 
times, for the sake of simplicity, only tlie intersections of these lines 
are shown on the body of the chart. 

Owing to  tlie curvature of the earth’s surface, it is not possible to  
?xpresent it upon a plane surface, such as a sheet of paper. without 
!ntroducing some distortion and the sacrifice of some desirable qual- 
lty. Many different types of projection have been devised, but, with 
the exception of a few special charts and airway maps, the Coast 
and Geodetic Survey employs only two kinds-the Mercator and 
polyconic. 

Mercator projection..-The Mercator projection is used for the 
principal charts of the coast and for all oceanic areas. The merid- 
1ans of lon itude are represented by parallel straight lines and the 
parallels o P latitude by straight lines separated by spaces that in- 
crease between successive parallels when proceeding from the Equa- 
tor toward the poles. 

lobe will show that tlie actual distances between 

poles, while there is practically no difference on the earth between 
the parallels. It is evident, therefore, that tlie scale of a Mer’cator 
chart becomes larger and larger toward either pole. This variable 

ein the construction of a projection. 
tlie f ramework of lines found on nautical charts and which repre- 

A glance at  a 
the meridians on t g; ie earth’s surface diminish as one goes toward the 

Scale, which increasingly exag as one gets farther 
fPom the Equator, constitutes drawback to  this projec- 
tlon. It has, however, for tlie navigator that 
are not found on other projections. 

Polyconic projection.-The use of this projection is confined mostly 
to surveying purposes. It possesses an advantage over tho Mercutor 
and most other projections in that it shows tlie directions and dis- 
tances of all points in their correct relation to each other, provided 
the projection is not extended over too large an area. Formerly this 

rejection was used for many of tlie charts published by the survey, 
gut such charts are now being replaced by others on the Mercator 
Projection as rapidly as existing facilities permit. 
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CHART CONSTRUCTION 

The chart is constructed on Bristol board mounted on an alumi- 
num plate. This eliminates the expansion and contraction that 
pa er undergoes with varyin atmospheric conditions and results in 
a Enished conipilation free B rom distortian. The Bristol board is 
mounted so that after the projection lines are laid down the plate 
may be cut into sections for convenience in handling. The sections 
may also be placed in the hands of several cartographers to hasten 
the completion of the compilation. 

With the projection as a framework and guide for their pro er 

where it is desired to show every detail, an exact copy of the field 
sheet may be taken. I f ,  however, the chart is on a small scale, minor 
details are omitted and others are generalized. 

To show the depths on the water areas of the chart, the soundings 
are taken from the hydrographic field sheets and correctly located, 
as in the case of the topography, with reference to  the meridians 
and parallels. For the sake of clearness a selection is made from the 
closely spaced soundings on the field sheet, only those soundings 
being used which are necessary to plainly show the configuration of 
the sea bottom. On large-scale charts the outline of the bottom is 
shown in minute detail, as was done in copying the topography. The 
smaller the scale, the greater the generalization and the larger the 
number of details omitted. 

I n  addition to the representation of hydrographic and topogra hic 

relative to the variation of the magnetic compass, tides, currents, 
meteorology, and descriptive notes concerning channels, dangers to  
navigation, and other related subjects. 

The names are now placed on the drawing, which is then turned 
over to another cartographer, who verifies every detail, p y i n g  espe- 
cial attention to those features whose omission or misplacement 
mi ht result in disaster to the navigator. ft this stage, the chart is known technically as a rough drawing 
or compilation; rou 11, however, only in the sense that pains were 

shaped, as they will finally appear on the printed chart. The work 
is the product of the engineer rather than of the artist. 

location, the details of the land area are taken from the to  ograp lp iic 
field sheets. I f  the chart is on a large scale, such as a liar I: or chart, 

features, the charts contain much inforniation in condensed P orm 

not taken to make t f ie lines smooth or the figures and letters well- 

REPRODUCTION 

The chart is now ready for reproduction. This embraces nuiner- 
ous steps before the chart is finally ready for issue. The first step 
is to reproduce the compilation by some method that will ive an 

style and standards of the Coast and Geodetic Survey. This is ac- 
complished b any one of the following methods : (1) Engraving on 
copper, (2) d rawring, (3)  lithographic process. 

The method selected for each new churt is largely a matter of 
expediency. With the present organization of the chart division, 

exact co y but with the uneven lines, letters, and s mbols c 8' anged 
to the f? ne, smooth, artistic quality required by t ll e conventional 
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that  method is chosen which will result in a maximum output and 
the earliest publication of the chart. The first method is used where 
there is on the chart a large proportion of conventional s mbols, as 

method is used only to a limited extent and in time will probably be 
discarded. The third method is one recently developed. It elimi- 
nates several of the operations necessary in the first method, admits 
of the use of mechanical devices, and results in a chart, as it leaves 
the press, that is freer from distortion than does any other method 
as yet devised. 

marsh and sanding, which can be cut mechanically. 19 he second 

Eh'GIItAVINO 

The first step in the engraving method is to construct on the 
copperplate the projection (lines of latitude and longitude) of the 
chart that is to  be reproduced. The compilation of the chart is 
t!ien photographed in sections to secure negatives for use as mat- 
rlces. With the use of transparent celluloid and wax, a copy of the 
compilation from the matrices is laid down on the copperplate, a 
small area at  a time, each area bein fitted into place by fitting 

plate. This transfer is then stained on the copper with the Ames 
of ammoniuni sulphide, thus affording the engraver an exact copy 
of the com ilation from which to work. 

duced exactly in the position it occupied in the com ilation. I n  

the projections from the matrices to t i e  7 projections on the co per- 

The mor< Y is then engraved on the plate, each detail being repro- 

this en raving the artistic quality, which as we have a P ready noted 
was lac 7 d n g  in the compilation, is added. 

care that was used in ma t: ing the compilation is exercised t o  insure 

Most of the work of the engraver is done by hand. Some parts, 
however, such as the soundings and certain conventional symbols, 
are cut by mechanical up liances. I n  engraving the chart the same 

absolute accurncy. 
When the engraving is finished, an impression is pulled from the 

plate, verified by an engraver, and any necessary corrections made. 
Another impression is then pulled which receives a thorough verifi- 
cation by the cartograp!ier. 

To hasten the engraving of large charts, when desirable, the pro- 
jections are so constructed on the plate as to permit cutting the 
copper into four sections. Thus, four engravers can work orl the 
Same chart simultaneously. 

I n  engraving the chart the title, notes, compasses, and outside 
borders are omitted. These are added in another step of the repro- 
duction, not to the chart on the copperplate, but to the chart when 
it  is photographically processed to an aluminum printing plate, as 
explained later in this chapter. 

When the plate is finished and found to be correct in every de- 
tail i t  is turned over to the electrotyper, who produces an " alto," 
which is stored for future use. This is desirable because later 
changes to the plate in the form of erasures can be more readily 
made on an alto from which a new basso is produced by electro- 
typing. This shows in blank the area where the erasure was made. 
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DIlAWISG 

When the drawing method is selected for reproducing the com- 
pilation, the compilation is made with pencil, which permits the 
draftsman to  redraw the chart on the same paper, changing the 
uneven lines of the compilation which is in pencil into smooth, even 
work in ink, correctly interpreting the drawing of the engineer in 
the application of the conventional symbols and producing a chart 
of the standard required by the Coast and Geodetic Survey. Lctter- 
ing and names that appear on the compilation are set up  and printed 
in special type conforming to the standard of the chart, and then 
clip ed and asted in position on the chart. All of the soundings, 

I n  this method, also, the title, notes, compasses, scales, and seal 
are omitted, to  be added, a t  .a later step, to the lithographic printing 
plate. 

A thorough verification of the drawin is made by the carto- 

ing is advanced to the next step in reproduction and becomes the 
copy for the malung of negatives used in the process of producing 
the lithographic printing plate. 

san c r  ing, sym i ols, etc., are drawn by hand. 

grapher, any necessary corrections are ma I f  e, and the finished draw- 

IdTIIOGRAPIIIC PllOCESS 

I n  this method each section of the compilation is photographed 
to  wet plate negatives, great care being taken to maintain on the 
ne ative the exact scale of the compilation. 

!$hese negatives-usually four in number for the average chart- 
are coated on the film side with asphaltum, which is allowed to 
dry. This coating permits the compilation to  be clearly seen when 
the negative is placed on the lithographic draftsman’s easel but 
destroys the printing ualities of the neGatives. 

lithographic draftsman, the four negatives permittin four drafts- 

negative provides the draftsinan an ideal copy of the compilation 
on which to work. 

The draftsman cuts the lines, lettering, symbols, etc., of the chart 
through the asphaltum, using steel points of varying sizes. Thus 
is produced, as in the previous methods, a chart of artistic quality 
conforming to the conventional style and the standards of the Coast 
and Geodetic Surve . 
and the letterin which show the bottom characteristics are cut on 
the negative witf mechanical appliances. 

When completed the negatives are carefully verified and any 
necessary changes are made. The negatives are then ready for the 
making of the lithographic printing plate. 

The seal, title, notes, compasses, and scales of the chart are omitted 
in this method also, to be added later to the lithographic printing 
plate. 

The reproduction o P the compilation is then accomplished by the 

men to work on the chart at the same time. The asp ? ialtum-coated 

The soundings ( H gures representing depths), the marsh ruling, 



NAUTICAL CHARTS AND AIRWAY MAPS 81 
PLATE PRINTING 

Formerly it was the custom of all nautical chart-producing oroani- 
zations to  print the charts directly from engraved copper pyates. 
Engraving has been a familiar art for many years, whereas litho- 
graphic printing is of comparatively recent development. Even 
to-day there is no other method available which produces such sharp, 
clear outlines and such legibility of minute detail as that obtained 
in an impression from a good copper plate. 

The method, however, is a slow and laborious one. Most of the 
work must be done by hand, with the result that two men operating 
one press can print only from 80 to 100 charts a day. Obviously, 
therefore, the method is not suited to quantity production. The 
method used also causes considerable distortion of the resulthg print 
which, in a product of this character, it is very desirable to avoid. 
For these reasons the method of printing direct from copper plates 
has been discarded in general by the Coast and Geodetic Survey. A 
few charts are still printed direct from tlie copper plates, but these 
are confined to  charts of remote or unimportant localities for which 
the demand is so limited that only a fern need be printed a t  any 
one time. 

LITHOGRAPHIC PRINTING 

I n  the Coast and Geodetic Survey lithographic Brinting is done 
een reproduced from aluminum plates on which tlie charts have 

by the photographic process. 

PIIOTOLITHOGRAPIXIC REPRODUCTION OF ENGRAVED CHART8 

This method was developed by tlie Coast and Geodetic Survey, 
Which considers it, for this specific purpose, materially superior 
to any of the processes heretofore in use. By this method tlie work 
engraved on the copper plate can be transferred to an aluminum 
Printing plate without distortion or change of size and printed on 
the lithographic offset press. 

An extremely highly finished Baryta paper is used for securing 
an  impression from tlie engraved copper plate, in a manner de- 
veloped by the survey and explained as follows: Before the impres- 
sion is taken from the copper plate the Baryta paper is coated on 
the back with a solution made of gelati'n, flour, starch, and water; 
the paper thus coated is allowed to dry before using. It is then 
placed between damp sheets of paper in preparation fdr the im res- 

Paper for the im ression it lilcewise dampens the solution on the back 

I n  pulling the impression the paper is laid face down on tho 
Copper plate. Over this, in contact with the tacky back, is laid a 
heavy sheet of blotting paper. When run through the press the 
heavy pressure causes the two papers to  stick firmly together; the 
blotting paper absorbs the moisture of the Baryta paper and its 
texture prevents shrinkage. 

sion. As the moisture of the damp sheets prepares the face o ! the 

and makes it tac r cy. 
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The result is a sharp, intensely black impression, furnishing an 
ideal subject for photolithography, with the distortion which here- 
tofore existed in charts which were produced either directly or 
indirectly from copper plates lar ely eliminated. From this point 

described in the following paragraphs. 
the process is the same as that f or the reproduction of drawings, 

PHOTOLITIIOGRAPIIIC REPRODUCTION O F  DRAWINQB 

The drawing of the compilation in  ink becomes the subject from 
which negatives used in photographic process printing are made. 
The subject is photographed in sections, from one to  four negatives 
being made, depending upon the size of the chart. These repro- 
duce every detail and are exactly of the scale of the drawing. I n  this 
work the skill of the photographer is taxed to  obtain the greatest 
possible sharpness and definition and to secure negatives which fit 
each other exactly, so that when laid down side by side each line 
exactly joins its continuation on the adjacent negative. The nega- 
tives after retouching are exposed on a sensitized aluminum plate, 
with the result that when developed and properly treated the draw- 
ing is reproduced as a positive on the printing plate. 

PIIOTOLITHOGRAPIIIC REPRODUCTION BY THE LITIIWRAPI-IIC PROCESS 

I n  this method the negatives of the compilation, as pre ared by 
the lithographic draftsmen (explained under “Lithograp R ic proc- 
ess”), are used. From these negatives the printing plate is pro- 
duced in the same manner as described under “ Photolithographic 
reproduction of drawings.” 

Seal, title, notes, compasses, and scales are made up from stand- 
ard forms. Negatives are made of these, and during the photo- 
graphic process of making the lithographic printing plate they are 
exposed in the proper place on the aluminum plate. 

PRESSWORK AND FINAL DETAILS 

The final step in  preparing the chart, irrespective of the method by 
which it is to  be printed, is the drawing of the syiiibols of the light- 
houses and buoys where they belong. The application of this in- 
formation is delayed until the chart is ready to go to press, for the 
reason that changes in these aids to the navigator necessarily are 
made with considerable frequency, and it is essential that  all these 
details be correct on the date when the chart is issued. 

Over 96 per cent of Coast and Geodetic Survey charts are now 
printed by lithography. Of these over 93 per cent are printed 
offset ; that is, the paper does not come in contact with the aluminum 
printing plate, but instead the impression is made on a rubber 
blanket from which it is offset to the chart paper. This process 
gives sharp and unbroken lines. 

The offset process is used for the black, which is, in fact, the 
chart. Colors are used to accentuate certain features such as the 
red buoys and, on small charts, the lights. The land is covered 
by a t int  and, on some charts, shoal waters are tinted blue. The 
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object is, of course, to improve legibility. 
bed presses are used for colors. 

Both rotary and flat- 

NEW EDITIONS OF CHARTS 

I n  most cases only a short time elapses after a new chart has 
been printed before it needs revision to keep it up to date. This 
Will be understood when it is stated that there are over 16,000 light- 
houses, beacons, and buoys maintained along our coasts, and among 
these there were over 1,300 changes within a year. Further, the 
river and harbor improvements, under the Corps of Engineers, 
result in dee er and wider channels or new brealrwaters, which 
must be note c f  on the charts. The charts must also lreep pace with 
the changes in the water fronts of harbors and the growth of 
cities and towns along the coast, so that the navigator will be ablo 
to identify his position on the chnrt by reference to these objects. 

Besides these changes due to the works of man,, the great natural 
agencies are also constantly a t  work altering the features shown 
on the charts. The action of currents and waves is continually 
cutting away or building up the shore,. particularly on sandy coasts 
exposed to storms, and while these visible effects on land are being 
Produced, others even more important are p i n g  on beneath the 
surface of the water; channels ancl shoals shifting, new ones coming 
into existence, or old ones disappearing. 

All these changes .from the various sources ipdicated give an idea 
of the problem of keeping a chart up to date and why it is necessary 
to  mint  smalI editions and revise the charts frequently. 

The charts of the Coast and Geodetic Survey are sold to the 
Public at  a price which is estimated to  cover only the cost of paper 
and printing. The main purpose in-selling the charts at this low 
rate is to encourage the use of the latest editions, the emplo ment 

hazardous. A number of vessels have been lost solely because old 
charts were used. At  present about 700 different charts of the 
waters under the jurisdiction of the United States are being pub- 
Ilshed, and the numlm of copies issued during the fiscal year ended 
June 30,'1929, was 238,561. 

A nautical chart is essentially a diagrain for practical use by 
navigators. All ornamentation and unnecessary details are stucli- 
Oudy avoided. The symbols employed I to represent the various 
features are the result of many years of experience. To aid in 
interpreting the hydrography a i d  to inalte plain the shoals ancl 
Passages, depth curves are given on the charts. The shoaler areas 
are made conspicuous by the use of fine dots (sanding), and fre- 
quently a blue tint is used for the sanie purpose. 

AIRWAY MAPPING 

Under the air commerce act of 1026 the Secretary of Commerce 
delegated to the Coast and Geodetic Survey the duty of malting the 
maps of the civil airways of the IJnited States for the guidance of 
aviators. This was undertaken in November of 1926. 

constructed, 

by mariners of an old chart, instead of the latest edition, being E ighly 

TWO series, strip maps, and airway maps are bein 
both to the scale of 1: 500,000, or about 8 miles to t f e inch. The 
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strip map covers an area 80 miles wide along the established air- 
ways, while the airway maps designed for general flying will be a 
series of about ninety sheets of convenient size which will cover the 
entire United States. 

These maps shorn streams, roads, railroads, towns, and elevations, 

tension lines, and courses. They are conipiled from topograp hif?- ic 
and emphasize airports, auxiliary landing fields, . beacons, 

maps of the United States Geological Survey, highway, post route, 
State, and county maps, and information supplied by organizations 
and individuals. Flights over the area are made to check the accu- 
racy of the compilation. 

The bureau is the distributing agency for these maps as well as 
the strip maps of the Air Corps of the linited States Army. The 
price is uniform at 35 cents a copy, with a reduction of 10 cents a 
copy on orders for 20 or iiiore. 



Chapter XI.-COAST PILOTS 

Coast Pilots are published to  supplement nautical charts. They 
furnish the mariner with a wide variety of important information, 
niuch of which is of such a character that it can not be placed conven- 
iently on a chart. They contain descriptions of ractically all im- 

Coast Pilot volume thus serves as a geographical directory of the 
area it covers. The principal maritime nations of the world publish 
information and directions of this character for the use of mariners. 

As early as 1796 a volume known as The American Coast Pilot 
(the first Coast Pilot published in America,) by Capt. Lawrence 
h r l o n g ,  was published in Newburyport, Mass., by Edinund M. 
Blunt, and the first edition niet with so ready ZL sale that a second 
edition of the same work was published in 1798. Coast pilot infor- 
nlation, however, can not be collected by private enterprise, except 
at groat cost and mith imperfect means, and at  the present tinie all 
the private publications containing such information relative to the 
coast of the United States are compilations from Government publi- 
cations and are generally based on the work of the Coast and Geo- 
detic Survey. 

CONTENTS 

portant features along the coast and are careful P y indexed. Each 

The Coast and Geodetic Survey publishes 12 Coast Pilot volumes 
covering the coasts of the United States, Porto ltico, and the Virgin 
Islands, Alaska, Hawaiian Islands, and the Philippine Islands. The 
information contained in each volume is usually given under three 
main headings, as follows : 

Q E N E R A L  I N F O R M  ATION 

This section givm a general description of the coast and informa- 
tion concerning pilots, quarantine, weather, radio service, Coast 
Guard stations, tides, currents, etc. 

DESCRIPTIONS A N D  S A I L I X Q  DIRECTIONS 

This section contains detailed nautical descriptions of the coast 
and harbors, including inforination relative to depths, facilities for 
obtaining supplies and repairs, wharfage, anchorages, special rules 
and regulations, etc., and sailing directions for navigating along the 
coast and entering all harbors. 

A P P E N D I X  

I n  the appendix are included a discussion of navigational aids 
and the use of charts, and miscellaneous information such as navi- 

85 
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gational rules, general harbor and anchorage regulations, and 
meteorological tables. 

Each Coast Pilot also contains an index map showing the limits 
of the charts covering the region treated in the volume and in many 
cases views of important landfalls, landmarlrs, and lighthouses. 

I n  addition to the Coast Pilots, the Coast and Geodetic Survey 
also publishes three Inside Route Pilots. These cover the inland 
waterways alon the coast of New Jersey, along the Atlantic coast 
from New YOI% to Key West, and along the Gulf coast from 
Ice West to the Rio Grande. These volumes contain descriptions 
an$ directions for the various routes and are especially arrangecl 
to meet the needs of navigators of small craft who make extensive 
use of the inside passages along the coast. Each volume contains 
a set of route charts on which the main routes are indicnted by red 
lines. 

COMPILATION 

The compilation of coast and inside route pilots necessitates work 
both in the office and field. Office work consists of the collection of 
the latest data from the field records and special reports of the 
surveying parties of the Coast and Geodetic Survey, from the 
reports and surveys of the United States Engineers engaged in 

-the improvement of harbors and waterways, and from numerous 
other sources of information. 

The compiler of a pilot volume then takes up  a compreliensivo 
field examination of the region covered by the pilot. Every part 
of the coast tre:ited in the volume is visited; the information col- 
lected in the office is verified and, if necessary, corrected on the 
spot; such additional artificial aids and natural landmarks as are 
of use to the mariner are noted ; hyclrogra ihic examinations of re- 

a11 other persons or orgaiiiz:itions with local lrnowledgc are inter- 
vieivecl in order that inforination may be obtained from every 
available source. 

On return to the office from the field the manuscript for the 
volume is prepared, edited, and sent to the printer. Proof sheets 
of the text are then revised to include information relative to changes 
and corrections received after the completion of the manuscript, and 
the pilot is then printed and issued to the public. 

SUPPLEMENTAL INFORMATION 

As the coast covered by the various pilots are subject to constant 
change, it is obvious that the text of each volume must be corrected 
at  frequent intervals if i t  is to furnish the mariner with up-to-date 
information. To maintain these publications in the most useful 
form corrections are therefore issued in the Notice to Mariners, D 
joint publication issued weekly by the Bureau of Lighthouses and 
the Coast and Geodetic Survey. 

A t  intervals of about one year a supplement containing all avail- 
able information regarding changes and corrections is issued for 
each volume. Supplements are printed on one side of the paper 
only and are in convenient form for insertion of clippings at tho 
proper points i n  the pilot volumes. 

ported dangers and changes are made; an d pilots, shipmtisters, and 
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I n  some cases important information that can not be completely 

given in the Notice to Mariners is published in one or more 
correction sheet% issued during the intervals between the annual 
mpplements. 

After a period of from four to si% years, when the corrections to 
a pilot volume have assumed proportions that impair its usefulness 
and when it is probable that a sufficient number of unreported 
chan es have occurred, a new edition of the volume is compiled and 

Coast and Inside Route Pilots are published and issued by the 
Coast and Geodetic Survey at the cost of printing and binding. 
Each volume when sold is accompanied by the latest supplement 
and correction sheets. Supplements and correction sheets are also 
furnished without charge, upon request, to previous purchasers of 
a pilot volume, 

issue 3 . 



Chapter XII.--OCE AN0 GRAPHY 
The primary interest of the Coast and Geodetic Survey in ocean- 

ography is well defined as being solely connected with the physical 
characteristics of the ocean as distinguished from the life of the 
ocean. 

These physical characteristics have been divided by some ocean- 
ographers under two general headings : First, static ocean0 raphy, 

depth, and character of bottom, etc. ; second, dynamic oceanography, 
including such phenomena as tides, currents, waves, etc. 

The first oceanographer in the United States was Benjamin Frank- 
lin. This is evidenced by an excellent map of the Gulf Stream pub- 
lished in. 1770 from information received from American whalers 
and merchant ship captains. 

The first oceanogra her of the Coast and Geodetic Survey was 

Lieutenant %ache, while enga ed on deep-sea exploration in the 
Gulf Stream off the coast of 3 ir inia, was mashed overboard from 
the United States-Coast Survey &rig Washington and lost with 10 
members of his crew on ~eptember  8,1846. 

Our present knowledge of oceanic depths adjacent to  and along 
the steamer tracks between our Atlantic and Pacific coast ports, 
including the approaches to the Panama Canal, has since the ter- 
mination of the World War been amplified to a large extent by 
the Coast and Geodetic Survey’s vessels returning to their stations on 
the Pacific const. 

During the latter art  of 1923, the Coast Survey steamer Guide, 

States via the Panama Canal, obtained very valuable information. 
On this trip, for the first time, the sonic depth finder mas used by 
a Coast Survey vessel to  obtain depths. Data were accumulated 
which proved extremely useful in the determination of the velocity 
of sound in water under different conditions of temperature, salinity 
density, etc. The comparison of the depths obtained by the usuai 
method of wire measurement and by the method of accurately meas- 
uring the time interval for sound to travel from the surface to the 
bottom and return, as measured by the sonic depth finder, was in  ex- 
cellent agreement. 

OCEAN DEPTHS 

It so happens that some of the greatest h o w n  depths of both 
the Atlantic Ocean and the Pacific Ocean are located in waters 
adjacent to  islands belonging to the United States. I n  the Atlan- 
tic, north of Porto Rico, a soundin of 4,662 fathoms (27,972 feet) 

ippines, the ocean bottom is below the level of the sea a distance of 
5,348 fathoms, or 32,089 feet, 

including the temperature, density, and chemical properties o B water, 

Lieut. Geor e M. Bac I! e, who was a direct descendant of Franklin. 

in making the tr ip B roin the east to the west coast of the United 

has been obtained, and in the Paci f? c, off the east coast of the Phil- 
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The greatest known depth of all the oceans was measured by the 
German cruiser Zvzden. While en route from Celebes Island in the 
Dutch East Indies to  Nagasaki, Japan, an ocean depth of 34,416 
feet, or about 6l;, land miles, was discovered and recorded. This is 
a depth greater by 5,414 feet, or more than a mile, than the greatest 
known height of the Himalayas. Prior to this the greatest depth 
known was 32,644 feet, off the eastern coast of Japan. 

To obtain measures of the great ocean depths, several successful 
sounding machines have been perfected. Recent1 a soundin ma- 
chine was designed by the Coast and Geodetic Jurvey whict has 
proven very satisfactory and with which all vessels of the survey 
are equipped. This machine is a great improvement over the sound- 
ing machine designed by Sigsbee, which had been successfully used 
for a number of years. 

The successful use of the sonic depth finder in deep-sea soundings 
has made possible the obtaining of depths a t  a very much reduced 
cost, but this apparatus can not entirely supplant the sounding ma- 
chine for oceanographic work, as temperatures of the water, character 
of the ocean bottom, salinity of the water, etc., which are important 
physical phenomena, must still be obtained by the use of wire 
soundings. 

All deep-sea souncling machines are dependent on the use of a very 
fine steel measuring wire with a heavy detachable shot as a sinker. 
The amount of wire passing over a recording measuring wheel gives 
the depth in fathoms or meters as may be desired. This sinker and 
wire are allowed to  run out from a revolving drum with all freedom 
possible, but even under the best conditions it takes, for example, a 
full half hour for the shot to reach bottom at  3,000 fathoms; and in 
greater depth the time of falling of the shot ancl wire is rapidly in- 
creased by the friction of the longer wire. 

Nothing is so impressive of the magnitude of the depths of the 
Ocean as the watching, second after second, minute after minute, for 
a half hour or more, the rapidly revolvin drum from which the 

1s struck and the shot is automatically detached, as indicated by the 
slight slackening and tremor of the wire conveyed to  the surface, 
there comes a sudden realization of the 3 or 4 miles of elevation of 
the observer above the bottom of the ocean. 

sounding wire is unwound in its downward B all ; and when the bottom 

TEMPERATURES 

Oceanographic temperature observntions are made on a larger and 
'stronger wire than that used for soundings, a series of specially de- 
Pised self -registering reversing thermometers being secured to  the 
Wire at  different points as it is lowered. 

When the lover end of the wire is a t  the desired depth, a wei ht, 
called a messenger, is started down which not only causes the [rst 
thermometer to reverse, but also releases a second messenger which 

attached to  it. The second messenger then continues its journey 
to the second thermometer, which it both reverses and causes to  re- 
lease a third messenger, and so on for a period of a half hour or 
more until the last thermometer of the series has registered its tem- 
perature by capsizing. 

78077"-!29--7 
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OCEAN CURRENTS 

A statement of oceanography as connected with the work of the 
Coast and Geodetic Survey would be incomplete without some men- 
tion of the study and investigation of the great ocean river known 
as the Gulf Stream. To this work, under s ecial authorization by 

of such oceanographers as Bache, Pourtales, Mitchell, Sigsbee, Pills- 
bury, and others. The work of the United States Coast and Geodetic 
shi BJake, under the command of Sigsbee and Bartlett, is particu- 

the title “ Three Cruises of the BZalce.” 
T o  measure ocean currents a t  the surface, where the depths are 

not too great to anchor a ship by ordinary means, is a comparatively 
simple undertaking. A t  greater depths, it is a problem that has not 
been satisfactorily solved, although Pillsbury, in his famous investi- 

ations of the Gulf Stream, while in command of the United States 
Eoast and Geodetic Survey ship Blake, succeeded by the use of spe- 
cially designed machinery in anchoring the Blake at  a depth of 2,100 
fathoms (12,600 feet). 

The measurement of surface currents involves the measure of the 
motion of a suitable floatin object, in direction and velocity, in 

not only the register of a revolving wheel representing the velocity 
of the movement of the water but also the register of the direction 
of the movement as measured by some form of a compass. Several 
very ingenious current meters have been devised that mill accomplish 
this purpose, but they are too complicated for an adequate descrip- 
tion in  this present publication. 

OCEAN TIDES 

The sub’ect of tides, as connected with the work of the Coast and 
Geodetic 5 urvey, has been described in a separate chapter under 
that heading, but it has one phase which is so clearly one of ocean- 
o raphy that it may be briefly mentioned. It relates to  the question 
o f the origin or cause of the dominant tides as developed in the 
Stationary Wave Theory of Tides, by Dr. Rollin A. Harris, of the 
survey. 

roblem of the 

discovery of the laws of gravitation by Newton. As a matter of 
fact, it is only in recent times that anything like a satisfactory es- 
planation of the dominant ocean tides has been develo ed in a prac- 

cable theories concerning the causes of existing tides were impossible 
before the depths of the oceans had become generally known.” 

Knowing the depths and the shape of the ocean basins, knowin 
the laws of the oscillat,ing movements of water in such basins, an 
knowing the laws of the action on the oceans of the tide-prodiicing 
forces of the moon and sun, it is theoretically possible to calculate 
the character and extent of certain great stationary waves, extending 
from continent to continent, or otherwise as the shape of the ocean 

9 Congress, much time and ener y has been B evoted, as is shown b 
the many publications giving t P le results and discussion of the wor c 

lar  f y well known through the two volumes of Agassiz issued under 

exeference to a fixed point. a ut underwater measurements involve 

From the viewpoint of the ordinary student the 
tides is one that was settled in its main features as P ong ago as the 

tical form. The reason assigned for this is that “ de B nite or appli- 
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basins may demand, whose period of oscillation shall correspond to 
and be maintained by the periodic action of the tide-producing 
forcos. 

That such oscillating oceanic waves do exist had been surmised for 
some time, but it was left to Harris by his development of the cotidal 
lines of the oceans and the dynamic laws of the fundamental move- 
ments of ocean waters to demonstrate that the Stationary Wave 
Theory of Tides is in accordance with the actual observations of the 
phenomena of the rise and fall of the tides. 

OTHER PIXY SICAL PHENOMENA 

Other physical phenomena of oceanography within the province of 
the Coast and Geodetic Survey, such as the salinity, density, and 
composition of sea water, etc., are many and constant1;y increasing 
as the subject of oceanography is enlar ed on its many sides. 

Apparently there is no sphere of %oth scientific and practical 
endeavor which is at  the same time so vast and so little exploited 

I n  fact, the great depths of the oceans 
with their unknown physical and biological features are perhaps the 
only remaining portions of tho world that can be justly said to be 
still unexplored, 

that of oceanography. 



Chapter XII1.-LEVELING 

Leveling is the operation of determining differences of elevation 
between any two points on the surface of the earth. There are few 
surveying or civil-engineering operations in which leveling does not 
occur in some form. l\7hile for many purposes only the relative 
elevations of points are required, it is desirable for the proper coordi- 
nation and comparison of leveling results that all elevations be re- 
ferred to a common datum or surface of refcrence. I n  the network 
of leveling which covers the United States the elevations are ex- 
pressed in meters and feet above the Inem level of the sea. The 
mean level of the sea is assunied to be at  the same elevation on the 
open coasts of the Atlantic and Pacific Oceans and the Gulf of 
Mesico, and it provides a datum easily established and accessible at 
many widely separated points. 

The two principal methods now in use in the Coast and Geodetic 
-Survey for the determination of elevations are by first-order leveling 
and by the measurement of vertical angles. The first is the most 
accurate method known and differs from ordinary leveling only in 
the sensitiveness of the instruments used, the care with which the 
observations are macle, and the refinement of the computations ; the 
second is of a lower degree of accuracy, but suffices for many 
purposes. 

FIRST-ORDER LEVELING 

The instrument used in first-order leveling (see fig. 32) consists, 
essentially, of a telescope carrying a delicate spirit level mounted 
in such a manner on a portable tripod that it may be 

at  two points, the instrument being placed midway between them. 
The telescope is sighted first on one rod and then on the other. The 
difference of the readings of the rods is the difference of height be- 
tween the two points. The length of sight is usually short and 
should not exceed lG5 yards. By repeatin- the operation at succes- 
sive stations the difference of elevation o r  widely separated points 
is determined. 

Various types of instruments have been used for first-order level- 
ing, some of them being near1 like the Y level used extensively by 

The principal characteristics which distinguish the form of first- 
order level now in use in the Coast and Geodetic Survey are the 
irreversibility of the telescope and level; the absence of wyes; the 
rigid fastening of the level vial to the telescope, and its juxtaposition 
to  the latter, in the barrel of which it is countersunk; the use in the 
construction of the telescope and adjacent parts of a metal known as 
invar which has a very small coefficient of espansion; the protection 
of the level vial and the middle part of the telescope from sudden 

readily placed in a horizontal position. Graduated 

engineers on construction mor P E and others differing widely from it. 
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and unequal changes of temperature by incasing thein in  an outer 
tube; and an arrangement by which, without any change of the 
observer's position, the level bubble can be clearly seen by 111s left 
eye at  nearly the same instant in which the distant rod is observed 
through the telexope by his riglit eye. 

The reaclings are matle u p "  a grncluated nietal strip of invar. 
The strip, which is about 1 inch wide, fits loosely in  a groove of a 
flat wootlen rod about 10 feet long, ant1 it is free to move upward for 
temperature changes, being fxst,ciierl rigidly only at  the bottolil of the 
rod. The bottoiii of the rot1 is ninde of metal ancl terminates in a 
flat base of hardened steel about 1 inch in diameter. When levelmg 
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along a railroad, tlie top of a spike, which serves to hold tlie rail 
in  place, is used as the rod support, while off the railroad the rod is 
supported on the top of a steel pin driven in the ground. 

F o r  a complete clescription of the instrument, the rods, and the 
method of graduating tlie rods see Coast and Geodetic Survey 
Special Publication No. 129, Geodetic Level and Rod. 

The first-order leveling of the Coast and Geodetic Survey is run 
along the railroads and improved highways. Automobile trucks 
are used for transporting the leveling party to and from the work- 
ing groiiiids, but during tlie actual leveling the party wallrs. 

* 
B 

I 

FIG. 33 - M O T O R  VELOCIPEDE C A R S  I N  F I R S T - O R D E R  
LEVEL1 NG 

The flisst-oliler lcvcl is shown here mounted on one of thc cars. An 
adding mncliine on the o thw car  is used to record the observations 
and to slim up the back sights nnd fore sights. 

ACCURACY 

A line of levels is broken up into sections about n mile in length, 
and each section is always run twice, in opposite directions. I n  case 
of disagreeinent of the results beyond prescribed limits, one or more 
additional runnings are iiiatle. Permanent points called bench inarlrs 
are establislied at  short intervals for tlie use of surveyors a i d  
engineers. 

For tlie leveling clone since 1899 the iiiasiinum discrepancy al- 
lowed betmeen two measurements on a section 1.G kilometers (I mile) 
long is 6 millimeters, or one-fifth of an inch. F o r  sections of other 
lengths the discrepancy allowed is proportional to tlie square root 
of the length. 

A milch more severe test of the accuracy of the leveling is ob- 
tained from the closures of large circuits, 50, 100, or  1,000 miles in 
circumference. Elevations being carried from one point continu- 
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ously i n  one direction around the circuit, the computed elevation for  
the starting point on closing the circuit should agree with t.hat 
assumed for  it a t t h e  s tar t  if there are no  errors in  the leveling. 

I n  the network of first-orcler leveling 
which now covers the United States there 
are over 100 such circuits, TTarying i n  cir- 
cumference from 100 to  4.700 miles. Tlie 
lines are  so interlaced tha t  each line usu- 
ally forms a par t  of two circuits. The  
greatest error indicated by the circuit 
closures in any line of tlie whole system, 
involving 017er 52,000 miles of leveling 
executed by the Coast and Geodetic Sur- 
vey, the Corps of Engineers (U. S. 
Army),  and other organizations, is 2 mil- 
limeters per Idlometer, or about one- 
eighth of an  inch per mile, while the aver- 
age error is 0.3 millimeter per kilometer, 
or about one-fiftieth of an inch per mile. 
The leveling done in recent years by tlie 
Coast and Geodetic Survey has an aver- 
age closing error less than 0.2 millimeter 
per Irilometer. 

EXTENT 

Since the adoption of the present in- 
stiwment and methods the Coast and Gco- 
detic Survey has completecl over 32,000 
miles of first-orclcr leveling. Tlie average 
rate of progress of this leveling was about 
t5 miles per month per party of six men, 
each mile being leveled a t  least tmice, once 
in a forward and once in  a baclrwarcl 
direction. During the month in which 
the most rapid leveling mas done 1G5 
miles of the line were completed by a 
single party. The cost of this recent 
leveling has been from $7 to  $lG.!jOl pcr 
mile of progress, leveled i n  both direc- 
tions. 

It is intended to estend the  present 
network of first-order leveling over the 
United States until there will be but few 
points in the country more than 50 miles 
from a first-order-leveling bench mark. 

LEVELING BY VERTICAL ANGLES 

+ 

FIG. 34.-RO D U S  E D  IN 
Leveling by vertical angles, or  trigo- FIRST - ORDER L E V E L I N G  

nometric leveling, is carried on in connec- 
tion with triangulation. It consists in measuring a t  any station the 
angle of elevation or depression of a distant station. The sight in  
this case may be of very great length and in mountainous regions 
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sometimes exceeds 100 miles. The distance to the station sighted 
being known, the difference of elevation between the observer’s station 
and the distant point is computed. 

I n  making the computations of heights from such observations 
it is necessary to  apply large corrections on account of the refrac- 
tion of the ray of light coming from the distant point to the ob- 
server. This refraction is variable, having different values at 
different hours of the day, on different days, and in different seasons. 
Because the physical condition of the atmosphere can not be known 
over long lines of sight, the accuracy of the trigonometric leveling 
falls considerably below that of first-order leveling. 

The plan followed for preventing the accumulation of errors and 
improving the elevations determined by trigonometric leveling is 
to  connect these measures at various points with first-order bench 
marks and to  adjust the trigonometric levels to fit the first-order 
leveling between those points. When this has been done, the re- 
sulting heights are of sufficient accuracy for all escept very detailed 
topography. Several thousand points have been so determined in 
various parts of the United States. The connections with first- 
order leveling work and other tests of the accuracy of the trig- 
onometric leveling indicate that it is an even chance that the differ- 
ence of elevation of two points, determined by trigonometric leveling, 
is correct within 1 or 2 inches to the mile when vertical angles hnve 

For further information on leveling see the various leveling pub- 
lications of the Coast and Geodetic Survey, especially Appendix 
8, 1899; Appendix 3, 1908; Precise Leveling in the United States, 
1903-1907; and Special Publications Nos. 18,28,41, and 140. 

- been observed in both directions over the line. 



Chapter XIV.CEISMOLOGY 

The study of earthquakes by the Coast and Geodetic Survey is 
related to its other activities in various ways. While it mas not 
Until 1925 that this activity was formull assigned to the survey, 

ever since the observatories were established. The seisniographs 
were necessary in  order to distinguish the disturbance of the mag- 
netic instruments due to earthquakes from tlie disturbance due to 
magnetic storms. However, so inany important earthqualres were 
recorded on these instruments that the records hecaiiie invaluable. 

The importance of the records was increased by the fact that all 
but one of the observatories is in or near an earthquake re ion. 

surface, as in the California earthquake of 1906. 1 h e  position of a 
number of triangulation stations was changed so that they had to be 
redetermined for use in controlling surveys. This redetermination 
gave accurate ineasurenient of the earthquake effects. Estensive tri- 
angulation work has been completed to connect the parts of Califor- 
nia especially affected by earthquakes with the stable areas to the 
east. This will iiialre it possible to determine changes accoiiipanying 
future earthquakes and also to find out whether changes in tho 
earth’s crust are going on without the accoinpanimeiit of earth- 

I n  some regions, notably in parts of Alaska, there has been raising 
or lowering of the earth and, consequently, a clian e in the elevation 
of tidal bench marks at the time of earthquakes. 8uch changes have 
been very inarlred in Yakutat Bay accoiiipanying the great earth- 
p a k e  of 1899, and there is evidence that there were similar effects 
m the north end of Lynn Canal near Sksgway. Severe earthquakes, 
such as that a t  Takutat Bay result in changes in the topography and 
hydrography, and resurveys are inade necessary. These give vnlu- 
able inforination in regard to the effects of earthquakes. 

Seismographs for recording distant egrtliquakes are operated by 
the Coast and Geodetic Survey at  its five magnetic observatories and 
:it the University of Chicago, where u station established by the 
\Teather Bureau has been continued. 

An earthquake sets up vibrations in  the earth’s crust which are 
transmitted through the earth as well as along the surface for great 
distances, soinetinies completely around the earth. When the origin 
and tlie time of occurrence of an earthquake are known, the records 
of the seismograph inalte it possible to determine the rate of propa- 
gation of the vibrations or waves. 

It is found that waves of different chnracter travel with different 
velocities, and this fact niukes i t  possible to compute the distance 
and tiine of occurrence at the origin of an earthquake from the time 
of arrival of the various kinds of waves recorded by the seisnio- 

seismographs had been in operation at t x e magnetic observatories 

Great earthquakes are often accompanied by chanFes in t 5 ie earth’s 

quakes. 
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graph. When the distances from a number of stations have been 
determined in this way, the location of the origin can be fixed with 
considerable accuracy. The information supplied by the records 
of seismographs constitutes a most valuable contribution to  the study 
of the nature and properties of the crust and interior of the earth. 

THE SEISMOGRAPH 

A seismograph (fig. 38)  consists, essentially, of a steady mass 
suspended in such a way that movements of the earth are communi- 
cated to it in only a slight cleq-ee. A suitable recording device, 
fixed rigidly to the ground, registers any moveinent of the earth 
a t  the station relative to the suspended steady mass. 

FIG. 35.-WENNER S E I S M O M E T E R  

U s d  to  secure photographic recording 
earl hqu:~kc. l'liis seismometer \vas 
of Standards. 

of the vi l~ iat ions  set 
dcvcloped by Friink 

up in thc  cwrth by an 
Wcnner of tlic Bureau 

For recording horizontal motions of the ground the usual type of 
instrument is the horizontal pendulum, in which the steady mass is 
attached to a horizontal ann, one end of which abuts against the base 
of a vertical column while the other is supported by a wire from 
the top of the column. Two of these are in  operation a t  each of the 
magnetic observatories, one recording the nortli-south motion and the 
other the east-west motion. The relative motion of the steady mass 
and the recording device may be recorded either mechanically by a 
stylus on smoked paper, or photographically by a spot of light 
reflected from a mirror connected with the steady mass. 

I n  the most modern type of instrument shown in Figure 38 the 
seismometer acts in the manner that has been described when an 
earthquake arrives. I n  this case the horizontal arm carries a coil 
which moves in a strong magnetic field. Electrical disturbances thU5 
set up  are transmitted to a galvanometer and the motions of the 
galvanometer are recorded. Among otlier advantages this permits 
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the recording to be done in a separate building from where the 
seismometer IS installed. 

The seismometers at the Honolulu and Tucson observatories and 
at the University of Chicago record photographically. In the near 
future the Sitka observatory will have a Wenner seismometer and 
one will probably also be installed at Sail Juan. 

The positions of earthquakes occurring in or recorded within the 
united States are published at  regular intervals. These are based 
on instrumental records of the Coast and Geodetic Survey and CO- 
O eratin organizations and observations of the visible and felt 
e 8 P  ects o earthquakes by individuals. The work of securing these 
reports is being thoroughly organized. By means of telegraphic 
reports from coo erating observatories the positions of important 
earthquakes are letermined within 24 hours, and are published in 
the United States and transmitted by radio to Europe and other 
parts of the earth. 

The Coast and Geodetic Survey directly and in cooperation with 
other organizations is stud ing earthquakes in order to help in the 

as time goes on the i amage resulting from them, 
solution of the man prob 9 ems connected with them and to  reduce 



Chapter XV.-GRAVITY 

Gravity is the term used for the tendency of bodies to fall toward 
the earth. It is the resultant of two opposing forces-gravitation, 
or the attractive force of the earth, and the centrifugal or repelling 
force due to the earth’s rotation. 

Gravity observations are an important and essential part of a 
geodetic survey. While operations for the measurement of the size 
of the earth, by extended and connected systems of trian ulation, 
are of necessity confined to the land-that is, to one-thir% of the 
earth’s surf ace-gravity observations can be made at disconnected 
points anywhere on the earths’ surface, on islands, on the Arctic 
ice, and, with less accuracy, even on ships. From such observations 
the earth’s compression-that is, its shape-can be deduced by math- 
ematical processes with a high degree of accuracy. 

A knowledge of the intensity of gravity is also essential in meteor- 
ology and for the determination of many physical constants, such 
as the mechanical equivalent of heat. By means of gravity determi- 
nations an extensive research has been made by the Coast and Geo- 
detic Survey to determine variations from the normal densities of 
the materials in the outer portion of the earth. (See chapter on 
Geodesy.) 

VARIATION 

The variation of the force of gravity at different places on the 
earth’s surface was first discovered by Richer in 1671. He found 
that a clock which kept accurate time at Paris, France, lost two 
minutes daily when transported to the island of Cayenne, South 
America, though there had been no change in the length of the 
pendulum. 

Later, i t  was found that gravity varies.with the latitude, with the 
elevation, and with the character of the topography of the surround- 
ing country. Thus, a mass weighing 200 pounds at sea level at  the 
Equator will weigh approximately 201 pounds at sea level at either 
pole; a mass wei hing 400 pounds at sea level will weigh approxi- 

and a given mass will weigh more at the top of a sharp mountain 
peak than if it were at the center of an extensive plateau of the same 
elevation as the peak, providing the latitude is the same in both 
cases. It is understood that these weights are recorded on a spring 
balance and not on beam scales. 

mately 399 poun f s at an elevation of 5 miles in the same latitude; 

PENDULUM FOR MEASURING GRAVITY 

The pendulum forms the most precise as well as the most con- 
venient way for measuring gravity. The early forrris of gravity 
pendulums were made about 1 meter in length and had a period 
close to one second. These pendulums were difficult to handle and 
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transport on account of their large size and as they mere swung in 
the open air they did not give very accurate results. Some forms 
were reversible for -measuring the absolute value of gravity while 
others were swung in only one position and could be used only for 
lneasuring differences of gravity. 

It is a difficult matter to determine accurately the absolute force 
of gravity for  a station, even with the greatest care and :L large 

FIG.  36.-GRAVITY RECEIVER AND ‘INTERFEROMETER 

Thi’ roceiver is a heavy br:is.; box in  whicli tliv gravity pc~idulun~s are 
swung under n pnrtinl v:icuum. The oscillntious df thy l~(wtlulnm 
within this  reccivvr cause it  to w w v e  sliplitly, ilnd t h i s  in:Ilte.: it 
necws:iry to  apply n correction t o  tlic results. Tliv nniount of this  
moremeid, or Ilrxure is inensure0 with :11i i i i l  erf(wmctcir, tllr instru- 
mpnt shown to the  h h t ,  which will cletcct 11 movvincnt as smtill as 
one ten-millionth of a n  inch. 

fiumber of observations. On the other hnncl, it is comparatively 
easy to determine with great accuracy the difference of gravity 
between two places with the invariable pencluluin. 

All observations fo r  obtaining the values of gravity in the United 
States are made by the relative method. Until very recently the 
base station for the United States was a brick pier in the basement 
of the former Coast and Geodetic Survey oftice in Washington. 
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This pier has now been destroyed by buildintr operations, but a new 
base pier will soon be established in the new guilding of the Depart- 
ment of Commerce. The value of gravity a t  the old pier was ob- 
tained by the relative method from Potsdam, Germany, where the 
absolute value of gravity was obtained from many observations 
throughout a long period of years. All values of gravity in the 
United States, therefore, are referred to the absolute measurements 
a t  Potsdam. 

The type of pendulum now used by the Coast and Geodetic Sur- 
vey differs ver materially from the early forms and was designed 

lum designed by Dr. R. von Steriieck in Austria several years 
previous to this time, it is only one-quarter of a meter long and has 
a period of oscillation of about one-half second. 

GRAVITY APPARATUS 

ravity apparatus in present use consists of the following 
essentin Y parts : Three pendulums, an air-tight brass receiver in 
which the pendulums are swung, a telescope for observing the oscil- 
lations of tho pendulums, two chronometers, several thermometers, 
a manometer for measuring the air pressure within the receiver, nnd 
an interferometer for measuring the movement of the receiver caused 
by the swinging of the pendulum. The pendulum is a simple stem 
and bob of solid bronze or invar. I t  differs from an ordinary clock 
pendulum in having a small agate plane attached to its head which 
rests on an agate knife-edge in the receiver and in having no 
machinery to  drive it or count its oscillations. 

Before the measurements are started the pressure of the air within 
the receiver is reduced to less than one-tenth of one atmosphere. 
The resistance of the rarefied air and the friction between the agate 
Itnife-edge and the plane are so small that a pendulum will swing 
continuously for more than 12 hours, even though its initial arc is 
only about one-fifth of an inch. 

The period of oscillation of the pendulum is observed and com- 
pared with the beat of the chonometers a t  the beginning and end 
of each 12-hour swing, and from these coin arisons the average 

a length that its period is nearly, but not quite, equal to  a half 
second, and during a period of from three to six minutes i t  malres 
one less oscillation than the number of half seconds registered by 
the chronometer. 

By an  ingenious mwhanical device, n beam of light is thrown into 
the receiver a t  each beat of the chronometer, and it there falls upon 
two small mirrors.. One of the mirrors is attached to the head of the 
pendulum and swings with it, while the other is permanently fixed 
to the support and just to the side of the pendulum. When the 
pendulum IS at rest, the two slits of light as reflected from these 
two mirrors appear as a single horizontal line, but in any other 
position of the pendulum the line of light as  reflected from its mirror 
will appear above or below the line from the other mirror. Observing 
n coincidence consists in noting the time when the two slits of light 
appear in the same horizontal line, and the observing of two or 

and constructe J by members of the survey in 1890. Like the pendu- 

The 

period of oscillation is computed. The pendu P um is made of such 
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more consecutive coincidences enables one to deduce the period of 
Oscillation of the pendulum in terms of the chronometer time. 

ACCURACY OF MEASUREMENT 

The measurement of the force of gravity a t  a station, to be ac- 
ceptable, must not have a probable error greater than 1 part in 
250,000. An actual error of 1 part in 250,000 corresponds to an error 
of only one one-millionth of a second in the period of oscillation 
of the pendulum. Such accuracy is not easily conceivable, but it 
is attained with im great difficulty by an experienced observer. 
Care is taken to keep the pendulum apparatus a t  as nearly a constant 
temp-eqature as possible, and all variations are carefully observed. 

One of the corrections which must be applied to the observed time 
of oscillation of the pendulum is due to the movement of the receiver 
resulting from the swinging of the pendulum. The receiver is a 
rectangular brass box about 10 inches square at  the base and 11 inches 
high (inside dimensions), weighing 100 pounds. It is placed either 
on a solid concrete floor or on an especially prepared brick or con- 
crete pier. 

I n  spite of these precautions, the smingin of the pendulum 

In turn affects the period of the pendulum. This small movement 
of the receiver is measured by the interferometer, a very delicate 
Instrument, which depends in principle upon the interference of light 
n.nves. Distances as smiill as one ten-milliontli of an inch, one- 
tlventieth of a wave length of sodium light, can be measured with it. 
Vibrations of the ground due t o  the passing of a truck a city block 
away or a train a mile away are easily detected. During such dis- 
turbances observations with the interferometer to determine the flex- 
ure of the pier and pendulum receiver can not be made. Some idea 
of the delicacy of this measurement may be obtained if it is noted 
that the correction to  the period of the pendulum for flexure usually 
amounts to about one one-millionth of a second. 

I n  order to eliminate from the gravity observations errors due to 
the rate of the chronometer, i t  is necessary to determine its error 
Within a few hundredths of a second of time both at the beginning 
and end of a series of observations with the pendulum. This wus 
formerly done by making time observ?tions on the stars with a11 
astronomic transit. During the ltlst few years satisfactory results 
have been obtained by coniparing the chronometers with the time sig- 
nals sent out from the Naval Observatory. The signals sent out over 
the commercial telegraph lines were used at first, but since July, 
1922, radio time signals have been used in determining the chronom- 
eter rates. 

The radio signals are recorded automatically on a chronograph by 
means of u special radio receiving apparatus designed and con- 
structed at the United States Bureau of Standards. The same type 
of radio apparatus is also used for longitude determinations. (See 
p. 10.) Gravity and longitude stations may now be located wherever 
desired, without reference to telegraph lines, and the cost per sta- 
tion is consitlerably less than by the old methods. 

through its very small arc causes a rocking of t Y le receiver, and this 
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INTAR PENDULUMS 

Since 1921 pendulums made of invar have been used in  place of 
the old bronze pendulums and have given satisfactory results. The 
temperature coefficient of the invar pendulums is only about one- 
fifteenth that of the bronze pendulums, and ordinarily a tent is 
sufficient protection from teinperature changes when they are used. 

Temperature control was always a serious problem with the bronze 
pendulums, as an error of 1" C. in obtainin r the temperature of the 
pendulums caused an error in the observekgravity four times the 
maximum allowable probable error. A constant-temperature room 
at  each station was a necessity, and this practically limited the se- 
lection of stations to  places where such rooms could be found, for 
the time and expense required to construct a constant-temperature 
room were almost prohibitive. 

They must be tested for mag- 
netization before and after use at  each station and must be kept as 
nearly demagnetized as possible, otherwise their periods will be 
affected to an appreciable extent by the magnetic field of the earth. 
The pendulums are tested by means of a compass declinometer which 
is equipped with two horizontal arms from which the pendulums 
may be suspended at  known distances from the needle. I f ,  as seldom 
happens, a pendulum deflects the needle by more than a predeter- - mined small amount, it must be demagnetized by the use of a 
solenoid. 

GRAVITY STATIONS 

Invar pendulums are magnetic. 

There are now about 325 gravity stations in the United States. 
They are distributed quite uniformly over the whole country except 
in a few critical areas where they have been placed close together. 
to make possible some special scientific investigations in connection 
with geology or isostasy. 

See also Special Publications Nos. 40 and 99 of the United States 
Coast and Geodetic Survey, which contain the results of 304 gravity 
stations in the United States. 



Chapter XVI.-GEODESY, OR MEASUREMENT OF THE 
EARTH 

From the earliest times man has inquired and speculated about 
matters concerning the earth upon which he walks and on which 
he spends his life, but his first crude ideas about its shape and mag- 
nitude were not developed up to the point of a fair resemblance to  
the facts until the civilization of the race had already grown old. 

Geodesy is a natural development of the simpler operations of 
land surveying, but, unlike the latter, takes into account the spheric- 
ity of the earth. Land surveying was practiced from a very ancient 
date. Thus, in.,& papyrus of a date earlier than 1700 73. C. the 
author stated that his work was a compilation from older manu- 
scripts. lane, 

been apparent to dwellers upon the seashore; yet the fact that the 
earth is, roughly speaking, spherical was not appreciated for many 
centuries after civilization had developed to such an extent that 
land surveying was practiced. The step from plane to spherical 
surveying was an important one, and when it was made geodesy 
allied to practical astronomy, became an independent branch oh 
science. 

FIRST MEASURES OF EARTH'S RADIUS 

The notion that the earth's surface could not be a 
but must be curved like the surface of an immense ball, shoul 2 have 

Shortly before the beginning of the second century before Christ, 
the first measure, and a little later a second measure, of the earth's 
curvature, that is, of the radius of the sphere, were made in Egypt. 
The principle then employed has been used ever since. Essentially, 
it involves the determination of the distance between two remote 
points north and south of each other and of the meridian altitudes 
of the sun or of sonie star as seen from the two ends of tho measured 
line. The difference of the measured altitudes gives the curvature 
of this arc of the great earth sphere expressed as an an le. This 

the radius of the sphere can be computed. 
After these first measures in Egypt, a 'thousand years passed before 

a similar attempt mas made-this time by the Arabs in Mesopo- 
tamia, about 825. This, in turn, was followed, after another long 
lapse of eight centuries extending through the Middle Ages, by 
several measures executed by different nations. The principle of 
triangulation which is used in the refined modern ineasures of 
distances was introduced in 1617. 

being known, as well as the length of the arc, the circum f erence or 

MODERN GEODESY 

Modern geodesy as i t  now exists began with 'the discovery of 
the law of gravitation by Newton, late in the seventeenth century. 
He proved that the earth, as a revolving and not wholly rigid 
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body, subject to its own attraction, must take the form of a slightly 
flattened sphere. 

The form thus indicated bjr theory WLS apparently contradicted 
by measures along an arc in France between 1683 and 1716, which 
indicated the earth to be an elongated sphere. To settle the matter, 
two memorable expeditions were sent o u t - o n e  to the equatorial re- 
gion of what was then Peru (1736-1741) and the other to the polar 
region of Lapland (1736-37). Their work proved Newton's theory 
to be correct, since they found the length of 1" of latitude to be 
greater, or, in other words, tho arc flatter, near the pole than near 
the Equator. Since then, in theory and in practice, geodesy has 
advanced on sure ground and with ever-increasing precision in its 
results. 

Though the early measures of the earth's curvature were made 
along meridians only, the modern methods of measures and com- 
putations are such that all the triangulation in a connected network 
may be utilized in the determination of the size and shape of the 
earth. 

The same instruments and methods of observing are employed 
in a triangulation designed primarily as a basis for accurate map 
making as are used in measuring an arc for the purpose of deter- 

Nearly all geodetic arcs have 
been minin% o tained incidentally during the progress of extended national 
surveys . 

GEODETIC ARCS 

the earth's size and shape. 

Since the revival and spread of science many surveys of coun- 
tries, made primarily for mapping purposes but Yielding, inci- 
dentally, geodetic arcs, have been carried out in clifferent parts of 
the world. I n  making these measures France, Great Britain, Ger- 
many, Russia, and the United States have taken leading parts. 
Among the more recent measures there may be mentioned the Anglo- 
French arc, extending froin the northern part of the British Isles 
southward into Africa; the great Russian arc, extending from the 
Arctic Ocean to the northern boundary of Turkey ; the great Indian 
arc, extending from the southern point of India to the Himalayas; 
and the European arc of parallel 62", extending from southern 
Ireland eastward to central Russia. 

I n  the United States we have the transcontinental arc extending 
along the thirty-ninth parallel from the Atlantic to the Pacific; 
the eastern obli ue arc, extending parallel to the Atlantic coast 
froin Maine to Zouisiana ; the ninety-eighth meridian arc, extend- 
ing from Canada along the ninety-ei rhth meridian to Mexico, 

extending from Mexico along the Pacific coast into Alaska; the 
Texas-California arc, extending from central Texas to  the Pacific 
coast; the one hundred and fourth ineridian arc, extending from 
western Texas to Canada ; the Utah-Oregon arc, extending from 
northern Utah, northwestward to Oregon, and thence down the 
Columbia River to the vicinit of Portland ; the Alabama-California 

Louisiana arc, extending from the vicinity of Waco, Tex., eastward 

and thence through Mexico to the Paci k c Ocean; the western arc, 

arc, extending from Huntsvil r e, Ala., to western Arizona; the Texas- 
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to the Mississippi River; the Rio Grande arc, extending along the 
Rio Grande from the Gulf of Mexico to a connection with the Texas- 
California arc; the Great Lakes arc; and numerous other arcs of 
first-order triangulation and traverse. The total length of the arcs 
of first-order triangulation and traverse in the United States is about 
27,000 ndes, more than equal to the circuniference of the earth. 

The following brief statement gives sonie of the most important 
facts in regard to one of the arcs already completed in the United 
States and for which the final reports have appeared. This arc 
crosses the country along the thirty-ninth parallel from Cape May, 
N. J., to Point Arena, Calif., and is 2,625 statute miles (4,225 . fl’he 10 base lines in this triangulation have an 

of the triangle sides in the ocky Mountain 
of 53y2 miles, one of them beinffnearly 11 miles 

region are over 100 miles long, and there is one line 183 niiles long, 
over which obsenptions were macle in both directions. Soine of the 
triangulation stations mere more than 14,000 feet (4,300 meters) 
above the sea. Many astronomic observations mere necessary to fix 
the position of this arc upon the earth and to determine the true 
direction of the lines of the triangulation. The astroncniic latitude 
was determined accurately at 109 stations, the astronomic longitude 
at  29, and the astronomic azimuth or true direction at  73. 

FORM OF THE EARTH 

The form of the earth as given by the modern precise measure- 
ments is found to be such that with considerable exactness any sec- 
tion of it parallel to the Equator is a circle, and any section passing 
through both poles is an ellipse. The dimensions and form of this 
spheroid, or ellipsoid of revolution as it may be called more accu- 
rately, are usually stated by giving its equatorial and polar radii or 
semidiameters. 

The most notable computations of the dimensions of the ellipsoid 
are those made by Bessel in  1841, by Clarke in 1866, and by the 
Coast and Geodetic Survey in 1909. Bessel’s and Clarke’s values 
were derived from u combination of all the arc measures in different 
parts of the world. The Coast and Geodetic Survey value depends 
only on the triangulation done in the United States; but, on account 
of the application of the theory of isostasy, u s  explained below, the 
dimensions deduced by the late Prof. John F. Hayford, whil’e con- 
nected with the Coast and Geodetic Survey, iwe considered the most 
accurate and have recently been utlopted by the Internationul Geo- 
detic and Geophysical Union as the international s heroid. 

The Clarke ellipsoid has been used in the United f: ’tates for many 
years for surveying and geographic purposes and is the basis for all 
the charts of the Coast and Geodetic Survey and for the imps of 
many other Government organizations. The Clarke ellipsoid is 
sufficiently accurate to be retained for those purposes. I t s  retention 
is especially desirable in order to avoid the immense amount of com- 
putation which would be involved in the adoption of a new ellipsoid 
of reference. 
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The dimensions of the earth as gi;en by these different computa- 
tions are as follows: 

E untorial rndius a _____- - -_  ~ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  _ _ _ _  _ _ _ _ _ _ _  _ _  6,377.307 
P k r  semiaxis b... -. - - _ _ _ _ _  __. _ _  _ _ _  _ _ _  _ _ _  _ _  _ _ _ _  __. -. _ _  1 6,356,07(1 
Difference ad.. - - - _ _  -. . .__________~_________________-____, 21,318 
Compression (anttening) e _ _ _ _ _ _ _ _  ~ 

~ 298.2 

0,378,208 6,378,388 3,063.3 
0,350,584 6, 3M8, (112 3,850.0 

21,622 21,470 13.34 
1 1 2950 %mi ---- - - - - - -  

1 1 statute mile-5,280 feet, or 1,GoB.347 meters. 

THEORY OF ISOSTASY 

Hayford took into consideration the theory of isostasy when mak- 
ing his determinations of the shape and size of the earth. One 
theory of isostasy postulates that a t  and beneath a certain depth 
below sea level, called the depth of compensation, found by investi- 
gation to be about 96 kilomekrs (ti0 miles), the earth’s materials are 
in equilibrium as if they were fluid. Therefore, in each column of 
the same cross section which extends from the depth of compen- 
sation to the actual surface of the earth, whether land or water, 
there mill be the same mass or amount of material. I n  other words, 
the materials in any column would weigh as much as the materials 
in any other column if the weighing were done at the same place. 
(See Gravity.) It is therefore assumed that elevated regions are 
held up owing to the lesser density of the materials composing the 
columns of which they form parts, and conversely the depression 
of the ocean bottoms is due to  an excess of density in the material 
under them. 

The above paragraph states what the condition would be with per- 
fect isostasy. It is, of course, impossible to have complete isostatic 
adjustment in the earth’s material because of some residual strength, 
but the investigations of the Coast and Geodetic Survey furnish 
conclusive proof that the isostatic condition in the United States 
approaches very closely to the ideal one. 

DETERMINATION O F  EARTH’S SHAPE 

The shape of the earth, but not its dimensions, has been deter- 
mined by the Coast and Geodetic Survey in recent years from obser- 
vations of the intensity of gravity. I n  1912 the flattening of the 
earth or its compression was determined from 114 gravity stations 
in the United States. The value of the flattening was found to be 
1/298.4. I n  1916 a second determination of the flattening of the 
earth was made which gave a value of 1/297.4. I n  this determination 
there were used 348 gravity stations in the United States, Canada, 
several countries of Europe, and India. It is believed that this value 
of 1/297.4 for the flattening or compression of the earth is the most 
accurate one in existence. 

I n  the determination of this value of the flattening the gravity 
stations were reduced for the effect of the elevation of the station 
above sea level, the attraction of the earth’s mass above sea level, 
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and the deficiency of the density in the ocean basins. There was 
also taken into account the attractive effect of the deficiency of tho 
matter under the continents and the excess of material under the 
oceans. I n  other words, isostasy was considered in making the 
reductions. 

To appreciate correctly the small amount of flattening at the poles 
indicated by the above figures, it should be noted that if a globe 
approximately 5 feet in diameter were constructed to scale to re re- 

inch longer than its polar diameter. To the eye unaided by the use 
of calipers or other measuring instruments this globe would appear 
to be a perfect sphkre. 

PROGRESS IN GEODESY 

sent the earth its equatorial diameter would be but  one-fifth o P an 

A powerful stimulus to progress in geodesy was given many years 
ago by the formation of a geodetic association in Europe, which 
was founded in 1861 and was made international in character in 
1886. The United States became ti member of this association in 
1889. Previous to the World War nearly all progressive nations 
were members of the association. General meetings were held a t  
least once in three years, at which eodetic roblems were discussed 

various countries. 
I n  July, 1919, there was organized a t  Brussels, Belgium, by a num- 

ber of nations, what is called the International Research Council. 
Under this council have been created several unions, one of them 
being the International Geodetic and Geophysical Union. One of 
the sections of this union deals with the subject of eodesy, and it 

Geo c f  etic Association. The first meeting of the union was held in 
Rome in 1922, the second meeting in Madrid in 1924, and the third 
in Prague in 1927. 

For further information on geodesy, the reader is directed to the 
following publications of the United States Coast and Geodetic 
Survey: Figure of the Earth and Isostasy from Measurements in 
the United States; Supplemental Investigation in 1909 of the Figure 
of the Earth and Isostas ; Special Publications Nos. 10 and 12, each 

tion on the Intensity of Gravity ”; Special Publication No. 40, en- 
titled “ Investigations of Gravity and Isostasy ”; and Special Publi- 
cation No. 99, entitled “Isostatic Investi ntions and Data for 
Gravity Stations Established in the United gtutes Since 1915.” 

and reports were made in regar if to geo t; etic operations of the 

has ractically taken over the functions of the 01 f International 

of which is entitled “ E d ect of Topography and Isostatic Componsa- 



Chapter XVI1.-ORIGINAL RECORDS AND DATA 

The attention of the technical professions and the public in general 
is called to the large accumulation of original data and information 
in the archives of the Coast and Geodetic Survey. 

The earliest records on file date back to 1816; while the first topo- 
graphic and hydrographic surveys bear the date 1834, magnetic 
observations were made in the previous year, and tidal work began 
in 1832. 

For over a century careful observers have obtained information 
bearing upon the hysical condition of that portion of the earth 
constituting the J? nited States and adjacent waters within about 
60 miles of the coast and also extending over the Gulf Stream and 
Gulf of Mexico. This area has been extended from time to time, 
and the original data now cover Porto Rico, Hawaii, the Canal 
Zone, and large portions of Alaska, the Philippine Islands, and 
the Virgin Islands of the United States. The records of obssrva- 
tions and surveys are sgsteniatically arranged and carefully pre- 
served and constitute in many cases the on1 authentic record from 

The information required for general use has been or will be 
published in the regular and special publications of the bureau. 
Many of these are listed in the Catalogue of Charts, Coast Pilots, 
and Tide Tables, and in the annual List of Publications of the De- 
partment of Commerce. Either of these catalogues will be sent 

which natural or artificial changes can be B educed. 

free on request. 
The List and Cutalocue of Publications of the Coast and Geodetic 

Survey, with its supplement, gives a complete list of publications 
down to the year 1908. Most of the pu1)lications thus listed are no 
longer in print but may be consulted in many of the large libraries 
in  the United States. The list and catalogue is itself out of print 
but may be consulted in libraries. 

Much of the information collected by the Coast and Geodetic 
Survey is available in original form for special use. Copies may be 
obtained free or a t  a nominal cost. 

I n  connection with other work, surveys of some State nnd national 
boundaries have been made, and the resulting original records are 
also on file. Many thousand specimens of the sea bottom have been 
collected as the result of deep-sea sounding and are preserved. The 
information on file can be used in making special studies of changes 
along the coast due to erosion or the improvement of rivers and 
harbors. 

Besides publications containing records of observations and sur- 
veys, the Coast and Geodetic Survey has issued a number of 
pamphlets of instructions and tables for use in the practical work 
of surveying and map making and others for popular information 
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concerning the work of the bureau and its connection with national 
progress. The titles are given in the catalogues above referred to. 

I n  connection with the archives a working library is maintained 
which contains a very complete collection of reports and publications 
(including foreign publications) on surveying, hydrography, tides 
and currents, navigation, terrestrial magnetism, and geodesy and 
kindred subjects. 

A large number of charts and maps form a part of the collection. 
all of which is available for public nse. 
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