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PREFACE 

Altogether apart: from their iniportance & naviga,tion, tides and 
tidal currents enter as important Iact.ors into a nuniber of problems 
connected with the harbor.and port of Yew York.' In the mainte- 
nance of a c.hnnnel for the deep-draft vessels of modern commerce, 
in harbor improvenient, in the disposal of the sewerage of a large 
industrial center, and in related problems a hiowldge of the rise 
and fall of tlie tide and of t,lie flood and ebb of the current becomes 
necessary. 

In  c.onnection with various projects, tidal and current observations 
have been made from tinie to t,inie in the harbor, and tlie results of 
some of these observations .have appeared in various publications. 
The greater pa.rt of the observational dah ,  however, is still unpub- 
lished and, notwithstanding the in1portanc.e of New Yorlr Harbor, 
no discussion of the detailed observational material has yet, appeared. 
In the sunliner of 1933 a comprehensive current &vey was carried 

out jointly by the Coast and Geodetic Sumey and the United States 
Engineer Office, firvt district, New York. The present publica.tion 
embodies tlie rehlts of this survey and also of previous tidal and 
current surve,ys macle at  various times. It is intended here to make 
available to the mariner, the engineer, the scientist, ind the public 
generally the tidal and current data now in the files of the Coast and 
Geodetic Survey and the United States Engineer Office, first district, 
New York. 

In connection with this publication, attention is directed to three 
other Coast and Geodetic Survey publications contnhing tidal and 
current, data for New York Hrirbor. These are Tide Tables, Atlantic 
Coast, North Anierica ; Current Tables, Atlantic Coast, North 
America; and Tidal Bench Marks, State of New Yo% 
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TIDES AND CURRENTS IN NEW YORK HARBOR 

By H. A. MARMEE, Assiaiant Chief, Division of Tides ‘and [Cirrrents, Coagt aid 
Geodetic Survey 

I. TIDES, GENERAL CHARACTERISTICS 

DEFINITIONS 
The tide is the name iven to the alternate rising and fallin 

the level of the sea whic B a t  most places occurs twice daily. 5;. 

at most places likewise comes K ater each day by 50 minutes, on the 

len th of 24 hours anc T 60 minutes. 

is direct iy y below the meridian, or lSOo distant in longitude. In 

are distinguished by being referre x to as the upper and 

striking feature of the tide is its intimate relation to the movement 
of the moon. High water and low water at any given place follow 
the moon’s meridian passage by a very nearly constant interval and 
since the moon in its apparent movement around the earth crosses 
a given meridian, on the avera e, 50 minutes later each day, the tide 

average. The tidal da , like the lunar day, therefore, has an average 

6 i t h  respect to the tide, the “moon‘s meridian passage” has a 
special significance. It refers not only to the instant when the moon 
is direct1 above the meridian, but also to the instant when the moon 

this sense there are two meridian assages in a tidal cla 

dian passages or upper and lower transits. 
The interval between the moon’s meridian passage (upper or lowerj 

and the following high water is known as the “high water lunitidal 
interval.” Likewise the interval between the moon’s meridian pas- 
sage and the following low water isknown as the “low water lunitidal 
interval.’’ For short they are called, respectively, high water 
interval and low water interval and abbreviated as follows: HWI 
and LWI. 

a horizontal 

current. The two movements-the vertical rise and fall of the tide 
and the horizontal forward and backward niovement of the tidal 
current-are intimately related, formin parts of the same phenome- 

It is necessary, however, to distinguish clearly between tide and 
tidal current, for the relation between them is not a simple one nor 
is it  everywhere the same. At one place a. stron current may ac- 
conipang a tide havin a very moderate rise and falf while a t  another 

kwthermore, the time relations between current. and tide vary 

In its rising and falling the tide is acconipanied b 
forivard and backward movement of the water! c 9 led the tidal 

non brought about by the tidal forces o B sun and moon. 

lace a like rise and fa a mag be accompanied by a very weak current. 

1 



2 U. S. COAST AND GEODETIC SURVEY 

widely from place to For the sake of clearness, therefore, 
tide slhould be used to $ esjgnat,e the vertical movement of the water 
and tidal current the horizontal movement. 

It is convenient to have a single term to designate the whole 
phenomenon which inducles tides and tidal currents. Unfortunately 
no such distinct term esists. For ears, however, “the tide” or 

sense, and usually no confusion arises from this usage, since t$e con- 
test indicates the sense intended; but the use of t,lie term tide to 
denote the horizontal movement of the water is confusing and is to  
be discouraged. 

With respect to the rise and fall  of the water due to the tide, high 
water and low water hare precise meanin The refer not so 
much to the height of the water as to the p !r ase of t 31 e t,icle. High 
water is the inaximuni height reached by each rising tide mcl low 
water the minimum height reached by each fallin tide. 

I t  is important t.0 note that it is not $lie abso Ig ute height of the 
water which is in uestion, for it is not at  all infrequent at  many 

of another day. Whatever the hei lit of the. water, when the rise 
of the tide ceases and the fall is to Q egin, the tide is at high water; 
and when the fall of the tide ceases and the rise is to begin, t81ie tide 
is at  low water. The abbreviations HW and L W  are frequently 
used to designate hi h and low water, respectivedy. 

In  its rising and fa 7 ling the tide does not move at  a uniform rate. 
From low water the tide be ins rising, very slowly at  &st, but at  a. 

rise is a maxinium. The rise then continues at  a constantly de- 
creasing rate for the following three hours, when high water is reached 
and the rise ceases. The falling tide behaves in a similar manner, 
the rate of fall being least immediately after high water, but in- 
creasing constantly for about t.hree hours when it, is at  a maximum 
and then decreasing for a eriod of three hours till low water is reached. 

best be studied by representing the rise and fall graphically. This 
niay be done by readin the height, of the tide at  regular intervals 

a smooth curve through these points. 
is to make use of an automatsic tide gauge by means of which the 
rise and fall of the tide is recorded on a sheet of paper as a con- 
tinuous curve ‘d ram to a suitable scale. Figure 1 shows a tide 
curve for Fort Hamilton, N. Y., for July 4, 1932. 

In Figure 1 the figures from 0 to 24, increasing from left to right, 
represent the hours of. t.he day beginning with midnight. Numbering 
the hours consecutively to 24 eliminates all uncertainty as to whether 
morning or afternoon is meant and has the further advantage of 
great convenience in coniputation. The fi ures on the left, increas- 
ing upward from 2.0 to 9.0, represent the % eight of the tide in feet 
as referred to a fixed verticd staff. The tide curve presents the well- 
known form of the sine or cosine curve. 

The difference in height between a high water and a preceding or 
following low watm is known 8,s the “rang(! of tide” or “range.” 

lace. 

“ the tides ” or even. ‘ I  flood and ebb’ Y have. been used in this aeneral 

places to have the ? ow water of one day higher than the high water 

constmtly increasing rate B or about three hours, when the rate o€ 

The rate of rise and fa s 1 and other characteristics of the tide may 

on a fixed vertical sta B graduated to feet and tenths and 
these heights to a suitable scale on cross-section paper and 

A more convenient metho 



TIDES AND CURRENTS IN NEW YORK HARBOR 3 

The average difference in the heights of high and low water at any 
gjven place is called the mean range. 

THE TIDE-PRODUCING FORCES 

The intensity with which the sun (or moon) attracts a particle 
of matter on the earth varies inversely as the s uare of the distance. 

ured from the center of the earth, since that is the center of mass 
of the whole body. But the waters of the earth, which may be con- 
sidered as lying on the surface of the earth, are on the one side of 
the earth nearer to the heavenly bodies and on the other side farther 
away than the center of the earth. The attraction of sun or moon 
for the waters of the ocean is thus different in intensity from the 
attraction for the solid earth as a whole, and these diherences of 
attraction give rise to the forces that cause the ocean waters to move 

For the solid earth as a whole the distance is o % viously to be nieas- 

SO - 

7.0 - 

sm - 
4a - 

3.0- 

2.0 - 
FIG. 1.-Tide curve for Fort Hamilton. N. P.. July 4, 1922 

relative to the solid earth and bring about the tides. These forces 
are called the tide-producing forces. 

The mathematical development of these forces shows that the 
tide-producing force of a heaven1 body varies directly as its mass 
and inversely as the cube of its c9 istance from the earth. The sun 
has a mass about 26,000,000 times as great as that of the moon; 
but it is 389 times as far away from the earth. Its tide-producing 
force is therefore to that of the moon as 36,000,000 is to (3S9)3, or 
somewhat less than one half. 

When the relative motions of the earth, moon, and sun are intro- 
duced into the e uations of the tide-producin forces, it is found 
that the tide-pro 8 ucing forces of both sun ant! moon group them- 
selves into three classes: (a) Those havin a period of approximately 

eriod of approximately one day, known as diurnal forces; (c) those 
gaving a period of half a month or more, known as long-period forces. 

The distribution of the tidal forces over the earth takes place 
in a regular maimer, varying witsh the latitude. But t.he response 

half a day, known as the semidiurnal B orces; ( b )  those having a 

3904-25t-2 



4 U. 6. CO-4ST AND GEODETIC SURVEY 

of the various seas to these forces is very profoundly modified by 
terrestrial features. As ti result we find the tides, aa they actual1 
occur, differing markedly at  various places, but apparently wit 
no regard to latitude. 

The principal tide-producing forces are the semidiurnal fames. 
These forces go through two com lete cycles in a tidal day, and i t  

are at most laces two complete tidal cycles, and therefore two 

K 
is because of the predoniinance o P these semidaily forces that there 

high and two P ow waters in a tidal day. 

VARIATIONS IN RANGE 

At times of new moon and full moon the tidal forces of nioon and 
sun are acting in the same direction. High water t,hen rises higher 
and low water falls lower than usual, so t,hat the range of the tide 
at such times is greater t.han the average. The tides at  such times 
are called “spring tides” and t,he range of the tide is theq known as 
the (’ spring range.” 

When the moon is in its first and third uarters, the t.ida;l forces 
of sun and moon are opposed and the tide 8 oes not rise as hiFp nor 
fall as low as the average. At such times the tides are called neap 
tides” and the range of the tide then is known the “nea r ” 

I t  is to be noted, however, t,hat at  most places there is a%f?:’day 
or two between the occurrence of spring or neap tides an the cor- 
responding phases of the moon; that is, spring tides do not occur 
on the days of full and new moon? but a day or two later. Likewise 
neap tides follow t.he moon’s first and third uarters after an interval 
of a day or two. This la in the response o 9 the tide is known as the “age of hase inequality 5 or (‘phase age” and is generally ascribed 
to the e f! ects of friction. 

The varyinv distance of the moon from the earth likewise affects 
the range of &e tide. In its movement around the earth the moon 
describes an ellipse in a period of approximately 27% day!. When 
the moon is in perigee, or nearest the earth, its tide-producing ower 
is increased, resultinF(in an increased rise and fall of the tide. Ghese 
tides are known as perigean tides,” and the range at  such times 
is called the “perigean range.” When the moon is farthest from 
the earth, its tide-producin power is diminished, the tides at  such 

( ( a  ogean tides ” and the corresponding range the ‘ (a ogean range.” 

apogee, it is found that, like the response in the case of s ring and 

tides. The greatest rise and fall does not come on the day when the 
moon is in perigee, but R day or two later. Likewise, the least rise 
and fall does not occur on the day of the moon’s apogee, but a day 

and in some regions it may have a ne ative value. This ag is 

times exhibiting a decrease i rise and fall. These tides are called 

fn  the response to the moon’s change in position P rom perigee to 

neap tides, t.here is R lag in the occurrence of perigean an B apogean 

or two later. This interval varies somewhat from place to p e l  
known as the “age of p a r d a s  inequality si or “parallax a.ge.” 
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The moon does not move in the plane of the Equator, but in an 
orbit making an an le with that plane of approximately 3354’. 
During the mont.h, t a erefore, the inoon’s cleclination is constantly 
changing, and this change in the position of the moon produces a 
variation in the consecutive ranges of the tide. m e n  the moon 
is on or close to the Equator-that is, when its declination is small- 
consecutive ran es do not differ much, niorning and afternoon tides 
being very inucf alike. As the declination increases the difference 
in consecutive ranges increases, morning and a.fternoon tides begin- 
ning to show decided differences, and a t  the t,imes of the moon’s 
mmimuni semimonthly declination these diflerences are very nearly 
at  a mrtlrimum. But, like the response to changes in the moons 
phase and paralhx, there is a lag in the response to the chan e iz 
declination, this lag being known as the “ a  e of diurnal inequaity 

varies from place to place, ieing generally a.bout one day, hat in 
sonie places it may have a n ative value. 

When the moon is on or c ose to the E uator and the difference 
betsween morning and afternoon tides smal , the tides are known as  
‘ I  equatorial tides.” .i4t the times of the moon’s maximum senii- 
monthly declination, when the differences between morning and after- 
noon tides are at  a maximuni, the tides are called “tropic tides,’’ 
since the moon is then near one of the Tropics. 

The three variations in the range of the t,ide noted above are es- 
hibited b the tide t,he worlcl over, but not everywhere to the same 
deFee. f n  many regions the variation from neaps to springs is the 
prmcipal variation; in certain regions it is the v-miation froni apogte 
to perigee that is the princi a1 variation: and in other regions it is 
the variation from equatori3 to tropic tides that is the predominant 
variation. 

The month of the moon’s phases (the synodical month) is appros- 
iniately 29% days in length; the month of the moon’s distance (the 
anomahtic month) is approximately 2746 days in length; the nionth 
of the moon’s declination (tlie tro IC month) is approximately 27% 

tion in the range of tide occurs during a year clue to the changing 
relations of the three variations to each other. 

or “diurnal age.” Like the hase and para P las ages, the diurnal age 

1 T 

days in length. It follows, there P ore, that very considerable varia- 

DIURNAL INEQUALITY 

The difference bet.ween morning and afternoon tides due to ‘the 
declination of tlie niooii is known as diurnal ine uality, and where 

affected to a very marked degree both in time and in height. Figure 
3 represents graphically the differences in the tide at  Sail Francisco 
on October 18 and 34, 1923. On the former date the moon was over 
the E uator, while on the latter date the nioon was at  its maximum 

the equatorial tide for San Francisco, while the lower diagram rep- 
resents the tropic tide. 

and afternoon 

water to high water a.nd the fall from high water to low water t,ooIr 
place in approximately sis hoizrs. The heights to which the two 

the diurnal inecluality is considerable the rise a m  Y fall of the tide is 

south 3 eclination for the month. The upper diagram thus represents 

tides show very close resemblance. In both cases t !i e rise from low 
It will be noted that on October 18 the mornin 
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- 

high waters attained were very nearly the same, and likewise the 
depressions of the two low waters. 

On October 24, when the moon attained its extreme declination 
for the fortnight, tropic tides occnrrecl. The characteristics of the 
rise and fall of the tide on that day differ markedly from those on 
the lSth, when equatorial tides occurred, these differences pertaining 
both to the time and the he’oht. Instead of an approsinzatelp equal 

as was the case on the lSth, we now have the morning rise occupying 
less time than the afternoon rise ancl the moiming fall more time 
than the evening fall. Even more striking are the differences in 
esteiit ,of rise and fall of morning ancl afternoon tides. The tide 

duration of rise and of fall o k six hours, both morning and afternoon, 

A0 

-Lo 

-lA 

-0.0 

in 

-2D 

-50 

Flit. Z-Tidv curves. Sail Fmiicisco, Calif., October 18 sild 24, la?? 

curve shuws that there was a difference of a foot in the two high 
waters of the 24th and a difference of alniost 3 feet in t,he low waters. 

Definite names liars been airen to each of the two high and two 
low waters of a tidal clay. 6f the high waters, the higher is called 
the “higher high mater” and the lower the ”lower high water.” 
Likewise, of the two low waters of any ticlnl clap the lower is called 

The diurnal ineclualiby ma;? be related directl5- to the ratio of the 
tides brought about, res ectively,. by the diurnal and semidiurnal 
tiderproducing forces. $lose bodies of water which offer relatively 
little response to tlre diurnal forces will eshibit but little diurnal 
inequality, while those bodies which offer relatively considersble 

lower low water ’’ and the higher “ higlier low water.’? 
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response to these diurnal forces will exhibit coiisiderable diurna1 
inequality. On the -4tlantic coast of tlie United States there is 
relative1 little diurna.1 inequality, while on the Pacific coast there 
is consi B erable inequality. 

It is obvious that wit4h increasing diurnal inequality the lower 
hi h water and higher low water tend to become equal and mer e. 

day insteead of two. This occurs frequentsly a t  Galveston, Tex., and 
at a number of other places. 

d i e n  this oc.curs, there is hut one high and one. low water in a ti % a1 

tide generally cli P er in one or more res ects; but according to t,he 

TYPES OF TIDE 

From pla.ce to lace the chara.cteris'tics of tslie rise and fall of the 

predominating features the various kin s of tide niay be rouped 
under three types, namely, semidiurnal, diurnal, and mired. 5nstead 
of semidiurnal and diurna.1 the terms semidaily and daily are fre- 
quently used. 

The semidiurnal t q e  of tide is one in which two high and two low 
wa.ters occ.ur each tidal day with but little diuriial inequality: that is, 
morning and afternoon tides resemble each other closely. Figure 1 
may be t,aken as representin this type of tide and this is t.he type 
found on the Atlantic coast, o I the United States. 

In the diurnd t.ype of tide but one liiigh and one low water occur 
in a tidal da . Do-Son? French Indo-China, may be cited as a 

t.hat there are not inn n r  such places. l h e n  the moon's declination 
is zero. the diurnal t.icla forces teiid to vanish and there are generally 
two high arid two lorn wat,ers during the rlny at  such times. Galves- 
ton, Tes., and Manila, P. I., niav be mentioned as ports at which 
the tide is frequent.ly diurnal, while St. Michael, Alaska, may be 
cited it9 a port at which the bide is largelv diurnal. 

The mised type of tide is one in which two high and two low waters 
occur during the tidal day but. which es1iibit.s marked diurnal ine- 

In  one form 
%?%kal inequality is exhibited princi'pally b the high wabers; 
in another form it is the low wateis which eshigit the greater ine- 
quality; or the diurnal inequality may be features of both high 
waters and low waters. 

It is to be noted that, when the tide at a.ny given place is assigned 
to any parbicular type, it refers to tlie characteristics of the predomi- 
nating tide at  that place. At the time of the moon's masimum 
semimonthly declination t-lie semidiurnal type exhibits more or less 
diurnal inequalitmy n.nd thus a poaches the nihed type; and when 
the moon is on or near tlie Equator the diurnal inequalit of the 
mixed type is at  a minimum, tlie tide at  such times reseni z ling the 
semidiurnal type. It is the characteristics of the predominating 
t,ide th.at determine the type of tide at any given place. With 
the aid of harmonic constants the tvpe of tide may be defined by 
definite ratios of t.he semidiurnal to the diurnal constituents. 

Type of tide is intimately associated with diurnal inequality, 
and hence depends on the relation of the semidiurnal to the diurnal 
tides: find it is due to the variation in this relation that ma.kes 
possible the various forms of the mixed type of tidp, 

s 

plac,e where t x e tick is cllwtlys of the daily type; but it is to be noted 

Several forms niay occur under this type. 
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HARMONIC CONSTANTS 

eriodic in character. it, may be regarded as tlie 
resultant of a num er of simple harmonic niovemeut8. In  other 
words, if 7~ be the height of the tide, reckoned froni sea level, then for 
any time t ,  ne may write h-  A cos (at.+a) + B  cos (b i+B)  + . . . .. 
In the above formula each term represents a constituent of the tide 
which is defined by its am litude or semirange, A ,  B, etc., by an 

which determines the relation of time of masimum height to the tune 
of beginning of observation. 

We may also regard t.he matter from another viewpoint and suppose 
the moon and sun as tide- rodu.cing bodies to be re laced by a number 

moves around 
the earth in the lane of tlie equator in a circular orbit with the earth 

thetical tideproducing bodies gives rise to a simple tide, the igh 
water of which occurs a certain number of houis after its up er 
meridian passage. and t.lie low water the same number of hours a P ter 
its lower meridian passage, the oscillation produced by each of these 
simple tides may be written in the form h = A cos (at + CY) as above. 
The eat advantage of so regarding the tide is that it permits the 

re laced by a number of simple movements. 
Each of the simple tides into which tlie tide of nature is resolved is 

called a component tide or simply a component.. The amplitudes or 
semiranges of the component. tides, toget-lier wit,h the angles which 
determine the relation of the high water of each of these component 
tides to some definite time origin and which are known as the epochs, 
constitute the harmonic c.onstants. 

The periods of revolution of the hypothetical tidal bodies or the 
speeds of the various conipoiient tides are coniput,ed from astronomi- 
cal data.and depend only on the relative movements of sun, mooxi, 
and earth. These periods being independent, of local conditions are 
therefore the same for all. laces on the surface of the earth; whata 

their epochs and aniplitudes which vary from lace to place accord- 
ing to the ts e, time and range of the tide. '&e niathematical pro- 
cess b whic P i these epochs and amplitudes are disentangled from 
tidal o t servations is known RS t,he harmonic analysis. 

The nuniber of simple constituent tides is theoretically lar e, but 

tical purposes be disregarded. In  the prediction of tides it is neces- 
sary to take account, of 30 to 30, but tlie characteristics of the tide 
at any place may be determined easily from the 5 principal ones. 

It is obvious that the rinci a1 lunar tidal component will be one 

and 50 minutes, or niore exachy in 24.84 hours. Its speed per solar 
hour, therefore, is L- - 3S0.9S. This component has been given 
the symbol M,. Likewise, the principal solar tidal component is one 
that gives two high and two low waters hi a solar day of 24 hours. 

2 x 360' Its angular speed per hour is therefore 3 4 - - = 3 O o . 0 O .  The sym- 
bol for this principal solar component is S,. 

Since the tide is 

angular speed, a, 6.  etc., an d" by an angle of constant value? CY, 8,  et,c., 

of hypothetical tidepro B ucing bodies, each of wiich P 
as center. Wit E the furthtr assumption that each of these h po- 

comp Y icated movements of sun and moon relative to tlie earth to be 

x 

remairis to be determined P or the various simple constituent tides is 

most of them are of such small magnitude that they may for a E prac- 

which gives two high an R P  two ow waters in n t idd clay of 34 hours 

'3 x 360' - 
34.54 
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Since the moon's distance from the earth is not constant, being 
less than the average a t  perigee and greater at  apogee, the period 
from one perigee to another being on the avera e 37.55 days, we must 

water will c.orrespond wit,h the M, high water. In  other words, the 
tidal component which is t,o take account of the moon's perigea.n 
movement must,, in a period of 13.78 days, lose 180' on M,, or at the 
rate of -- 13O.06 per day. Its hourly speed, therefore, is 

2 8 O . 9 8 - p -  24 -28O.44. This component has been given the sym- 
bo1 N2. 

The nioon's change in declinat,ion is taken acc.ount of by two com- 
ponents denoted by the symbols Kl and 0,. The speeds of these are 
det.ermined by the following considerations : The avenge period from 
one maximum declination to another is a hdf tropic month, or 13.66 
days. The speeds of these two c,omponents should, therefore, be 
such that when the moon is at its maximum declination they shall 
both be at a maximum, and when the moon is on the equator they 
shall neutralize each other; that, is, in a eriod of 13.66 days B, 
ahall gain on 0, one full revolution. The berence  in their hourly 
speeds, therefore, is The mean of the speeds of 
these two components must be that of the apparent diurnal moTe- 
ment of the moon about t,he eart.h, or s-.s~= 14O.49. The speeds 

.are t.herefore derived from the equations T =  14O.49 aiid 
Kl-O,= 1O.098, from which IT,= 15O.04 and O,= 13O.94. 

It is customary to designate the amplitude of any com onent by 

.de ee mark added. fhus  M, stands for the amplitude of the M, 

merated above are the principal ones. Between 20 and 30 coni- 
ponents permit the rediction of the time and height, of the tide a t  

From the harnionic constants the characteristics of the tide at  any 
place can he very readily determined.' The five princi a1 constants 

tics very easily. TIUS, approsimately, the mean range is 2M,, spring 
.range 2(M,+S2), neap ran e 2(M,-S,), perigean range 2(M,i-X3:), 
.apogean rmge 2(M,- N?), iurnal ineclualit,v at  time of tropic tides 
2(9,+0,) ,  high water lunitidal interval 28.0~- The various ages of 
the tide can likewise be readily determined. Approsiniately, the 
ages in hours are: Phase a e, S, - M I 0 : x  arallas age, 2(M,O - N,") ; 
.diurnal age, KO,-O",. Tie  type of ti e, too, may be determined 
from the harmonic constants through the ratio R,+-ol- Where this 

introduce another hy othetical tidal body, so t, % at at  perigee its high 
water will correspon R with the M? high water, and at, apogee its low 

lSOO 
13.78- 

13O.06 

360' 13.66 = l0.O9S. 
I 

360' 

K, + 0, 

the symbol of the com onent and the epoch by the sym B 01 with a 

ti f e and M", for the epoch of this tide. The five coniponents enu- 

.any given place wit Ip 1 considerable precision. 

alone permit the a proximate determination of t,lie tida 7 cliaracteris- 

M." 
% 

M, + s, 
1 Sea R. A.  EIarris. Manual of Tides, Part TI1 (U. 8. Cmst nnd Geodetic Survey Report for 1894. Appen- 

'dir n. 
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ratio is less than 0.25, the tide is of the semidiurnd type: where 
the ratio is between 0.35 and 1.25, tlie tide is of the nksed type; 
and where the ratio is over 1.25, the tide is of the diurnd t pe. 

The periods of the various component tides, like the perio B s of the 
tide-producing forces? group themselves into three classes. The 
tides in the first class have periods of approsimately half a day and 
are known as semidiurnal coni onents; the periods of the tides in 

as diurnal tsides; the tides in the third class have periods of half a 
month or more and are known as long-period tides. In shallow 
waters, due to  tlie effects of decreased depth, the tides are modified 
and mother class of simple tides is introduced having periods of less 
than half a day, and these are known as shallow-water component 
tides. 

is generally incli- 

the subscript givina the number of periods in a day. With long- 
period tides generafig no subscri t is used: with semidiurnal tides 
the subscript is 3; with diurnal ti CQ es the subscript is 1. and with shal- 
low-water tides the subscri t is 3, 4, or more. Tnus Sa re resents a 
solar annual ccsniponent, { a solar diurnd component, I$? a lunar 
senlidiuimal component, S, a solar shallow-water component with 
a period of one-quarter of a day, and M, a lunar shallow-water coni- 
ponent with a period of one-sisth of a day. 

the second class are approximate P y one day, and these tides are known 

The class to which any component tide belon 
cated by the subscript used in tlie notation for t F le component. tides, 

TIDAL DATUM PLANES 

Tidal planes of reference form the basis of all rational datum lanes 
used $1 practical or scientific work. Tlie advantage of the R atum 
plane based on tidal determination lies not only in simplicity of 
definition? but also in the fact' that it may be recovered at  any time, 
even though all bench-mark connections be lost. 

Tlie principal tidal plane is that of mean SCR level, which may 
be defined as the plane about which tphe tide oscillates, or as the 
surface the sea would assume when undisturbed by tlie rise and fall 
of the tide. At any given place this plane mtiy be determined by 
deriving the mean heioht of tlie tide. This is .perha s best done by 

and deriving the mean hourly height. It is to be noted that in such 
a determination the mean sea level is not freed from the effects of 
prevailing _. wind, atmospheric. pressure, and o tlier meteorological 

adding the hourly 1ieiht.s of the tide over a period o P a year or more 

conditions. 
The dane  of mean sea level must be carefullv distinguished from 

the lkie of half-tide level or, RS it  is fre uenil cal121, mean-tide 

high mid low waters. It is therefore the plane that lies halfway 
between the planes of mean low water and mean liigli water. The 
plane of hnlf-tide level cloes not, at most places on talie open coast, 
differ by more than about a tenth of n foot from the plane of me.m 
sea level, and where this difference is known tlie lane of mean sea 
level may be determined froni that of hdf-tide Ip evel. Like all of 
the tidal planes, the plane of half-tide level should be determined by 
observations covering a eriod of a year or more. 

For many purposes t e plane of mean low water is im ortant. 
This plane at any given place is determined as the average o all the 

lever This latter plane is one determine 1 9  as t le half sum of the 

P R 
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low waters durin a period of a year or more. Where the diurnal 

United States, this plane is frequently spoken of as the “low-water 
plane,” or “the plane of low water”; but strictly it should he called 
the lane of mean low water. 

&ere the tides eshibit considerable diurnal inequality in the low 
waters, as on the Pacific comt of the United States, tlie lower low 
waters may fall considerably below the plane of mean low wat.er. 
In  such places the plane of mean lower low water is preferable for 
most urposes. This plane is deteiminecl as the average of all t,he 
lower!ow waters over a period of n year or more. Where tlis tide 
is frec uent81y diurnal, the single low water of the day is taken as t,he 

 lie plane of mean liigli water is detenninecl as tlie averaie of & 
the hi li waters over a period of a year or more. Where the diurnal 

of as “the plane of high water’! or “ the igli-water plane.” This 
usage may on occasion 1ea.d to confusion! and the denomination oE 
this plane as the plane of inem high water is talierefore preferable. 

In localities of considerable diurnal inequality in tlie high waters 
the liiglier high waters frequently rise considerably above the plane 
of inem high water. A higher rla.nc is therefore of importance for 

This gzz I)YUTf)etermined as t K e nvera e.of all the higher high watexs for 
n period of a, year or more. Wiere the t,ide is frequently diuimd, 
t.lie single high water of the day is t,&en (LS trlie higher high water. 

The tidal planes described above are the principsl ones arid t,he 
ones inost generally used. Other planes, however, are soinetllnes 
used. Where a very low plane is desired. the plane of inean s ring 
low water is soiiietinies used, its naine indicating that it is feter- 
mined a.s themem of t.helowwaters occ.urring at spring tides. Anot,her 
phne soinetinies used, which is of interest because based on liarnionic 
constants, is known as the harnionic tide pIane and for any given 
place is determined as M2 + S, + ICl + 0, bclow mean sea level. 

inequality in the K ow waters is smdl, as on the Atlantic coast of the 

lower i ow water- 

ineclu“ 4 ity in the hi h watem is small; this lane is frequently spoken K 

oses! and tlie lane oI iiglier high water is prefeiyed. 

MEAN VALUES 

Since the rise and fall of the tide varies from day to day! chiefly 
in sccordance with the changing positions of sun and moon relative 
to the earth, any tidal cluantities determined directly from a short 
series of tirld observations must be corrected to CE mem value. The 
principal variations are t,liose connecbed with the moon’s phase, 
parallrts, and declinution, the periods of whic.11 are approximately 
2956 days, 2734 days, and 27% days, respectively. 

In  a period of 29 days, therefore, the phase variation will have 
alniost coin kted a. full cyde while the other variations will have 

qua.n tit,ies varying largely with the phase variation, tidal observa- 
t.ions covering 2.9 clays, or multiples, constitute a satisfac.tory period 
for determining these quant,ities. Such me t.lie lunitidal intervals, 
the mean ran e: mean high water, and mean low water. For quan- 
tities varying P argely with the declination of the moon, as, for esmiple, 
higher high water and lower low water, 37 days, or multiples, con- 
stitute the more satisfactory period. 

gone thoug P i a full cycle and but very litt,le more. I-Ience, for tiaal 
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As will be seen in the detailed discussion of the tides at  Fort Hamil- 
ton, the values determined from two different 29-day or 37-day 
periods may differ very considerably. This is due to t ie fact that 
these periods are not exact synodic periods for the different varia- 
tions, and to the further fact tshat variations having periods greater 
than a nionth are not taken into account. Furthermore, nieteoro- 
logical conditions, which change from month to month, leave their 
inipress on t,he tides. For accurate results the direct determination 
of the tidal datum planes and ot,her tidal quantities should be based 
on a series of observations that cover a period of a year or preferably 
three years. Values derived from shorter series must be corrected 
t.0 a mean value. 

Two methods may be employed for correcting the result,s of short 
series to a mean value. One method makes use of tabular values, 
determined both from theory and observation, for correcting for tlie 
different variations. The other method malres use of direct com- 
parison witsh simultaneous observations at  some near-by port for 
which niean values have been deterniined from a series of consicler- 
able length. 

11. TIDAL CURRENTS, GENERAL CHARACTERISTICS 

DEFINITIONS 

Tidal currents are the horizontal movements of the water that 
accompany the rising and fallin of the tide. The horizontal move- 

intimately related parts of the same .phenomenon brought about by 
the tide-producing forces of sun and moon. Tidal currents, like the 
tides, are therefore periodic. 

distinguishes 

name of nontidal currents. These latter current.s are brought about 
by causes that are independent of tlie tides, such as winds, fresh- 
water run-off, and differences in density and temperature. Currenbs 
of this class do not exhibit tlie periodicity of tidal currents. 

Tidal and nontidal currents occur together in the open sea ancl in 
inshore tidal waters, the actual current esperienced at  any 
being the resultant of the two classes of currents. In some p aces 
tidal currents predominate ancl in others nontidal currents predonii- 
nate. Tidal currents generally attain considerable velocity in narrow 
entrances to bays, in constricted arts of rivers, and in passages from 
one body of water to another. Ilong the coast and farther offshore 
tidal currents are generally of moderate velocity; and in the open 
sea, calculation based on the theory of wave motion, gives a tidal 
current of less than one-tenth of a knot. 

RECTILINEAR TIDAL CURRENTS 

ment of the tidal current and t % e vertical movement of the tide are 

it from other kinds of currents! which are known x y the general 

yoin 

It is the periodicity of tlie tidal current. that cliiefl 

In the entrance to n bay or river and, in general, where a restricted 
width occ.urs the tidal current is of the rectilinear or reversin? tgpe; 
that is, the flood current runs in one direction for a period-o a out 
six hours and the ebb current for a like period in the opposite direc- 
tion. The flood current is the one that sets inland or upstream and 
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the ebb cursent the one that sets seaward or downstream. 
.than e from flood to ebb gives rise to a period of slack water durin 
whic a the velocity of the c.urrent is zero. An example of this type o 
current is shown in Figure 3, which represents the velocity and direc- 
tion of the current as observed in the Hudson River off Fort Wash- . 
?n Figure 3 the upper curve represents the velocity of the current 
in knots, flood being plotted above the axis of S and ebb below the 
mi!. The velocity curve represents approsimatel the form of the 

the strength of flood and the maximum ebb velocity the stren th of 

of tidal currents and represents a velocity of 1 nautical mile per hour. 
Knots may be converted into statute miles per hour by multiplying 
by 1.15, or into feet per second by multiplying by 1.69. 

The 

4 
ton on July 22, 1932. 

cosine curve. The maximuni velocity of the floo (9 current is called 

.ebb. The knot is the unit generally used for measuring the ve K ocity 

U"* 

OyUU 

I - 1  
C I 

FIG. 3.-Vdocity and direction curves for the current,'Hudson River. July 22,1922 

The lower curve of Figure 3 is the direct.ion curve of the current, 
the direction being even in degrees, north being O', east 90°, south 
180°, and west 270 .. The directions are ma etic and represent 

During the period of flood the direction curve shows that the current 
was running practically in the same direction all the time, making an 
abrupt shift of about 180' to the o posite directionduring the period 
of slack water. For the ebb perio B the direction curve likewise shows 
the current to have been running in approsimately the same direction 
with an abrupt change of about 180' during slack. 

ROTARY TIDAL CURRENTS 

the direction of the current as derived from fiQ ourly observations. 

Offshore the tidal currents are general1 not of the rectilinear or 
versing type. Instead of flowing in t K e same general direction 
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during the entire period of the flood and in the opposite direction 
during the ebb, the tidal currents off shore change direction continually. 
Such currents nre therefore called rotary currents. An exam le of 

and c9 irection of the current at  the heginning of each hour of the after- 
noon on Se teniher 24, 1919, nt Nantucket Shoals Light, Vessel, sta- 

t;his t pe of current is shown in Figure 4, which represents the ye H ocity 

tioned ofl t r le coast of Massachusetts. 

TVU0 

North 

Mid night 

I2 Noon 
A 

Scale o f  Knots 
L I I I I 1 I J 

0.0 az 0.4 0.6 9.8 10 1.2 1.4 
FIG. I.-Rotary current, Nantucket Shoals Light Vessel, afternoon of September 24,1919 

The current. is seen t.0 lime changed its direction at  each hourly 
observation, the rotation being in the direction of movement of the 
hands of a clock, or from north to south by way of east, then to north 
a ain by wa of west. In  a. period of about 12 hours it is seen that 

It will be noted that the ends of the radii vectores, representing the 
velocities and directions of the current at the beginning of each hour. 

l t, lf e current A.S veered completely round the compass. 
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define a somewhat irregular elli se. If a number of observations are 

distur B ances, the regularity of the cuve  is considerably increased. 
The average eriod of the cycle is, from a considerable number of 
observations, P ound to be 13h 25m. In  other words, the current day, 
like the tidal day, is 24h 50m in length. 

A characteristic feature of the rotary current is the absence of 
slack water. Although the current generally varies from hour to 
hour, this variation from greatest current to least current and back 
a ain to greatest current does not give rise t.0 a period of slack water. 
8 h e n  the velocity of the rotary tidal current is least, it  is known 
as the minimum current, and when it is greatest it is known as the 
maximum current. The minimum and maximum velocities of the 
rotary current are t.lius related to each other in the same way as slack 
and strength of the rec.tilinear current, a minimum velocity following 
a maximum velocity by an interval of about t.hree hours and bein 
followed in turn by another inasiniuni after a further interval o 
three hours. 

axera ed, eliminating accidenta P errors and teniporary meteorological 

f 
VARIATIONS IN STRENGTH OF CURRENT 

Tidal currents exhibit changes in the strength of the current that 
correspond closely with the changes in range. eshibited by tides. 
The strongest currents come with the spring tides of full and new 
moon and the weakest currents with the neap tides of the moon's 
first and third quarters. Likewise, perigean tides are accom aiiied 

the moon has considerable variation, the currents, like t.he tides, are 
by  strong currents and apogean tides'by weak currents; an B when 

great,er than the diurnal variation in the current. 
The relations subsisting bet,ween the changes in the velocity of tshe 

current at, any given place and the range of the tide at  that place 
may be derived from general considerations of a t.heoretical nature. 
Variations in the current that in-rolve semidiurnal components will 
approximate corresponding changes in the range of the t,ide; but for 
vwiations iiivolving diurnal components the variation in t.he current 
is about half that! in the tide. 

RELATION OF TIME OF CURRENT TO TIME OF TIDE 

In simple wave motion the times of slack and stren th of current 
bear a constant and simple relation to the times of %igh and low 

w-ave the t,ime of slack water comes, theo- 
between high and low water and the time 

water; in a stationary wave slack comes 
tlie strength of current 
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The progressive-wave inovenlent, ancl the stationary-wave niove- 
meiit are t.he two principal types of tidal movements. A progressive 
wave is one whose crest advances, so that in any body of water that 
sust.ains this type of tidal movement t.he times of high and low water 
pro ess from one end to the other. A stationary wave is one that 

one side of this asis at the same instant, t,hat, low wat.er occurs over 
t.he whnle mea on the other side of the asis. 

The tidal movenients of coastal waters are rarely of simple wave 
form; nevertlieless, it is very convenient in the stuclv of currents to 
refer the times of current to the times of tide. And where the diurnal 
inequality in the tide is small, as is the case on the Btlantic coast, the 
relation between the t . h e  of current and tshe time of ticle is very 
nearly constant. This is brought, out in Figure 5, which represents. 
the tidal and current curves in New York Harbor for October 9, 
1919, the current curve being the dashed-line curve, representing the 
velocities of the current at  a station in Upper Bay, and the tide 
curve being the full-line curve, representing the rise and fall of the 
tide at  Fort Hamilton, on the eastem shore of the NX~TOWS. 

osci Y lntes about, an asis, high water occurring over tlie whole area. on 

$ '. ,' 
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he. 5.-Tide nnd rurrent curres, New York Harbor, October 9, 1919 

The diagrws of Figure 5 were drawn by lotting the heights of 

to such velocity and height scales as will make the masimum ordi- 
nates of the two curves a prosimately e ud.  The time axis or axis of 

sea level for the tide, .the velocity of the current being lotted in ac- 

tide reckoned froni mean sea level was plotted in accorclance with the 
scale in feet on tlie right,. 

From Figure 5 it IS seen that the corresponding features of tide 
and current in New York Harbor bear a very nearly constant tim: 
relation to each other, and this constancy in t,ime relation of tides 
and currents is characteristic of tidal waters in which the diurnal 
inequality is small. This permits the.times of slack and of strength 
of current to be referred to the times of high and low water. Thus, 
from Figure 5 we find stren th of ebb oc.c.urrec1 about 0.6 hour after 

flood occurred 3.3 hours before high water: strength of flood 0.4 
hour after high water; slack before ebb 3.0 hours before low water. 

the tide and the velocities of the current to t f ie same time scale and 

S represents the line o P zero velocity Y or the currents ancl of mean 

cordance with the scale of h o t s  on the left, while the P ieiglit of the 

tshe time of low water, bot, Yl niorning and afternoon; slack before 
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In this connection, however, it ia to be noted that the time relations 
between the various phases of tide ancl current are subject to the dis- 
turbing effects of wind and weather. 

Apart from the disturbing effect of nontidal agencies, the time re- 
lations between tide and current are subject to  variation in regions 
where the tide exhibits considerable diurnal inequality; as for ex- 
ample, on the Pacific coast of tlie United States. T h  variation is 
due to the fact, previously mentioned, that the diurnal ine uality 
in the current at  any given place is, in general, only about Ralf as 
great as that in the tide. Ths brings about dif€erences in the corre- 
spondin features of tide and current as between morning and after- 
noon. however, in such cases it is frequently ossible to refer t.he 

parable diurnal inequality. 
current at a given place to the tide a t  some otier P place with corn- 

EFFECT OF NONTIDAL CURRENT 

The tidal current is subject to t.he disturbing influence of nontidal 
currenb which affect the regularity of its occurrence as regards time, 
velocity, and direction. In the case of the rect.ilinear current the 

FIG. &-Effect of nontidsl current on tidal current 

effect of a steady nontidal current is, in general, to make both the 
periods and the velocities of flood and ebb une ual and to c.han e the 
times of slack water but to leave unchanged B t e times of flooc 7 and 
ebb strengths. This is evident from a consideration of Figure 6 
which represents a simple rectilinear tidal currmt, the time axis of 
which is the line A B, flood velocities being plotted above the line 
and ebb velocities below. 

When unaffectecl by nontidal currents, the periods of flood and 
ebb are, in general, equal as represented in the dia rhm, ancl slack 

flood and ebb strength. But if we assume a steady nontidal current 
introduced which has, in the cliaction of the tidal current, a velocit 
corn onent represented by the line CD, it is evident that the strengt 

strength will be decreasec by the same amount. The current con- 
ditions may now be complete1 represented by drawin , as a new 

CD. 
Obviously, if the velocity of the nontidal current exceeds that of 

tlie tidal current at the time of strength, the tidal current will be 

water occurs regularly thxee hours and six minutes 3 ter the times of 

E 
of e t b will be increased b an amount equal to OD, while the flood 

axis, the line EF parallel to *fB and distant from it t K le length of 

9 
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c.omplete1-y masked and the resultant current will set a t  all tinies in 
the direction of the nontidal current. Thus, if in Figure 6 the line 
OP represents the velocity component of the nontidal current in the 
direction of the tidal current, the new axis for measuring the velocity 
of the combined current at  any time will be the line GO and t.lw 
current will be flowing at  all times in the ebb direction. There will 
be no slack wat-ers; but at  periods A hours 12 miiiutes apart there will 
occur minimum and maximum veloeities represented, respectivel>-, 
by the lines RS and TC. 

Insofar as the effect of the iiontidal current on the direction of t.he 
tidal ourrent, is concerned, it is only necessary to remark that t.he 
resultant current will set in n direction which at  any time is the 
resultant of the tidal and nontidal currents nt that time. This 
resultant direction and also the resultant velocity may be deter- 
mined either graphically by the parnllelograni of velocities or by the 
usual trigonometric computations. 
VELOCITY OF TIDAL CURRENTS AND PROGRESSION OF THE TIDE 

In  the tidal movement of the water it is nece.ssary to distinguish 
clearly between the velocity of the current and the progression or 
rate of advance of the tide. In the former case reference IS made to 
the actud speed of H. moving particle, while in the latter cnse the 
reference is to tohe rate of advance of the tide phase or the velocity 
of pro agation of wave motion, which generally IS niany times greater 

It is to be noted that, there is no necessary relationship between 
the velocity of t-he tidal current ats any place and the rate of advnnoe 
of the tide at! that place. In other words, if the mt.e of advance of 
the tide is known we can not from that alone infer the velocity of 
the current., nor vice versa. The rate of advance of the tide in any 
given body of water depends on the type of tidal movenient. In 2% 

progressive wave the tide moves approsimately in accordance with 
the formula T =  &Tin which T is t,he rate of advance of t.he tide, 
the acceleration of gravity, and d the depth of the waterway. In 
stationary-wave movement, since high or low water occurs at! veq- 
nearly the same time over a considerable nrea, the rate of advance is 

The veJocity of the current, or the actual speed with which the 
particles of water are moving past any Lsed point, depends on the 
volume of water that must pass the given point) and the cross-section 
of t-lie channel at that point. The veloc.ity of the current is t.lius 
inclepentleiit of the rate of advance of the tide. 

t.liaii t ‘t, e velocity of the current. 

theoretically very great; but actually there is 
present, and this reduces the theoretical velocity 

DISTANCE TRAVELED BY A PARTICLE IN A TIDAL CYCLE 

In a rec.tiliiiear current the distance traveled by the water particles 
or by any object flonting in the water is obviously equal to the product 
of the time by the average velocity durin this interval of time. To 
determine the average velocity of the t.i % al current- for any desired 
int.erva1 several methods may he used. 

If the c.urve of the tidal current has been plotted, the average 
velocity may be derived as the mean of a number of measurements 
of t,he velocity made at  frequent intervals on the curve: as, for example, 
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every 10 or 15 minutes. From the current curve the average velocity 
may also be determined by deriving t.he mean ordinate of the curve 
by use of the planimeter. For tz full t>idd cycle of flood or ebb, 
however, since the current curve general1 approximates the cosine 

ratio of the mean ordinate of the cosine curve bo the maximum ordi- 
nate which is 2 + ~ ,  or 0.6366. 

The latter method has anotsher advanbage in that talle velocity of 
the tidal curre.nt is dniost, illvariably specified by its rr.loc.ity a t  
the time of strength, which corresponds to the niasimum ordinate 
of ‘the oosine curve; hence, the average velocity of the tidal current 
for a flood or ebb cycle is given ininiediately as tlie irocluct of t$he 

only approximate, since the curve of t-he c.urrent ninv clevinte more 
or less from the cfisine curve, in general the results will be sufficiently 
accurate for all prmt8ic.a1 pm loses. For a normal flood or ebb period 
of 6.2 hours the dist,ance u tic \ a1 current with R velocity at strengt,h of 
1 knot will carry n floating object is. in nauticd miles, 0.83Gti :< 6.2 = 
3.95, or 24,000 feet. 

DURATION OF SLACK 

curve, t.lie simplest method consists in nia i? -mg use of the well-known 

st!reiigth of the current by 0.6366. And t,liough t i lis method is 

I11 the change of direction of flow from flood to ebb, and vice vers~~., 
t.he tidal current goes through n period of slack water or zero -relorit,!.. 
Obviously, this period of slack is but monient.ary, and graphically i t  
is represented. by the instant when the current curve cuts the zero 
line of velocities. For a brief period each side of slack wat.er, how- 
ever, the current is very weak, m c l .  in ardinarv usace “ slack wa.ter” 
denotes not only the instant of zero relocity hut d s v  the period of 
weak current. The c uestiiinn is therefore frequently raised, How 

$0 give slack water in it>s orcfinary usawe a deiinite meaning, we 
may define it8 to be the pesiod during whi& tlie velocity of the cur- 
rent is less than one-tenth of a knot. Velocities less thnn one-tenth 
of a knot may generally be disre nrded for practical purposes, and 
such velocities are, moreover, di 8 cult to nieasure either with float 
or wit.h current meter. For any given current i t  is now a simple 
matter to determine the duration of slack water, the current curve 
furnishing a ready means for this determination. 

In  general, regarding the current curve as approximately a sine or 
cosine curve, the duration of slack water is a function of the strength 
of cur ren t the  stronger the current tlie less the duration of slack- 
and from t.he e uation of t-he sine curve we may easily compute the 
durat,ion of slac- water for currents of various stren ths. For the 
nornial flood or ebb cycle of Gh 12.W we niay write t le equation of 
the current curve y = A  sin 0.4S31f, in which B is the velocity of .the 
current in knots at time of strength, 0.4831 the angular velocity in 
degrees per minute, and t is the time in minutes from the instnnt of 
zero velocity. Setting y=O.1 and solvin for t (this value of t giving 
half tlie duration of slack) we get for the % uration of s1ac.k the follow- 
ing vahes: For a current with a strength of 1 knot, slack water is 24 
minutes; for currents of 3 knots strength, 12 minutes; 3 knots, 8 
minutes; 4 knots, 6 minutes; 5 knots, 5 minutes: 6 knots, 4 minutes; 
8 knots, 3 minutes; 10 h o t s ,  2% minutes. 

lon does slack water 1‘ ast! 

7 1 
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HARMONIC CONSTANTS 

The tidal current, like the tide, may be regarded as the resultrtnt 
of anumber of simple harmonic. movements, each of the form y= 
Acos (&+a); hence, tidal currents may be analyzed in a manner 
analogous to that used in tides and the harmonic current constants 
derived. These constants permit the characteristics of the currents 
to be determined in the same manner as the tidal harmonic constants 
and they niay also be used in the predichn of the times of slack and 
the times and velocities of the strength of current. 

It, can easily be shown that in coastal or inland tidal waters the 
amplitudes of the various current components are related to each other, 
not as the amplitudes of the corresponding tidal components, but as 
these latter multiplied by their respective speeds: that is, in any given 
haibor, if we denote the various components of the tide by primes 
and of the currents by double primes, we have 

M f 2 :  Sf?:  N f 2 :  Kfl: Ofl:=.m,M",: $?Sf12: I ~ ~ N " ~ :  k l h f f l :  0,0", 
where the small italic . letters represent, respectively, the angular 
s eed of the correspondin components. This shows at once that 

that, in the tide. 
t r ie diurnal inequality in t a e currents should be approxinintelp half 

MEAN VALUES 

In  the nonharnionic analysis of current observations it is customarv 
t.o refer the times of slack and strength of current to the times of high 
and low water of the tide at  some suitable place, generally near-by. 
In  this method of analysis the time of current deterniined is in effect 
reduced to approxininte mean value, since the changes in tlie tidal 
current from da to day may be taken to a proximate the correspond- 

from a short series of observations must be reduced to a niean value. 
In  the ordinary tidal inovenient of the progressive or stationary 

wave types tlie change in the strength of the current from da to day 

.of the tide. Hence, the velocity of the current from a short series of 
observations mny be corrected to n mean value by multiplying by a 
factor eclual to the reciprocal of the range of the tide for the same 
period divided by the mean range of the tide. It is to be noted that 
in this method of reducing to a mean value, any nontidd currents 
must first be eliminated and the factor applied to the tidal current 
alone. This may be done b - takin0 the strengths of the tidal cur- 
rent as the half sun1 of trhe Jood an8 ebb strengths for the period in 
question. 
In some laces the currknt, while eshibiting the characteristic 

differences in head rtt the ends of a strait connecting two independent 
tidal bodies of water. East River and Harlem River in New York 
Harbor and Seymour Narrows in British Columbia are examples of 
such straits, and the currents sweepin through these waterways are 

The 
velocities of such currents vary as the square root of the head, and 
hence in reducin the velocities of such currents to a mean value tlie 
factor to be use d is the square root of tlie factor used for ordinary 
tidal currents. 

ing clianges in t T le tide; but the vel6city o P the c.urrent as determined 

may be taken approsinistely the same as the variation in t K e range 

features of t R e tidal current, is in reality a hydraulic current due to 

not, tidal currents in the true sense, % ut hydraulic currents. 
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111. THE HARBOR OF NEW YORK 
COMPONENT PARTS 

Most harbors are situated on a tidal river or ba the harbor pro er 

in this respect from other harbors in that it consists of a number of 
bays and rivers that communicate with ons another, thus formin a 

hydrographic respect does New York Harbor &er from other har- 
bors; its communication with the sea is through two independent 
passagewa Figure 7 shows that the ocean tide 
comes to E w  York Harbor both from the south thro h Lower Bay 
and from the east, more than a hundred miles away, "a t rough Long 
Island Sound. 

The number of wateiwgys that make u the harbor of New York 

following waterways: (1) Lower Bay (including Raritan and Sandy 
Hook Bays), (2) the Narrows, (3) U er Bay, (4) Newark Bay, 
(5) Arthur Kill, (6) Kill Van Kull, (7) E s t  River, (SI Hudson River 
(as far as Mount St. Vincent), (9) Harlem River. 

These waterways are all included within the legally constituted 
The relataions of the component, parts of t,he 

garbor to each other are shown in Figure 8. 

comprising a portion of the bay or river. New qork Harbor d' J ers 

And in anot E er system of intercommunicating tidal waterwa 

many miles apart. 

depends on the limits ass1 ned to the har $ or. For the purposes of 
ths publication New Yorc 7 Harbor will be taken to compiise the 

ort of New York. 

LOWER BAY 

Into Lower Bay the ocean tide sweeps past the gateways of Sandy 
Hook and Coney Island. If we defke the eastern limit of Lower 
Bay by R line runnin from the eastern point of Coney Island to the 
point where Sandy ook turns west, the entrance to the ba has a 
width of S statute nliles. From this eastern ljnlit Lower ay ex- 
tends to the Narrows on the north and to the mouth of Raritan 
River on the west, including thus Gravesend Ba Raritan Bay, and 
Sandy Hook Bay. Within these limits Lower Gay covers an area 
of 118 square statute miles. 

Though the bar estending across the entrance to Lower Bay a 
number of wide and deep channels ive access to the ba and to the 

the Narrows, is the principal entrance to New York Harbor rtnd has 
been dredged to a width of 2,000 feet and to a depth of 42?4 feet 
below mean sea level. At its western end Lower Ba shallows con- 

leads into thc Narrows, tlie channel shows de ths of over 100 feet. 
For the whole extent of its area within the \mits assigned above 
Lower Bag hits it11 average depth of 20 feet, reckoned from mcan sen 
level. 

A t  its northenstern end the tide from Lower Bay passes northward 
through the Niirrows, while at  its western end the tide is carried 
west,ward into Raritan River and northward into Arthur Kill. 
Through tlie Raritrtn River, Lower Bay receives the drainage waters 
horn an area of about 1,100 square miles, while from the Narrows 
and Arthur Hill therc. drains into Lower Bay the waters from a 
terntory having an area of 14,700 square miles. 

i! ]Ea" 

waterways connecting with it. Ansrose Channel, whic 5 leads into 

siderably, but near its northern end, west of Coney 9 sland, where it 



PIG. 'I.--New Tork Hsubor, showing the two entrances from the ocerq 
L3- 
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THE NARROWS 

The Narrows is a short strait leading from Lower Bay into U per 

1 mde at its southern end and 2 miles a t  its northern end. At its 
southern end where it meets Lower Bay the channel shows depths 

Bay: It is a little mom than 3 statute miles long, with a widt B. of 

FIG. 8.-hTew Port Harbor, showmg the relations of the component waterways 

of 100 feet, but as it widens the depth of the channel decreases and 
at its northern end the greatest depth is 60 feet. At the southern 
end of the Narrows the deepest part of the channel lies nearer the 
eastern shore, but after a short distance the deeper part of the 
channel swm s toward the western shore and contmues parallel to 
it into Uppersay. The area of 4% square miles which the Narrows 
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corn riscs has an average depth of 49 feet, reckoned from mean sea 
levef 

too, the\arrows is 

the greater part of 
it IS through the 

a region a roximately 
14,500 s uare miles in 

the highways of New 
York Harbor, passage $om Lower 

the sea. f%r the tides, 

Bay. 
UPPER BAY 

From the Narrows the tide progresses into Upper Bay, a sheet of 
water a little more than 4 miles long and about 3% miles wide, 
having an area of 14% s uare miles. The main channel through 

Upper has a wi B8 th of about half a mile with depths of 60 feet or more. 
The western part of the bay is occupied by estensive flats with 
de ths of 8 feet or less, reckoned from mean sea level. 

three islands break the surface of Upper Bay near its northern end. 
Governors Island, the largest of these, is located near the eastern 
shore of the ba at the entrance to the East River. Bedloes Island 

on Bedloes Island that the colossal bronze Statue of Liberty stands, 
the tip of the torch more than 300 feet above sea level. 

From U per Bay three tidal highways radiate-to the west Kill 
Vaa Kull eads into Newark Ba to the northeast East River leads 
into Long Island Sound, and to t e north the Hudson River furnishes 
a highway into the interior of the State. The channels leading into 
these three waterways have depths of 40 feet or more, but because of 
the extensive flats on the western side of the bay the average depth 
of the 14% square miles covered by Upper Bay is 25 feet, reckoned 
from mean sea level. 

NEWARK BAY AND THE KILLS 

, leading from t 1 e Narrows to the mout3h of the Hudson, 

and Ellis Islan B are situated near the west shore of the bay, and it is 

%t f 

Newark Bay lies to the west of Upper Bay from which i t  is sepa- 
rated by a narrow tongue of land, less than 1,200 ards wide in some 

Ength of about 6 miles and an average width of a little more than a 
mile, comprising an area somewhat in excess of S square miles. 

Two straits-Arthur Kill and Kill Van Hull-lead the tide into 
Newark Ba . From the south Arthur Kill brin s the tide from the 

tide from Upper Bay. L t h u r  Kill has a length measured alon its 

Kill, having a length of about 3 miles. It is about a third of a mile 
wide and comprises an area of almost exactly 1 s uare mile with an 

er, _ _  wider, - -  and deeper, Kill Van Bull is the principal tidal in et into 

laces, on which the city of Bayonne, N. J., is s ocated. It has a 

western en B of Lower Ba and from the east Bill \ an Kull carries the 

channel of 13 miles and covers an area of 4% s uare miles wit a an 
average depth of 17% feet. Kill Van Kull is s n, orter than Arthur 

average depth, reckoned from mean sea level, of 28 9 eet. Bein short- 7 
Newark Bay. 

Two rivers of considerable size-the Hackensack and the Pas- 
sak-empty into Newark Bay a t  its upper end, and it is principally 
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through these two rivers that Newark Bay drains a territory with an 
area of nearly a thousand square miles. The Hackensack and t.he 
Passaic each carry the tide upstream a distance of about 15 miles. 
The greater art of Newark Bay is shoal, but a channel obtained part1 

and Passam Rivers. ,far the 8 s uare miles comprising its area 

EAST RIVER 

From Up er Bay East River carries the tide northeastward. 
Parenthetica%y, it may be remarked that East River is strictly not a 
river but a strait connecting Up er Ba and Long Island Sound, so 

from U per Bay but also to the tide moving gout westward from 

From the extreme tip of Manhattan Island on the soutliwest to 
Throgs Neck on the northeast East River has a length of l G  miles, 
but it is not at  all uniform in its hydro raphic features throughout 

half, may be taken as separating the waterway into two parts possess- 
ing different characteristk. Lower East River, lying southwestward 
of Hell Gate, is a relatively narrow and deep waterway, comprisin 
an area of 4 s uare miles with an average depth of 38 feet. Eastwar 

9yd square miles with an average depth of 35 feet. 
A number of islands lie scattered near the middle of East River, 

restricting the width of the waterway and giving rise to swift currents. 
It is to the stretch of water lying between the northern tip of Black- 
wells Island and the southern art of Wards Island that the name 
Hell Gate is applied. While t i e  Dutch words “Helle Gat,” from 
which its name is derived, have a tota.lly different meaning than the 
English “Hell Gate,” the Anglicised form was considered an a pro- 

i! by dredging P eadv throu 11 thebay to the entrance of the Hackensac 

Newark Bay has an average depth o 1 9 feet. 

that East River is subject not o n i p {  y to t e tide comin northeastward. 

Long Is P and Sound. 

this length. Hell Gate, which divides I5 ast River almost esactly in 

d 
of Hell Gate t ’i ie river widens and Upper East River covers an area of 

fl 

priate designation, especid in the early days when the reefs o P rock 
in the main assage, tqget. K er with the swift currents and tortuous 

% channel, ren !i ered navigabon dan erous at  times. Since 1851 a 
c.onsiderable amount of rock has een removed, so that now the 
channel of Hell Gate is about 850 feet wide and very nearly 29 feet 
deep from mean sea level. 

HUDSON RIVER 

The Hudson River is one of the more important rivers of the At- 
lantic Coast. From its mouth at the Battery, New York City, where 
it debouches into Upper Bay, it carries the tide from the latter body 
of water a distance of 150 miles until stop ed b the dam at Troy. 
For a distance of 90 miles above its rnoutl thesudson has a deep 
and unobstructed channel navigable for large vessels. Further 
u stream the depth lessens, but even for the last 30 miles there is a 
c % annel 12 feet dee The river also serves as a highway for the 
traffic of the New gorli State’ Barge Canal which extends to the 
Great Lakes. 
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Near Mount St. Vincent, about 2 miles below Yonkers, runs the 
northern boundary of the city of New York, and it is the Hudson from 
the Battery to Mount St. Vincent-a distance of 16 miles-that is here 
included as forming a part of New Tork Harbor. For this distance 
the river has a width of very nearly a mile and covers an area of 1445 
square miles, with an average depth, reckoned from mean sea level, 
of 32 .3  feet. 

It is the Hudson River t.hat brings the greater part of the dra.inage 
waters into New Yorlr Harbor. Of the 14,500 square miles of terri- 
tory that drain into the sea through the Narrom the Hudson River 
contributes over 13,400 square miles, or more than 90 per cent. Com- 
put.ations based on river gaugin s and rainfall bring out the fa& that., 

through the %arrows each second, of which the Hudson contribut,es 
24,000 cubic feet. In ot.her words, from the territory it drains, the 
Hudson pours ench day into New Tork Harbor a volume of water 
equal t.0 3,000,000,000 cubic feet. 

on t,he avera e about 26,000 cu Q ic feet of fresh or nontidal water pass 

HARLEM RIVER 

Harlem River is the narrow tidal wrtteiwap that joins the Hudson 
with the East River and makes an island of Manhattan by cutting it. 
off from the mainland to the north. Like East River, Harlem River is 
a strtiit. and not a true river. 1t.s junction with the Hudson is at a 
point 1314 miles above the mouth of the Hudson, and its junction 
with the East River is through three channels in the vicinity of Hell 
Gat,e, the principal channel lying between Manhattan and Wards 
Island. 

Originally the Hudson River outlet of the Harlem was a tort,uous 
narrow channel through a t.idal maish known as S uyten Duyvil 

t.he wateiwag leadin into East River. In  1895 a ship canal was 

tinuous wateiway from the East River to the Hudson, the channel . 
having a length of 73$ miles. It covers 811 area of three-quart-ers of 
a scluare mile, with an average dept.h of 16 feet. 

New Sork Harbor thus forins a system of waterways consist.ing. of 
3 bays, 5 straits, and 1 tidal river,.through all of which the t i c k  
sweeps. From the ocean the tide enters the harbor through two 
inlets many miles a art, and this, together with the fact that the 
waterways of New fork Hwbor are intercommunicating, gives rise 
to the considerable variety in the rise aiicl fnll of the tide and in the 
flood and ebb of the current. 

IV. THE TIDE AT FORT HAMILTON 

INTRODUCTORY 

Creek, the designation “Harlem River” being appliec I; to the rest of 

completed through t B le ticld marsh, and now the Varlem is a con- 

Of the tidal observations in New York Harbor those made by the 
United States Coast and Geodetic Survey at Fort Hamilton, on the 
east bank of the Narrows, constitute the principal series. These 
observations cover the period from 1893 to 1920, the record being 
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continuous with but slight interruptions. This record is in the form 
of a curve drawn to a scale of 1:12 by a three-roller Coast and 
Geodetic Survey tide auge. The heights on the paper record are 

comparative readings bein made several times weekly. 

cated was destroyed by fire. On the reestablishment of the wharf 
early in 1921 the United States En ineer Office, War De artnient, 

data for Fort Hamilton are from the records of the United States 
En ineer Office. 

8are was taken to maintain a fixed datum to which the heights of 
the tide curve were referred. This was accomplished by leveling 
with a wye level between the staff and substantial bench marks on 
the shore whenever it was necessary to renew tlie staff. In this way 
the zero of the staff was kept at a constant elevation throu hout the 

H miilton will be taken as the standard station. 

connected with a &ye f zero by readings made on a fixed staff, these 

On December 5, 1920, t a e wharf on which the tide house was lo- 

installed a Gurley printing gau e w % ich records directly t P le height 
of the tide a t  15-minute interva K s. For the years 1951 and 1922 the 

eriod of observation. For the tides of New York Har % or, Fort 

TEE TIME OF TIDE 

The lunitidal intervals at  Fort IIaniilton, or the intervals by 
which high and low water follow the moon's meridian passage, vary 
somewhat from day to day. This variation is due principally to 
the variation in the ositions of sun and moon relative to the earth; 
but changes in winzand weather also cause variations in the luni- 
tidal intervals. However, when undisturbed by wind or other un- 
usual meteoroloaical conditions, it is on1 infrequently that these in- 

values. 
The change in lunitidal intervals from day to day throughout, a 

summer month is shown by the seventh and eighth coluinns of Table 
1, which list the high-water and low-water intervals for the first 39 
daj% of June, 1919. It is to be noted, however, that for convenience 
in coniputation the moon's transits across the meridian of Green- 
wich are taken, the necessa.r correction to refer these intervals to 

the month. For Fort Hamilton this correction is-0.11 hour. In 
the second column the lower transits are inclosed in parentheses, and 
the values derived from them in tlie seventh and eighth colunins 
are likewise inclosed in parentheses. 

tervals at Fort fiamilton vary by as muc T 1 as one hour from the mean 

the local meridian being niac 9 e to the average values determined for 

3904-25t-3 
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TABLE 1.-High and low waters, Fort Hamilton, June, 1919 

Date 

- - 
Moon 
transt 
merid 
Ian o 

Oreen 
wich 
-- 
Hot614 
(2 5) 
14. 9 
(3.4) 
15.9 
(4.3) 
16.7 
(5.1) 
17.4 
(5.8) 
l a 2  

(6. 5) 
18.9 
(7.3) 
19.6 
(a 0)  
2 a 3  
(a 7) 
21.1 
(9.4) 
21.8 

22.6 
(11.0) 
23.4 

(11.8) 

a 3  

( l a  2) 

_-____  
‘It 3 
(13.6) 

1.9 
(14.3) 

2.7 
(15.1) 

3.5 
‘15.;) 

(1; 1) 

(1: 3 
(17.5) 

5.9 

(19.2) 
7.6 

(2l 1) 
8.6 

(21.1) 
9.6 

(22.1) 

10.6 

(Z ? _-__-_  
(a 2) 

(1.1) 
12.7 

13. 6 

Time of- 
- 
High 
Kate 

TOUT; 
la c 
3.2 
la g 
23.1 
1L 8 

1 2  9 
a6 

13.7 

1.8 
14 4 

3.4 
16. 3 
4.3 

16.9 
6.2 

17.4 

6.2 

6.7 
19. 2 
7.6 

19.5 

a 3  
a6 

21.1 

9.7 
21.6 
10.1 
22.3 

a 3  
11.7 
23.9 
1 2  6 

a6 
13.7 
1.9 

14.4 
2 8  

15.4 
3.8 

16.5 
4.8 

17.4 

5.9 
l a 4  
6.9 

19.4 
7.9 

a 4  

21. 1 

- 

_-___ a i  

1: : 

l a  5 

a 4  

io. 9 

as 

- 
LOW 

watei 

Hour 
4.1 

16.1 
4.9 

17.3 
5.9 

6.4 
18. 8 
7.5 

la o 

20.1 

a 4  

ia 8 

21.0 
9. 1 

2L 8 

22.9 
11.2 
23.9 
11.9 

a 6  
12  2 
1.5 

13. 0 
1.7 

13.4 
2 4  

1% 8 
3.1 

15.1 

3.7 
15.5 
4.3 

16.3 
4.9 

17.3 
5.8 

l a 2  
6.5 

19.0 

7. 1 
19.9 

21.3 
9.3 

22.3 

23.3 
11.6 

_--_- 

a 3  

ia 6 

a 3  
1 2  4 
1.4 

13.4 
2 3  

14.2 
3.0 

16.4 

Du ration of- 
- 
Rise 

Eourr 
5.9 

LO 
5.8 
5.9 

6.1 
6.5 
5.8 
L 2  

5.7 
6.0 
5.7 
6.3 
6.6 
6.0 
5.3 
5.7 
5.3 
5.5 

5.7 
6.3 
5.2 
6.2 
5.9 
6.1 
6.0 
6.5 
5.5 
6.0 

6.0 
6.1 
5.8 
5.9 
6.0 
6.0 
5.9 
5.7 
6.1 

5.6 
6.6 
6.0 
6.1 
6.6 
6.1 
5.5 
6.0 
5.5 
5.8 

5.6 
LO 
5.5 
6.0 
5.6 
6.2 
5.8 
5.7 

129.4 
5.88 

6.1 

_--_- 

- 

- 
Fall 
__ 
Eaur 

6. 1 
6.i 
6. 4 
6 .6  
82 
G3 
5.Q 
6. Q 
&4 

6.6 
6. B 
6.4 
6.4 
6.9 
6.6 

6.7 

7. 1 

7. a 
6.3 
6.6 
5.8 
G 9  
5.4 
6.8 
6.5 

6.6 
6.8 
6.7 
6.2 
6.7 
6.4 
6.5 
6.5 
6.6 
6.4 

6.5 
6.2 
6.4 
6.9 
6.6 
6.9 
6.7 
6.8 
6.8 

6.9 
6.5 
7.0 
6.5 
6.9 

6.6 
6.6 

159.6 
6.54 

7. a 
7. a 

.-___ 

6.0 

6.3 

- 
- 

Lunitidal 
interval 

High 
water 

Hour 
(7.5) 
7.3 

(7.5) 
7.2 

(7.5) 

7.4 
(7.8) 
7 .2  

(7.9) 

7.6 
(7.9) 
7.8 

(s. 3) 
7.9 

(! 2 
(k 

(k 

(a 0) 

a 4  
(a 3) a i  

(7.7) a i  
(7.6) 
7.5 

(7.6) 

7.8 
(7.3) 
7.4 

(7.1) 
7.4 

(7.4) 
7.4 

(7.2) 
7.5 

(7.1) 
7.8 

(7.6) 
7.6 

(7.6) 
7.8 

(7.7) 
7.9 

(7.7) 
7.8 

(7.8) 
7.8 

(7.8) 
7.7 

(7.7) 
7.7 

(7.7) 
7.5 

31.5 
7.71 

- 

- 
Lm 
wate 

Hoe, 
iL 6; 
1.2 

(1. 51 
1.4 

(1.6) 
1.3 

(1.3) 
1.4 

(1.7) 
1.9 

(1.91 
I 1  

(1.8) 
2.2 

(2. 3) 
2.6 

( 2  5) 

2.7 
(2.0) 
2 9  

(2.0) 
2 3  

(1.6) 
2.1 

(1.1) 
2 0  

(L 6) 

1.8 
(1.2) 
1.6 

(1.2) 
1.4 

(1.4) 
1.5 

(1.5) 
1.4 u- 5) 

1.2 
(1.6) 
1.5 

(2.1) 
1.7 
!2 2) 
1.9 
(2 2) 
2.0 

(2.2) 
1.8 
(2 3) 
1.7 
(2 1) 
1.5 

(1.9) 
1.8 

E 1  
1.82 

- 

(2 
_-__. 

.--__ 

- 

Eelght of- 
- 
Hlgt 
wate 

Ffd 
9.4 la t 
9. I 
9. E 

._ 

as 
as 
ar a3 

_-__. 

8.4 

8. c 
56 
7.9 

7.9 
9. 1 

7.9 

7.6 

7.9 

7.7 
9.3 

9.1 

P 1  

9.2 
8.4 

a5 

a 3  
a9 
a 7  

a 7  

a8 

a i  
a 2  

a 3  

a9 
ah 
as 
a 5  
a 3  
a 2  

a 4  
a9 
a 2  

a 5  

a 3  

a 3  

a 7  

a8 

9.2 

9.0 

9.3 

9.6 

9.8 

9.8 
9.1 

10.4 
9.6 

Po. 3 

ia o 

a 76 

- 

- 
LOW 
Kate 

Fwl  
3.4 
4.1 
3 . 7  
4. I 
3 .9  
4.2 

4.4 
3.8 
4 5  

4.1 
4. 7 
4.0 
4.5 
4.8 
5.3 
4.7 
4.6 
4.3 

3.9 
4.1 
4.0 
4.1 
3.7 
4.1 
4 0  
4.3 
3.8 
4.2 

3.8 
4 4  
3.9 
4 5  
3.8 
4 5  
3.8 
4.4 
3.3 
4 .0  

3.9 
4 4  
3.7 
4 4  
3.6 
3.7 
8.3 
3.3 
3.2 

3.2 
3.3 
a. 0 

3. 1 
4. 1 
3.4 
4 0  

!22. 1 
3.97 

3.a 

.--__ 

3.1 

- 

- 

Rise 
- 

FFd 
6.C 
6.8 
6.5 
5.5 

4.7 
4.7 
3.9 
4.6 

3.6 
4 4  
3.2 
4.5 
3.4 
4 3  
3.0 
4.2 
3.4 
4.4 

3.7 
4.6 
3.9 
4.7 
4.0 
5. 1 
4.1 
4 .8  
4.4 
4 9  

4 5  
4 8  
4 5  
4 4  
4.7 
4 .3  
4.7 
3.9 
4.9 

4.4 
5.0 
3.8 
5. 5 
4. 1 
5.4 
4 6  
0.0 
5.0 
6.4 

5.5 
6.5 
5.8 
6.7 
6.0 

6. 2 
6.0 

iRg2 
4 7 9  

5.0 
.--__ 

6.3 

- 

- 

Fall 

Ffet 
.-____ 

5.3 
6.3 
5.1 
5.7 
4.7 
5.1 
4. I 
4.5 
3.9 

3.Q 
3. I3 
3.9 
4.0 
3.1 
3.8 
3.6 
4.4 
3.6 

4.8 
3.5 
4.7 
3.8 
5.1 
3.6 
5.2 
3.8 
5.3 
4.0 

5.3 
3.9 
5 3  
3.9 
5. 1 
4.0  
5.0 
4. I 
5.0 
4.2 

4.5 
4.5 
4.5 
4.8 
4.9 
5.3 
5 .0  
6 . 0  
5.1 

6.4 
5.4 
6.8 
5.7 
6.7 
5.0 
7 .0  
5.6 

31.6 
4.76 

- - _ _ _  

- -__-  

- 

Since the variation in the lunitidal intervals from day to day is 
relatively small, the average values for these intervals as determined 
from a month of observations should not differ much from the values 
as determined from a considerable period of time. The variation 
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from month to month through two years-1893 and 1933, the first 
and last years of the observations at hand-is shown in Table 2. In  
this table the means are for groups covering the first 29 days of each 
month. To complete a 29-dav group for the month of February 
when it has but 38 days the first day of March is included. The 
monthly means as given in the table refer to the moon's transit across 
the meridian of Fort Hamilton. 
TABLE 2.-Lunitidal intervals, Fort Hamilton: Month.ly means for 1895 and 1999 

High-mater inter- 
vals 

1893 1 1922 

- 

I I 
Low-water Inter- 

vals 

1893 1 1922 

Month 

Hours 
7.73 
7.80 
7.60 
7.63 
7.64 

7.68 

7.51 1 

7.67 
7.63 
7.57 
7.62 
7. Bo 
7.62 
7.69 
7.75 
7. Bo 
7.80 
7.79 

Hour* 
1. Bo 
1. Bo 
1.63 
1.58 
1.68 
1.70 
1.64 
1.71 
1.67 
1.71 
1.73 
1.71 

Hours . 1.71 
1.66 
1.53 
1.52 
1.6; 
1.59 
1.54 
1.69 
1.66 
1.58 
1.71 
1.78 

As determined from a year of observations, the lunitidal intervals 
give a close approximation to the mean values determined from a 

The variation in the high-water and 
gw-water lunitidal inteivals from year to year is shown in Table 3 
under the headings HWI and LWI, respectively, the intervals being 

For the years 1893 to 1912, inclusive, 
&e values are from monthly roup, including every day of the 

groups covering the first 29 days of each month. 
TABLE 3.-Lunitidal intervals, Fort Hamilton: Annual means from 1893 to 1999 

eriod of a number of years. 

iven in hours m d  decimals. 

month; from 1913 to 1933, incusive, 5 the values are for monthly 

Hour8 Hours 
7.71 1.65 
7.73 1.69 
7.88 1.61 
7.65 1.58 
7. BB 1.57 
7.70 1.62 
7.75 1.68 
7.77 1.73 
7.76 1.70 
7.70 , 1.68 

Hours Hours 
7.1 1.63 
7.70 1.66 
7.73 1.69 
7.76 1.73 
7.69 1.68 
7.74 1.88 
7.73 1.66 
7.68 1.66 
7.66 1.62 
7.63 1.60 

Hours 
7.62 
7.58 
7.58 
7.67 
7.62 
7.61 
7.67 
7.69 
7.77 
7.68 

Hours 
1.56 
1.61 
1.54 
1.59 
1.62 
1.62 
1.66 
1.65 
1.72 
1.64 

If we take a direct mean of the 30 years tabulated in. Table 3, we 
derive for the hi h-water lunitidal interval 7.68 hours and for the 

little from these mean values. For the high-water intervals the 
low-water interv Ki 1.64 hours. The values for any one year differ but 
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Dee. 

6. IO 
6.32 

6.01 
6.41 

greatest deviation in the one direction is represented by 0.09 hour, or 
5.1 minutes, in 1900 and again in 1921, and in the other direction by 
0.12 hour, or 7.2 minutes, in 1911 and again in 1915. For the low- 
water intervals these variations are 0.09 hour in 1900 and 0.13 hour 
in 1914. 

In a period of approxiniately 19 years all of the more ini ortmt of 

therefore customary to regard the values of tidal constants derived 
from a 19-year series as constituting mean values. The observations 
from 1593 to 1922 permit two overlap ing 19-year groups to be made 

yeais, 1904 to 1911. From the first 19-year group we derive the high- 
water interval to be 7.71 1ioui.s and the’low-water interval 1.66 hours. 
From the second 19-year roup these intervals are, respectively, 7.67 
hours and 1.64 hours. Tiere ap ears thus to have been a chan e in 

n parent chan e is likewise shown by the means of the lo-year groups 

leading from the sea. For the mean values o the unitidal intervals 
at  Fort Hamilton we may therefore take the results of the last 19 years, 
or 7.67 hours for the high water and 1.64 hours for the low water. 

the moon’s motions will have gone through coniplete cyc r es. I t  is 

-1S93 to 1911 and 1904 to 1922-t R e period overlapping being S 

the time of the tide at  Fort Hanii P ton during the past 30 years. $his 

o P Table 3 an % may be ascribed to the dee enin of the channels P K  

DURATION OF RISE AND FALL 

Froni the mean hi h and low water intervals at Fort Hamilton of 
7.67 hours and 1.64 a ours we derive the mean duration of the rise of 
tide to be 6.03 hours, and since the length of the tidal cycle is 12.42 
houm (half the tidal clay of 24.54 hours) the duration of fall is 6.39 
hours. For individual tides the periods of rise and fall are obviously 
subject to somewhat greater varirdfion than the lunitidal intervals. 
In  general, however, when undisturbed bay wind or weather, these 
periops at Fort Hamilton do not vary much from their mean values, 
as shown by the fift.h and sixth columns of Table 1, which give the 
consecutive eriods of rise and full  for A, typicd month. 

From Tab P e 2 we niay derive the mean clurations of rise and fall 
for each month of 1593 and 1922. These vilues are given in Table 1 
following : 

TABLE &-Duration of rise and fall .  Fort Hnmiltoic: Monthly wzeans for 1893 
and 199.2 

- 
Means 

-- 
6.05 
6.37 

6.04 
6.38 

I Jan. I Feb. 1 Mar. 

1893: 

1923: 

Rise _____._.___ 
Fall _ _ _ _ _ _ _ _ _ _ _  
Rise _ _ _ _ _ _ _ _ _ _ _  
Fall _ _ _ _ _ _ _ _ _ _ _  

6.13 6.20 5.97 
G D  6.23 6.45 

6.08 0.01 6.11 
6.34 6.41 6.31 

- - 
Apr. 
- 
6.04 
E. 38 
6.05 
fi 37 
- 

-1-I-l- 

I l l  

- 
Oet. 
- 
6.03 
6.39 

6.03 
6.40 
- 

-. .- 

NOV 
- 
6.04 
6.3s 

6.09 
6.33 
- 

If from Table 3 we derive the durations of rise and fall from the 
means of 10-year groups, we get from the first group 6.06 hours and 
6.36 hours, from the second group 6.04 and 6.3S, and from the third 

The differences between these means are small, 
%ut &ey indicate a gradual chan e in the relative durations of rise and 
rou 6.03 and 6.39. 

fall. If, as before, we group t i? e whole series of observations into 
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Date Feet I Date 

_-I 

two overlapping 14year groups, we derive for the first rou (1893 
to 1911) a duration of rise of 6.05 hours m d  a duration o P Y  fa1 of 6.37 
hours. Froni the second grou (1904 to 1922) we derive, res ectively, 

best determined means for the durations of rise and fall. 
6.03 hours and 6.39 liours, an (P these latter values will be t 2 en as the 

.which t rl e tide oscillates or as the surface the sea would assume when 

MEAN SEA LEVEL 

The lane of mean sea level may be defined as the plane about 

undisturbed by the m e  and fall of the tide. With reference to a 
bench mark on the shore, the plane of mean sea level may be deter- 
mined by avera ing over a considerable period of time the hourly 
heights of the ti d e, as read on a fked tide staff the aero of which has 
been connected with the bench mark h spirit levels. This is also 
accomplished by readin the hourly heig ts from R tide gauge which 

For how long a period must the Rourlv heights of the tide be 
averaged to give a good determination 01 mean sea level? This 
question can best be answered by esamining the results derived from 
observations of varying periods. Obviously, mean sea level de- 
termined froni tidal observations extending over one dn;v may be in 
error several feet, due to varyina meteorological conditions. But 
even a art from the effects of win% and weather, it is to be borne in 
mind % a t  the so-called long period tides, brought about by the tidal 
forces havin periods of half a month or more, introduce a variation 

The variat-ion in sea level from day to  day is shown in Table 5 for 
the month of June, 1919, a ty ical summer month. In this table 

heights of each day which are recorded in feet and tenths and refer 
to the fised tide staff to which aU the observations at Fort Htimilton 
are referred. 

is connected with a fixec f staff by com arative readings. 

in sea level s rom day to day. 

the values of sea level were B erived by averaging the 24 hourly 

* 

Feet Date Feet 
--_- 

1 _ _ _ _ _ _ _ _  ~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  6 . 6 6 ' 1 1  . . . . . . . . . . . . . . . . . . . . .  _ _  6.23 
3 _ _ _ _ _ _ _ _  ~ _ _ _ _ _ _  ~ _ _ _ _ _ _ _ _  6.56 12 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  6.33 
3 _ _ _ _ _ _ _ _ _ _ _ _  ~ _ _ _ _ _ _ _ _ _ _ _  6.40 13 _ _ _ _ _ _ _ _ _ _ _ _ - _ _  ~ _ _ _ _ - _ -  6.34 
4 _ _ _ _ _ _ _ _ _ _ _ _  ~ _ _ _ _ _ _ _  _ _ _ _  6.31 14 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ~ _ _ _ _  6.44 

It will be observed t,liat even in a summer month when meteor- 
ological conditions do not vary greatly, sea level ma 
much as 0.9 foot. Table 5 also brings out the fact t i n t  r vasy mean by sea as 
level determined from three consecutivc 10-day roups c h i n  

from each other by 0.2 foot. 
P a  mont-h when weather conditions were relatively uni fi orm may di er 

21 _________._____________ 6.24 
23 _ _ _ _ _ _ _ _ _  ~ _ _ _ _ _ _ _ _ _ _ _ _ _  6.29 
23 _ _ _ _  ~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  0.32 
24. ____: _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  6.25 
35 .______________________ 6.27 
28.. . . . . . . . . . . . . . . . . . . . . .  6.43 
27.. ______________.______ 6.31 
28.. . . . . . . . . . . . . . . . . . . . . .  6.75 
28. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ~ _ _ _ _ _ _  6.78 
30 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  6 . 9  

Sum _ _ _ _ _ _ _ _ _ _ _ _ _ _  63.87 
Mean- _ _ _ _ _ _ - _ _ _ _ _  6.39 

- 
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Not only is sea level determined from one day of observations sub- 
ject to serious error, but even when determined from observations 
coverin a eriod of .a month it may not be free from considerable 
error. ?n $able 6 the heights of sea level on the tide staff as deter- 
mined from the first 29 days of each month for the years 1893, 1902, 
1911, and 1920 are given. 
TABLE 6.-Monthly sea level on sta8, Fort Hamilton, for lS93, 1909, 1911, and 1920 

Sept. Oct. Nov. Dee. Means 
----- / I l l  
6.01 6. 12 5.88 6.42 5.86 
6.39 6.46 16.45 6.34 15.77 6.34 1 5 . S  6.0s I 
6.30 6.32 6.25 6.07 6.15 

From Table 6 it is evident that mean sea level as determined from 
a series of observations comring a period of a month is subject to 
'considerable variation from month to month. Between the eatest 
and least values of the monthly means for the four pars usefin the 
table the difference is 1.19 feet, and within the period of any one of 
these years the monthly means ma dift'er by as much as 0.9 foot. 

show differences from year to ear, as evidenced by the last column 

vdues of sea level from 1893 to 1922 are given. 

Even the mean values determined s rom 12 months of observations 

of Table 6. This fact 18 broug K t out by Table 7, in which the yearly 

TABLE 7.--Sea level on staff, FoJ  Hamilton: Annual m a n s  1893 to 19.92 

Year I Feet 11 Year I Feet 11 Year I Feat 

5.86 
5.90 
5.83 
5.91 
5.98 
6.00 
5.88 
5.85 
6.08 
6.12 

59.52 
5.95 

- 

5.90 .. .. 
6.03 
6.08 
6.04 
6.07 
6.05 
6.22 
6.15 
6.17 
6.07 

a78 
6.08 

A glance at Table 7 shows that sea level froni year to year varies 
by not inconsiderable amounts. For the 30 years from 1893 to 1922 
the difference between the greatest and least values of the annual 
sea level is 0.39 foot. Dividmg the observations into 10-yertp y p s ,  
there is a difference of 0.13 foot between the first and ast o these 
groups. For the two overlapping 19-year periods-1893 to 1911 and 
1904 to 1922-we derive 5.96 feet for the first period and 6.02 feet 
for the second period. The mean value for the entire period of obser- 
vations is 6.00 feet, and this ma be taken as the best determined 
value for sea level at  Fort Hanii iy ton, referred to the tide staff used 
in the observations. 

Adopting 6.00 feet on the staff at  Fort Hamilton as the value of 
niean sea level. it  is seen that during the first 16 vears of the observa- 
tions sea level was the greater part ';f the time below the mean value, 
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while during the last 14 years it was abdve the mean value with but 
two exceptions. During these years sea level was lowest in 1895 and 
highest in 1919. 

Chan es in meteorological conditions are reflected by changes in 
sea l e v 3  and since meteorological conditions vary from ear to year 

be ascribed, in large part if not wholly, to variations in meteorological 
conditions. The apparent rise of sea level since 1909 does not neces- 
sarily represent a corresponding subsidence of the land. It is to be 
noted, too, that from its maxbnum value in 1919 sea level has been 
gradually falling, the value for 1922 being 0.15 foot lower. In this 
connection it is to be noted that tidal observations indicate that 
within the past 30 years sea level attained its maximum height in 
1919 all along the Atlantic coast from Maine to Florida. 

the variation in the height of sea level brought out by !I! able 7 must 

Fxo. %-Annual varistlon in sea level at Fort Hemilton, by 1O.ywr periods 

It appears, therefore, that sea level varies from day to day, from 
month to month, and from year to year. Strong wmds or sudden 
changes in atmos heric pressure may br' about very considerable 
variations in sea P eve1 from day to day.%e variations.from year 
to  year are undoubtedly due to variations in meteorological condi- 
tions, but whether these ossess any eriodicity is not yet evident. 

very considerable periodicity. A glance at Table 6 brings out the 
fact that sea level is lowest in winter months, with a minmum gen- 
e~ally in January or February, and highest in the summer months, 
with the maximum generally in August or September. Sea level, 
then, is subject to an annual variation. For any one year the regu- 
larity of this variation may be masked by accidental or unusual 
meteorological conditions; but if a number of years are averaged the 
accidental variations will tend to balance out. For purposes of com- 

The variation in sea lev 9 from mont % to month, however, exhibits 
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parison we may divide the observations into three y p s  of 10 years 
and derive the average monthly heights of sea leve for each of these 
groups. 

The three curves of Figure 9 eshibit irregularities, but these are of 
a minor character. The similarities of the curves are so decided that 
there can be no question of the periodic nature of the variation. If 
now we group the 30 years of observations into two.overlapping 19- 
year ioups-1893 to 1911 and 1904 to 1922-and derive the average 
niont 8‘ y mems of these two groups these means will furnish the best 
data for determinin This is shown in dia- 
grammatic form in figure 10. 

The curve of Figure 10 shows the height of sea level to be lowest 
about the middle of February and highest about the begnning of 
September, the difference being 0;62 foot. The curve also indicates a 
secondary maximuni a.nd minimum in June and July, which is evidence 
that t.liere are several periods involved. This is brought out by the 
harmonic constants as will be seen later. 

Figure 9 gives the results in diagrammatic form. 

the annual variation. 

FIG. 10.-Annual variation in sea level, Fort Hamilton. from 30 years of ohservations 

THE PLANES OF HIGH WATER 

The height to whic,h high water rises varies from day to day, 
principally in accordance with the varying positions of the moon 
relatsive to earth and sun. At times of new and full nioon, when the 
so-called spring tides occur, high water .rises higher than usual; and 
when the moon is in its first and tliird quaiters the rise of high water 
is less t,lian usual. Likewise at the times when the moon is in perigee 
high water rises higher than the avera.ge, while at the times of the 
moon’s apogee the rise is lower than the average. Chan es in the 
moon’s declination also bring about a difference in the heig a ts of the 
two high waters of a day. And apart from these variations due to 
astronomic causes there is also a variation brought about by wind 
and weather. We may therefore have various planes of high water- 
spring high water? neap high water, erigean high water, apogean 
high water, higher high wat,er, lower k water, memi high water, 

by itself is not precise, for it does not indicate what high-water plane 
is referred to. 

Of all tshe hi 11-water planes, the one most easily determined is the 
plane of mean igh water. This lane is determined as the avera e 
of all the hi h waters over a consi erable period of time. The heiggh 
to which hig 5l water rises varies from day to day; for a typical summer 

or some arbitrary storm high water. dh e term “high-water plane’’ 

a % 
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month the daily variation in the height of hi h water is shown in the 

vations, the plane of hi h water can not be considered other than 

8uring any one year the monthl means of high water may differ 

years-1893,1902,1911, and 1920-are shown in Tab e S. The means 
are for the first 39 days of each month. 

TABLE 8.--Monthl~ mean high water on staff, Fort Handton, for 1895, 190.2,1911, 
and 1920 

ninth column of Table 1. When determine f from a month of obser- 

a proximate, even thoug 5 undisturbed by' storms during this period. 

from each other by as much as a 9 oot. The monthl means for four r 

Year I Jan. I Feb. - - MW. 

F F ~  
7.93 

7.92 
7.93 

- 

a5o 

- 

- - 
Mean3 

Feet 
8.06 
a 47 
a30 
a s  

Between the greatest and least values of the monthly means for the 
four years given in Table S the difference is 1.40 feet, and even the 
mean valiies determined from a whole year of observations exhibit 
considerable differences as evidenced by the last column of the table. 
The height of the plane of high water on staff for each year from 1S93 
to 1925 is shown in Table 9. 

TABLE 9.--lldean high. water on staff, Fort Hamilton: Annual means, 1893 to 1989 

Tear I Feet 11 Year I Feet 11 Year I Feet 

8.06 
8.10 
8.03 
8.15 
8. P 
8.21 
8.17 
8.39 

82.13 

a% 

a 47 

a 21 

-- 

1913 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  a 15 
1914 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  8.27 
1915 . . . . . . . . . . . . . . . . . . . . .  8.34 
1916 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  8.33 
1917 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  8.38 
1918 _ _ _ _ _ _ _ _ _ _ _ _ _  - _ _  _ _ _ _ _  a 40 
1919 . . . . . . . . . . . . . . . . . . . . .  a% 
1920 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  8.53 

1922 . . . . . . . . . . . . . . . . . . . . .  a 4 7  
1921 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  8.55 

Sum _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  83.98 
Mean _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  8.40 

3904-251-4 
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Year 

1893 . . . . . . . . . . . . . . . . . . . . . .  
1894 . . . . . . . . . . . . . . . . . . . . . .  
1895 . . . . . . . . . . . . . . . . . . . . . .  
1896 . . . . . . . . . . . . . . . . . . . . . .  
1897 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
l8Bs _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
1888 . . . . . . . . . . . . . . . . . . . . . .  
le00 . . . . . . . . . . . . . . . . . . . . . .  
1901 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
1902 . . . . . . . . . . . . . . . . . . . . . .  

Sum _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Mean, _ _ _ _ _ _ _ _ _ _ _ _ _  

TABLE lO.-Mean high water above sea level, Fort Hamilton: Annual means, 1893 
to 192.9 

Feet Year Feet Year Feet 
- -. _. - ~- 

2.20 1803 . . . . . . . . . . . . . . . . . . . . .  2.37 1913 . . . . . . . . . . . . . . . . . . . . .  235 
2% 1W4 . . . . . . . . . . . . . . . . . . . . .  2.39 1914 . . . . . . . . . . . . . . . . . . . . .  2.24 
220 1WW . . . . . . . . . . . . . . . . . . . . .  237 1915 . . . . . . . . . . . . . . . . . . . . .  226 
224 1806 . . . . . . . . . . . . . . . . . . . . .  2.34 1916 . . . . . . . . . . . . . . . . . . . . .  229 
2.35 1807 . . . . . . . . . . . . . . . . . . . . .  2.35 1917 . . . . . . . . . . . . . . . . . . . . .  231 
2.28 1908 . . . . . . . . . . . . . . . . . . . . .  2.32 1918 . . . . . . . . . . . . . . . . . . . . .  2.35 
228 1909 . . . . . . . . . . . . . . . . . . . . .  2.31 1919 . . . . . . . . . . . . . . . . . . . . .  2.34 
2.32 1910 . . . . . . . . . . . . . . . . . . . . .  230 1920 . . . . . . . . . . . . . . . . . . . . .  238 
2.31 1911 . . . . . . . . . . . . . . . . . . . . .  2.27 1921 . . . . . . . . . . . . . . . . . . . . .  2.38 
235 1912 . . . . . . . . . . . . . . . . . . . . .  227 1922 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  2.40 

22.61 Sum _ _ _ _ _ _ _ _ _ _ _ _ _ _  23.29 sum _- -___________ !2am 
2.26 Mean. _ _ _ _ _ _ _ _ _ _  _ _  2 33 M W  _ _ _ _ _ _ _ _ _ _ _ _ _  232 

- -- 

2.30 
2.32 I 
iii I 
2.32 
2.32 I 
3.33 
2.34 

2.33 
2.32 I 

2 32 
2.30 
2.31 
2.32 
2.32 
2.34 
230 
2.83 
2.31 
233 

It is to be expected that the values given in Table 11 should show 
some disagreement, since the effects of varying meteorological condi- 
tions have not been eliminated. In the last 20 ears the variation in 

ree to the 
second decimal place. In  view of this agreement, theyiffereme of 
0.04 foot in the mean of the first 10-year period must be regarded as 

the plane of high water from ear to year is we r 1 within the limits of 
error, and the means for the 9 ast two 10-year periods 

3 See R. A. Harris’s Manual of Tides, Part 111, U. 5. Coast and Qwdetic Survey Report for 1894, p. 247. 
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indicating a rise in the level of the plane of high water. Taking the 
last 19years-1904 to 1922-the plane of mean high water is deter- 
mined as 2.32 feet above the plane of mean sea level. 

Since sea level is subject to an annual variation, which makes i t  
higher in summer and lower in winter, we may ex ect to find a like 
variation in the hei h t  to which high water rises. ]glance a t  Table 8 

water, as it appears from the mean of the two 19-year groups of 
observations-1893 to 1911 and 1904 to 19224s  shown in diagram- 
matic form. 

The annual variation in the lane of hi h water resembles closely 

Fi High water is lowest about the middle of 
Fe ruary and highest about the beginni of September, the difference 

0.66 foot. This compares with a 3 ifference of 0.62 foot for sea 
lev for the same months. The secondary maximum and minimum 
in June and July, to which attention was directed in Figure 10, are 
also duplicated in Fi ure 11. We may therefore conclude that the 
annual variation in t. !I e height of high water is due directly to this 
variation in the plane of mean sea level. 

bears this out, an d in Figure 11 the annual variation in mean high 

that exhibited by the plane o P mean sea 5 evel, as a comparison of 
res 10 and 11 shows. r 

FT 
03 
a2 
01 

00  

01  

0 2  

0 3  

0 4  

os 
FIG. 11.-Annual variation in high water nt Fort Hamilton. 

The plane of mean high water being the aver e height of d l  the 
high waters, it follows that we may determine tida P high-water planes 
above and below the plane of mean high water. The planes of sprin 
hq~h water and neap high waters are such planes. The plane o 

high water is determined as the average over a considerable 
of time of all the high waters that come at the time of the 

sprin tides, and these tides, it is to be recalled, are the ones that occur 

occurrence of spring tides with reference to new or full moon is known 
as the phase age of the tide, and thc exact determination of this and 
the other “ages” of the tide will be taken up later. Here it will be 
sufficient to state that the phase age for Fort Hamilton is about 27 
hours; that is, spring tides occur about a day after new or full moon. 

For deterniinin the heights of the s ring high waters it is cus- 

the time ‘ven by adding the phase age of the tide to the tinies of 

high water for that month. Time heights, too, i t  is to be 

It is therefore obvious that 

?! 

a litt f e after the times when the moon is full or new. The lag in the 

tomary to take t % e two consecutive hig R waters which fall nearest 

new and f l  ull inoon. This gives for an month four heights for the 

sprinf recal ed, are affected by the moon’s parallas, declination, and any 
accidental meteorological conditions. 
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the heights of the sprin high waters, as determined from a month 
of observations, may di I er c.onsiderablv from that determined ,from 
another month. To determine this plane with any degree of pre- 
cision from high and low water observations requires a series extend- 
ing over a considerable number of years. From 17 years of observa- 
tions-1893 to 1909, inclusive--spring high water on the Fort 
Hamilton staff read 8.68 feet. For this period Table 7 shows the 
height of mean sea level on staff to have been 5.95 feet; hence, at 
Fort Hamilton the lane of spring high wat.er is 2.73 feet above t,he 

lane of mean high water eshibits the 

that the lane of spring high water will do likewise, and a study of 

acce t this conclusion without det.ailed consideration. 
Tge plane of spring high water inay also be derived from the 

harmonic constants by means of the formulae develo ed by Harris. .9 

time-consuming than the method of direct, t.abulation, but the resu1t.s 
from t.lie harmonic c.onstaiits generally differ somewhat from the 
resu1t.s of direct tabulation. For Fort Hamilton there are at  hand 
harmonic analyses for the years 1900 and 1904. From the 1900 
anal sis the plane of spring high water is 2.71 feet above mean sea 

ares with 2.73 feet derived from the direct tabulation of the spring 
Righ waters from 1893 to 1909, and we may therefore take the plane 
of s rin hi h water at  Fort Hamilton as 2.72 feet above iiiean sea 
levef %n &e average, therefore, the rise of spring high water above 
mean sea level is 17 per cent greater than that of mean hi 11 water. 

we derive the plane of neap high water. From direct tabu ation of 
the series 1893 to 1909 this plane is found to be 1.87 feet above mean 
sea level and from the harmonic constants for the two years 1900 
and.1904, 1.84 feet. A mean of the two results gives l.S6feet, which 
we may take as the height of the plane of nea high water above 

plane of mean sea P evel. 

same annual variations as t t at of mean sea lerel we may conclude 

the mont % ly values for this plane brings this out. We may therefore 

When harmonic constants are at  hand, this iiietho t; is much less 

leve T and from the 1904 analysis it is likewise 2.71 feet. This com- 

If in the preceding aragraphs relating to spring hig a water we 
substit,ut.e for new and P ull moon the moon’s first and third c uarters. 

mean sea level. With res ect to mean sea leve P , therefore, the rise 
of nea high water is on t R e average 20 per cent less than that of 
mean r iigh water. 

a F ter the corresponding positions of the moon. The direct tabulation 

direct tabulation a weight twice t 5 at assigned t.o the result from the 

From the fact that the 

i 

The periodic variation in the moon’s distance from the earth gives 
rise to another set of tidal planes, namely, the planes of perigean and 
a ogean high water. Perigean and apogean tides come about a day 

of the perigean high waters for the years 1893 to 1909 gives the plane 
of perigean high water as 2.97 feet above mea.n sea lerel, while the 
harmonic constants for 1900 and 1904 give, through Harris’s formulae4 
3.70 feet. The discrepancy between the two being considerable, 
it  appears best to take a weighted mean, although it is difficult to 
assign other than arbit.rary wei hts. Giving the rcsult from the 

harmonic constants, we derive for the plane of perigean high water 
a height of 3.88 feet above mean sea level. For the plane of apogean 

Manual of Tides, Part 111, U. S. Coast and O d e t i c  Survey. Report for 1894, p. 144. 
4 Ibld. p. 144. 
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high water the direct tabulation of the series 1893 to 1909 gives 1.86 
feet above mean sea level, wlde the harmonic constants for 1900 
and 1904 give 1.8s feet above. ves for the 

average, 24 per cent great-er and the rise of apogean tides 19 per cent 
less than that of mean hi h water. 

water, lower high water, tropic higher high water, and tropic lower 
high water. Since these datum planes depend on the moon's declint+ 
tion, they are called clec,linational p1ane.s. Of the t,wo high waters of 
each clay the average height of the higher over a considerable period 
of time determines the plane of higher high water, while the aver 
height of the lower determines the plane of lower high water. 2: 
planes of tropic higher high and lower high water are determined, 
respectively, as the average heights of the hi her high and lower high 

at  the times of the moon's seminionthlv maximum declination. 
On the Atlantic coast the dechational datum planes are of 

relativel minor im ortance, since the diurnal inequality in the height 

planes exhibit annual variations, and when determined from observa- 
tions extending over a period of a niontrh or even a'year must be 
reduced to a mean value. These declinational planes may also be 
derived from the harmonic constants. From two years of direct 
tabulation-1921 and 1922-the plane of higher high water lies 0.35 
foot above the plane of mean high water, or 2.67 feet above mean sea 
level, while the harmonic constants from the analyses for two years 
(1900 and 1904) give 2.63 feet. We may therefore take the plane of 
higher hi h water as lyina 3.65 feet, above mean sea level. The plane of 
lower hq$ water, it  is olkous, lies m much below the plane of mean 
high water as the plane of hi her high water is above. Hence, the 
plane of lower bigh water at  %ort Hamilton lies 1;99 feet above the 
plane of mean sea level. 

For the tropic higher high water plane there are at  hand tshe direct 
tabulations of .17 years of observations-1893 to 1909-and the 
results from the harmonic analyses for two yeais, 1900 and 1904. The 
plane of tropic higher high water from the former is 2.74 feet above 
mean sea level, while from the harmonic constants, it i$ 2.66 feet. 
The mean of the two gives 2.70 feet, or a rise for the tropic higher 
high water of 16 per cent greater than the mean high water. For the 
plane of tropic lower high water the direct tabulation gives 1.75 feet 
above mean sea level, while t,he harmonic constants give 1.67 feet. 
The mean of the two ives 1.71 feet, or a rise for the tropic lower high 

Another hgh-water lane which is of importance is that of extreme 
or storm high water. bhis is not strictly a tidal datum plane, for the 
b h e s t  tides are generally due to storms. It is to be noted, however, 
that in raising the hei h t  of the water the effect of storms at times of 

average, mll be greater than at  times of neap or apogean tide. Hence, 
the datum plane of estreme high water must be somewhat arbiirarily 
defined. Any high water that is a certain adopted percentage above 

The mean of the two 
plane of apogean hi h water 1.S7 feet above mean sea !? evel. With 
respect to mean sea 9 evel, the rise of perigean high water is, on the 

r The eriodic fortnight F y change in the moon's declination 
rise to P our tidal high water planes, namely,'the planes of higher 'gh 

waters that occur a% times of tropic tides; t 5 at is, the tides coming 

of the ti K es is small? Like other high water planes, the declinational 

water of 26 per cent f ess than mean high water. 

spring or pengean ti d es, when the height of the water is above the 
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mean h h water may be defined as an extreme high water, but it 
appearsfest to adopt a different basis of definition Here we shall 
ap ly the term extreme hi h water to the highest tide of each month. 

$he plane of extreme hig% water under this definition will, therefore, 
for anygiven year, be determined as the avera e of the 12 hi hest tides, 

would exhibit very considerable variation from year to year, since but 
12 heights enter into the determination of thls plane for any year. A 
glance at Table 12, however, shows that this is not the case. por each 
year the value in the second column is the average height, above 
mean sea level of the 12 highest tides, one for each month, while the 
third and fourth columns give the date and height of the highest tide 
of the year. 

TABLE lZ.-E:tretne high water above mean sea level, Fort Hamilton: Annual 

one for each month. At first thought it mig % t appear as i f this plane 

means and highest 

Fed 
3.92 
4.20 
3.73 
4.08 
409 
4.18 
4.02 
3.91 
4 1 7  
4 4 0  

40.69 
407 

Date 
Aug. 24 
Dec. 27 
Jan. 26 
Oct. 14 
Oct. .25 
Oct. 19 
Feb. 8 
Dee. 4 
Nov. 24 
Apr. 8 -- 

____------ __--_----- 

Date 
Oct. 10 
Mar. 1 
Jan. 25 
Feb. 9 
Dec. 2 
Apr. 30 
Dee. 26 
Feb. 12 
Nov. 7 
ApI. 3 -- 
-----____ 
_---_____ 

Fed 
4.26 
4. 13 
4.00 
4 21 
3.90 
A 13 
4.29 
4. 17 
3.92 
4 01 

41.02 
I 10 

- 

Fee 1 
6.5 
4.7 1 
5.0 
4.8 
4.5 
5.1 
6.2 
4 8  
4.7 

14.5 

4a.8 
488 

Highest 1 Year 1 *E 
I 1-1- 

5.0 
5.0 
4 6  
5.4 
5.2 
5.0 
5.1 
4.6 
5.9 
5.3 

51. 1 
6.11 

- 

Highest 

I Same height on Nov. 24. 2 Same height on Dec. 7. ' 8 Same height on Feb. 2. 

As determined for periods of 10 years, the plane of extreme high 
water shows relatively little variahon, but it is interesting to note 
that as in the case of the plane of mean high water an mcreased 
elevation is shown for t?he last 10- ear group over the h t  lo-year 

adopt the mean of the 30 years of obserpations, we. derive a value 
of 4.12 feet above mean sea level. Th~s means that the rise of 
extreme high water as defined above is 78 per cent greater than that 
nf mean high water. 

THE PLANES OF LOW WATER 

group. If, for the best determine c9 plane of extreme high water, we 

For each of the high-water datum planes discussed in the previous 
section there is a corresponding low-water datum plane. It will 
therefore be unnecessary to o into details of definitions and methods 

water is the most important of the low-water planes. This plane 
exhibits variations from day to da and from month to month 
much as the plane of high water. d e  variation from year to year 
is shown in Table 13. 

of determination of these cstum 7 planes. The plane of mean low 
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-. 
3.67 
3. 62 
3.54 
3.60 
3.66 
3. 86 
3.65 
3.48 
3.67 
3.68 

38.12 
3.61 

- 

ThBLE 13.-LOIl, water on staff, Fort Hamilton: Annual m.eans 1893 to 1928 

Y W  I Feet II Year I Feet II Y W  1 Feet 
-11. 
3.59 
3.45 
3.42 
3.55 
3.49 
3.48 
3.66 
3.71 
3.86 
3.49 

3.67 
3.8 
3.71 
3. i 
3.85 
3.63 
3.77 
3.66 
3.8 
3.67 

36.58 
3.66 

- 

The variation from year to year in the plane of mean low water, 
shown in Table 13, is similar to that of mean high water shown in 
Table 9, and, like the plane of high water, art of the variation is 

referring the plane of low water to that of sea level, the variations 
due to changes of sea level will be eliminated. This mag be done 
bv subtracti the valuea of Table 13 from the corresponding values 
of Table 7. 3 h e  resulk are shown below in Table 14. 

TABLE 14.-Low water below sea level, Fort Hamilton: dimla1 means 1893 to 192.9 

to be ascribed to the variation in sea level P rom year to year. By 

YeSr Year 

2. 29 
2.28 
2.1 
2.31 
2.33 
2.34 
234 
2 37 
2.41 
2.44 

M. 40 
234 

- 

2. 46 
2.46 
244 1 
2 42 
243 
2. 41 
236 
237 
3.37 
2% 

0% 07 
2. 41 

2.33 
234 
2 31 -. ._ 
3.40 
2.42 
3.42 
3.45 
2. 49 
2 48 
3. 60 - 

24.20 
2 42 

below in Table 15. 
5 Part 111, Coast and Ocodetic SurveB ReBort for 1894, p. 2-47. 
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TABLE 15.-Low water below sea level, Fort Hamilton: Ann.zial m.eans corrected 
for longitude of moon's node 

I 

Year 1 Feet 1) Pear 1 Feet \I Year 1 Feet 

1893 _ _ _ _ _ _ _ _ _ _  1 _ _ _ _ _ _ _ _ _ _ _ I  235 
1% _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - -  2.35 
1895 . . . . . . . . . . . . . . . . . . . . . .  2.36 
1896 . . . . . . . . . . . . . . . . . . . . . .  2.38 
1897- - - -. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  2 37 
1898 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  236 

239 1913 . . . . . . . . . . . . . . . . . . . . .  
238 1914 _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _  
237 1915 . . . . . . . . . . . . . . . . . . . . .  
2.37 1916 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
2.40 1917 . . . . . . . . . . . . . . . . . . . . .  
2.41 1918 . . . . . . . . . . . . . . . . . . . . .  
238 I 1919 . . . . . . . . . . . . . . . . . . . . .  

As in the case of the plane of mean high water, n change in the level 
of t,he plane of mean low water ap ears to have occurred. The 

of the first 10-year group must be taken to indicate a owering of the 
plane of mean low water by approsimately that amount. Taking 

7 difference of 0.06 foot in the mean of t ? le last 10-year roup over that 

fT. Jan. Feb. Mat. Apr. May June July Aug. Sspt Oct. Now Dee. 
0.3 - , 

0.2 - 
0.1 - 

-- 
0.0 - . / // 
0.1 - 
0.2 - 
0.3 - 

0.5 

FIG. l2.--4nnual variation in low water at Fort Hamilton 

the last 19 years-1904 to 1922-tshe plane of mean low water i s  
determined as 2.41 feet, below the plane of mean sea level. 

The plane of niean high water for the sanie period was determined. 
to be 8.33 feet above the plane of mean sea level. We therefore find 
that high water and low water are not symmetrical with respect to 
mea.n sea level, the fall of low water bein 0.09 foot greater than the. 

the tide curve is not a symmetrical curve, being made up of a number. 
of sim le cosine curves some of which have fixed phase relations with 

The annual variation in sea level and in the height of high water 
is found also in the plane of mean low water. Figure 12 shows the. 
annual variation as it is derived from the mean of two 19-year series 
of observation-1893 to 1911 and 1904 to 1922. A comparison of' 
Figure 13 with Figures 10 and 11 shows that the annual variation in 
the plane of mean low water resembles closely the vsriation in the  
planes of mean sea level and mean high water. Low water is lowest 
about the: middle of February and hi hest about the beginnin of 

rise of high water. This difference is to f e ascribed to the fact that 

regar f to each other. 

Se tember, the difference being 0.64 F oot. This compares wi& a 
di # erence of 0.62 foot for sea level and 0.66 foot for high water.. 
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The secondary mhsimum and minimum in June and July, shown by 
R ures 10 and 11, are also shown in Fiaure 12. 

%or the determination of the other tizal low-water planes? we have 
at hand the results from the direct tabulation of the series 1893 to 
1909 and also the results from the harmonic constants for 1900 and 
1904. These results and the derived means are shown in Table 16. 
For comparison the plane of mean low water is included. 
TABLE l6.-Lotv water planes, Fort Hamilton: Distance below mean sea level 

Datum plane 

Date Fcet 
Feb. 21 16.0 
Feb. 16 4.9 
Feb. 8 6.0 
Feb. 11 5.7 
Dec. 25 4.7 
Feb. 16 5.9 
Feb. 11 5.9 
Jan. ?8 5.8 
Feb. 5 5.0 
Feb. 3 4.9 

53.8 
-- 

5.38 

In c.onsonanc.e with the definition of estreme high water, we may 
define an extreme low water as the lowest low. water of a mont-h. The 
average height of these extreme low waters will then determine the 
plane of extreme low water. Table 17 gives the average of the 
extreme low- waters and the date and distance below mean sea level 
of the lowest low water for each year from 1593 to 1982. 
TABLE 17.-Extretne low water below mean sea leuel, Fort Hamilton: Annnal means 

and lowest, IS93 to 19.22 

' 

1 

-- 
I 

Year 1 Aver- 

--- I age 

Sums. 3 8 , s  
Means, l- 3.W 

Year I 
I 

Sums - - 
Means. 

-I 
F F ~  Dale Feet 
3.94 Jan. 13 5.3 
3.W Feb. 3 5.6 
3.98 Feb. I8 5.4 
3.96 hlar. 11 5.6 
3.96 Oct. 8 4.9 
4.22 Feb. 2 6 5  
3.76 Feb. 25 5.4 
3.92 Dec. 18 6.0 
3.92 Mar. 16 5.4 
4.18 Jan. 6 i 26.3 

Bums-- 38.40 _ _ _ _ _ _ _ _ _ _  
M d m .  1-17 3.84 _ _ _ _ _ _ _ _ _ _  

- 
Fed 
a0 
6.3 
5.1 
5.7 
5.0 
4.8 
5.2 
4.8 
4.9 
4.7 

5% 6 
5.26 

- 

1 Same height Mar. 16. * Same height Feb. 22. 

The plane of estrenie low water determined from 10-year groups 
shows relatively little variation. If we adopt as the best determi- 
nation of this @&ne the average of tmlie 30 years of observation, 
we derive 3.91 feet below mean sea level, which means that the fall 
of extreme low water is 62 per cent greater than that of mean low 
water. 
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For the eriod 1893 to 1922 the highest tide observed was 6.1 feet 

level. As regards time of occurrence, Table 12 shows that the 
highest tide of the. year generally occurs in December, while the 
lowest tide general1 comes in February. The monthly distribution 

in Table 18. The figures under the column headed “Number” 
give the number of times the respective tides occurred during the 
month, while the figures under the column headed “Per cent” give 
the monthly occurrence on a percentage basis. 

TABLE 18.-Month of occurrence of highest and lowest tides, 1893 to 199.9 

above sea P evel, while the lowest tide observed was 6.5 feet below sea 

of the highest and P owest tides for the years 1893 to 1922 is shown 

- 
Month 

734 25.0 
12 40.0 
454 150 
0 ao 
0 0.0 
0 0.0 
0 0.0 
0 no 
0 ao 
1 3.3 
0 0.0 
5 16. ? 

30 1w.o 
-- 

~ ~ 

THE PLANE OF HALF-TIDE LEVEL ’ 

The plane of half-tide level or, as it is sometimes called, the plane 
of mean-tide level, is the plane lying exact1 halfway between the 
planes of mean high and mean low water. 8 the rise of mean high 
water above sea level were exactly e ual to the fall of mean low water 
below sea level, the planes of hdl-tide level and mean sea level 
would coincide. But for Fort Hamilton we found the fall of low 
water to be 0.09 foot greater than the rise of high water. Hence, 
it follows that the plane of half-tide level lies 0.045 foot below sea 
level or, to the nearest second decimal, we may take the plane of 
half-tide level to be 0.05 foot below mean sea level. 

From its definition it is obvious that the plane of half-tide level 
will exhibit the annual variation of the planes of mean hi h and 

plane of half-tide level may be drawn as the mean of the annual 
variation curves of the two planes shown in Figures 11 and 12. 
And, since the plane of half-tide level has a constant relation to 
the plane of mean sea level, the variation from year to year of the 
former plane will follow that of the latter. For practical purposes 
the lanes of half-tide level and mean sea level are frequently used 
as i P there were no difference between the two; but for the sake of 
clearness the two must be distinguished. 

mean low water. In fact, the curve of annual variation P or the 

THE RANGE OF THE TIDE 

The extent of rise and fall of the tide or the ran e of the tide varies 
from day to day, psincipally in accordance with t 5 e positions of sun 
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:and moon relative. to the earth. Spring tides and perigean tides 
bring relative1 large ranges; while nea tides and apogean tides brin 

the tide may be classified in a manner similar to  the datum p anes. 
We thus have mean range, s ring range, neap range, perigean range, 
.apo em range, and several Ends of tro ic ranges. 

T ie  variation in the range of the ti t; e from day to day at Fort 
Hamilton for a typical summer month is shown in Table 1. The 
.variation from year to year may be derived by subtracting from 
Table 9 the corresponding values m Table 13, or by adding the values 
.of Table 10 to the corresponding values of Table 14. The results are 
given below in Table 19. 

7 relatively sm J 1 ranges of the tide. P n fact, the various ran es o 7 

TABLE 19.-Range of tide, Fort Hamilton: Annual means 1899 to 1922 

Year I Feet 11 Year 1 Feet 11 Year I Feet 

Mean _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  4.64 

~~ ~ 

4.58 
4.58 
4.83 
4.69 
4. m 
4.77 
4.79 
4. Si 
4.86 
4.90 

~ ~I 
~ 

sum _-____________ 47.12 Sum _ _ _ _ _ _ _ _ _ _ _ _ _ _  47.38 
Mean _ _ _ _ _ _ _ _ _ _ _ _ _  -I 471 Mean _ _ _ _ _ _ _ _ _ _ _ _ _  4.74 

1903 . . . . . . . . . . . . . . . . . . . . .  4.69 1918 . . . . . . . . . . . . . . . . . . . . .  4.71 
lWI________..____________ 470 1914 . . . . . . . . . . . . . . . . . . . . .  4.71 
1WM . . . . . . . . . . . . . . . . . . . . .  4.68 1915 . . . . . . . . . . . . . . . . . . . . .  4.74 
1808 . . . . . . . . . . . . . . . . . . . . .  4.66 1916 . . . . . . . . . . . . . . . . . . . . .  4.76 
1907 . . . . . . . . . . . . . . . . . . . . .  4.72 1917 . . . . . . . . . . . . . . . . . . . . .  4.75 
1908 . . . . . . . . . . . . . . . . . . . . .  4.72 1918 . . . . . . . . . . . . . . . . . . . . .  4.75 
1808 . . . . . . . . . . . . . . . . . . . . .  4.70 1919 __________.__________ 4.72 
1910 . . . . . . . . . . . . . . . . . . . .  4.74 . 1920 . . . . . . . . . . . . . . . . . . . . .  4.76 
1911 _________________.___ 4.76 1921 . . . . . . . . . . . . . . . . . . . . .  4.72 
1912 . . . . . . . . . . . . . . . . . . . . .  476 1922 . . . . . . . . . . . . . . . . . . . . .  4.76 

47.40 
4 74 

The range of the tide exhibits from year to year the variation dis- 
cussed in the planes of mean high and mean low water; that is, a 
variation in a period of 18.6 ears, which brings about greater ranges 

when the inclination is large. The corrected niean range for each ear 

longitude of the moon’s node. The corrected mean range may also 
be obtained by addin the values of Table 11 to the corresponding 
values of Table 15. 

when the inclination of the 9 unar orbit is small, and smaller ranges 

is obtained by multi lying the mean range as directly obtained 9 rom 
the tabulations by P actors to take account of the variation in the 

%e results are shown below in Table 20. 

TABLE 2O.-Mean range of tide, Fort Hamilton: Annual means corrected for 
longitude of m o d s  node 

Year 1 Feet 11 Year i Feet II Year I Feet 

The means of the 10-year groups bring out clearly an aupented 
This increase rise and fall of the tide for the last decade of 0.10 foot. 
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Spring range _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  5. 55 
Neap range _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  3.76 
Perigean range- _ _ _ _ _ _  _ _ _ _ _ _ _ _ _  5.77 
Apogean range _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ r  3.85 
Great diurnal range 5. 29 

Great tropic range _ _ _ _ _ _  _ _ _ _ _ _  
Small tropic range _ _ _ _ _ _ _ _ _ _ _ _  
Extreme range- - _ _ _ _ _ _ _ _ _ _ _ _ _  
Greatest range _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  12.6 

5.34 
3. 73 
S. 03 

6 Part 11, Coast and Geodetic Gurvey Report for 1897. 7 Ibid., p. 554. 
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Corn ponen t 

TABLE 22.-Harmonic consfants, Fort Hainilton 

1892-1906 1907-1920 
- 

H l K  

H I  *: 

--______-___- 

I lso0 
Component - l H  

I Fed Degrees 
(105.6) 
103.1 
2 4 . 1  (2g 9 
221.3 
202- 1 
33% 4 

35.8 

203.9 
(1% 5) 

9 8 . 1  
(10% 1) 
102.7 

- - - -- - - 

- 

I9O9 II I lWM 

H 
- 

Fret 
(a 018) a 324 
a 132 
0. 103 
0. OOi 

2308 

0.053 
0.013 

(0.066) 
0 .167  

_ _ _  
a wo 

a 496 

(a 010) 
a 095 
- 

L 

- 
H '  

Frd a mi 
(0.004) 
( a m )  
0. &?6 
0.450 

a 042 
aoo4 a 110 a oi3 

a 095 
(a m) a OM 

0.061 

0.303 
0. 138 
- 

- 
K 

- 
Degrees 

87. 1 
(93.8) 

(247.0) 
58.6 

247.0 

63.9 
140.8 
156.9 
1Bi. 2 
235.2 

202.i 
(96.7) 
293.3 
132.0 
105.6 - 

Drgrees 
135.8 
7 2 . 5  

158 1 
119.6 
140.8 

The amplitudes of the com onents in Table 23 are small, and 

groups can not be espected to be RS close as in t e case of coni- 
ponents with larger rtmpli tudes. Nevertheless, with the esception 
of Sa,, the agreement between the two groups is so close as to leave 
no doubt of the existence of these components in the tide at Fort 
Hdi l ton .  And it is of interest to note that the coniponents, Sa, 
and Sa,,, for which no provision is made in tide-predicting machines, 
have amplihdes a.a large or even larger than a number of the com- 
ponents usually taken into account. 

The astronomic. or true tidal components giving rise to the an- 
nual or semiannual variations in mean sea level are very small. As 
derived from the harmonic analyses of the tidal observations the 
magnitudes of the components must be due largely to meteorological 

R hence the agreement between t P le amplitudes and e oc.hs of the two 
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factors. To determine this the annual variation in barometric 
ressure at  New York City was subjected to the harmonic analysis. 

gdonthly mean barometric pressure was used and two groups-1893 
to 1906 and 1907 to 1920-corresponding to the tidal observations. 
were analyzed. The results are shown in Table 24. 

TABLE 24.-Harmonic constants, New Pork City, derived from annual variat.ion 
of barometric pressure 

' 1893-19Os 1807-1910 
Component - 

' Degrccs 
254.8' 
32.3 

205.7 
185.8 
323.3 

Inches 
0.056 
0.010 
0.017 
a m  
0.W 

Degrees 
248.9 
332 6 
194.9, 

9. 1 
3?0. s. 

If the annual variation in sea level were due wholly to the variation 
in local baromdric ressure, and if, further, the tidal basin in the 
vicinity of Fort gamilton be considered as a negative water 
barometer, we should expect the corresponding terms of Tables 33 
and 34 to bear the followmg relations to each other: The amplitudes. 
in Table 33 in feet approximately equal to the amplitudes of the 
correspondin terms in Table 24 in inches, and the epochs of the 
constanta in table  24 greater by 180' than the corres onding epochs. 

at  any point is due, not to local barometric changes, but rather to. 
the variations in the local pressure gradients. Hence, it is not 
sur rising to find the relations of the constants in the two tables- 

msumptions. However, tbe existence of like components in the 
variations of sea level and barometric pressure may be taken as. 
qualitative evidence that the annual variation in sea level is due, in 
considerable part, to the variations in barometric ressure. 

constants. 

in Table 23. I t  is obvious, however, that the sea 7 evel vanation 

di f? ering from the simple relations derived from the above 

The ages of the tide are most easily derived P rom the harmonic 

follow P 1111 or new moon, and thus likewise the interva P by which 

from Table 23? we derive f or the phase age of the tide a t  Fort 

apogean tides fol f ow, respectively, the corres oiiding positions of the 

The foimulae for the various ages are as follows: 
Phase age, in hours _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  =O. 9S4 ( S , O - i M , O )  

Parallas age, in hours _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  =l. 837 ( M , O - - N , O )  

Diurnal age, in hours _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  =O. 911 (S,o-O,o) 
The hase age of the tide is the interval by which s ring tides 

neap tide follows the moon's first and third uarters. From the 
above Iormulae, substitutin the values of the s, arnionic constants 

Hamilton, 36.5 hours. 
The parallax a e of the tide is the interval by which perigean and 

moon. F'rom the harmonic constants of Ta le 22 we derive for the 
parallLr age of the tide at Fort Hamilton, 30.9 hours. 

The diurnal age of the tide is the interval by which the tropic tide 
follows the moon s semimonthly mmimum north or south declination. 
From the harmonic constants of Table 22 we derive for t,he diurnal 
age of the tide at  Fort Hamilton, 4.6hours. 

E 
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The fact that the lunitidal intervals at  Fort Hamilton only rarely 
vary by as much as an hour from the mean, and from the further 
fact that the diurnal ine udity in the heighk of high or low water 
is small, the tide here is o? the semidaily type; but from the harmonic 
constants alone the type of the tide may be inferred, the ratio of 
K,+O, to M,+S, furnishi the criterion. As stated before, where 

Fort Hamilton, from the constants of Table 32, the ratio is 0.19. 
Another characteristic which may be determined from the harmonic 

conatants is the order of occurrence of the tides. The formulae for 
that are somewhat involved: and hence need not be re roduced 
here. These formulae show that at  Fort Hamilton the or B er of the 
tides is as follows: Higher high water? lower low water, lower high 
water, higher low water. 

EFFECTS OF WIND AND WEATHER 

the ratio is less than 0.25, Y t le tide is of the semidiurnal type. For 

The average rise of extreme high water at  Fort Hamilton above 
mean sea level was found to be 4.13 feet. That this rise is due not 
alone to tmidal causes is evident from the following considernt.ions. 
The average rise of high water is 3.33 feet; at times of spring tide this 
is increased 17 per cent, at  times of pericean tides it is increased 24 
per cent, and tropic higher high water Lows an increase of 16 per 
cent. Hence, the rise of the tide a.t. the time of R tropic higher high 
water that occiirs when the moon is full or new and at  the same time 
is also in perigee should be 17 + 34 + 16 = 57 per cent grenter than the 
average, or 3.64 feet. This, however, is about Iir:.lt' a foot less than 
the average extreme high water, and we niny thcrcfore c.onc.lude that 
these estreme high waters are brought about hy wind and weather. 

For the extreme low water the avera e fall below menii sea level 

feet. From Table 16 we find that spring tides fall 17 per cent 
below mean low water, perigean t.ides 30 per cent below, and tropic 
lower low water 10 per cent below. eatest fall below 

low water that came when the moon was full or new an8 d a o  in 
perigee. 9 t  such timea the low water should be 17+30+10=47 

er cent lower than mean low water, or 3.54 feet below mean sea 
fkel. The aver e extreme low water, however,falls very nearly 
hd f  a foot belowxis; and, as in the case of the extreme high water, 
we may conclude that extreme low waters are also brought about by 
wind and weather. 

noting the weather that prevailed on the days during which 
the &liest and lowest tides of the various years occurred, as listed 
in Tables 12 and 17, we find that the hi hest high waters gcnerall 
came with northwesterly winds. 
waters almost invariably came with a falling barometer, while t le 
lowest low waters came with a rising barometer. 

It is important to note that trhe cxtreme tides due to wind and 
weather are brought about not by an augmented rise or fall of higb 
or low water, but by an unusual rise or fall of sea level. In other 
words, it is the effect of wind and weather on sea level and not on 
the rise and fall of the tide that brings an extreme high or low water. 

was found to be 3.91 feet, while the fa K of mean low water is 2.41 

mean sea level due to tidal causes would occur wit Yl the tro ic lower 
Hence, the 

B 

E P Furt ermore, the highest hi 

8 See Manual of Tides, Part IT, Coast and Geodetio Survey Report for 1894, p. 145. 
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This is evident from a consideration of the highest high water and 
lowest low water observed at  Fort Hamilton during the period of 
observations. 

astronomic tide on that day should have fallen 3.3 feet below mean 
sea level, or 37 er cent more than the average, due to the fact that 

new. The tide in question shou d have fallen 6.7 feet from the pre- 
vious high water and risen 6.0 feet to the succeeding high water. 
The Fort Hamilton tide gauge record for February 2, 1908, shows 
tlie tide to have fallen 6.S feet from the previous high water and 
then to have risen (3.2 feet to the succeeding high water. . The actual 
rise abd fall, therefore, agrees closely with that derived from compu- 
tation, and hence the abnormal depth to which low water fell must 
be looked for in an unusual subsidence of sea level. If we derive sea 
level for February 2, 1908, we find that it was 3.8 feet below its mean 
level. 

In the two instances discussed above wind and weather appear to 
have had practically no effect at  all on the range of the tide, the es- 
trenie tides in question appearing to be accounted for wholly by the 
change in sea level. It is evident, however: that with rapidly varyin 
meteorolo 'cal conditions changes in sea level between t,lie times o 

In  other words, while extreme tides are due to the effect o wind and 
weather on sea level, rapidly changin weather conditions will be 
reflected not only in change of sea leve 7 but also in a disturbance of 
tlie range of the tide. 

Apart froni the effects on the height of the tide, wind and weather 
brin about irregularities in the tinies of high and low water, disturb- 

in Figure 13, the u er curve of which represents the mean rise and 

the rise and fall of the tide at  Fort Hamilton for December 13 to 14, 
1917, on which days heavy northeast and northwest winds prevailed. 
To make the tide curves comparable in tinie, the are referred to the 

P on February 1 t P le moon was in esigee and on the 3d the moon was 

5 
high and r ow water must bring about changes in the r8.n e of tide. 

ing t % e regularity of rise and fall. An example of this is brought out 

fall of the tide for Y ort Hamilton, while the lower curve represents 

tinie of the moon's transit over t,he meridian of 5 ort Hamilton, zero 

B 
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hours being the instant of the inoon's upper meridian passage. For 
the l0117er curve zero hours correspond to 11:lO a. ni. on December 
13, 1917. 

Considering, first, the time of tide, it  is seen that for the first six 
From that time on the hours the two tide curves q r e e  ver 

increasing velocity of the wind on eceniber 13, 1917, is reflected in 
a disturbed condition of the tide, the hiah water beiw retarded by 
an hour and the followin low water by ?our hours. ?his very con- 

by a rapid rise of sea level between 1 Z h  and (11 p. 111. December 
13 and 2 a. m. December 14, 1917). The weather rec,ortl shows heavy 
northwesterly winds for the early hours of' December 14 between 2 
and 4 a. m., a wind vdocity of 5s niiles pe.r hour being recorded. 
With less violent winds for the renininder of the day? t.lip. following 

5c10se1y. 
siderable disturbance in t 9 ie time of low water WRS evidently caused 

FIG. 13.-Mean and stonn tlde curves, Fort narnilton 

high and low waters are seen to be much less disturbed in time. 
chumge in time of tide brought a.bout a marked chan e in the dura- 

is (3.03 hours and of fa.11 6.39 hours. The first rise shown by the tide 
curve for December 13 to 14, 1917, occu ied a period of 6.9 hours. 

then a fall of 4.3 hours. 
In reward to the height of the tide, i t  is to be noted that the zero, 

line of Eeights for each of the tide curves represents mean sea level. 
9 glance at  the lower curve shows a very considerable elevation for 
sea level for the first half of t,he curve and a subsidence for the second 
half. For December 13, 1917, sea level stood 1 foot above its mean' 
hei lit, on the 14th it was 0.1 foot below its mean hei lit, and on the 

tions of rise and fall. The average duration of rise at  % ort Hamilton 

This was followed by a fall of 9.1 hours, t Yl en a m e  of but 2.9 hours, 

15tTi it was 1.3 feet below. Coincident with this rapi f shifting in the 
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hei h t  of sea level we find wide variations in the heights of .the tide 

low water shown in the curve, the undisturbed ti& should have 
risen 4.3 feet, then fallen 4.1 feet, risen again 5.5 feet, and then fallen 
5.9 feet. The effect of wind and weather was to give a rise of 6.0 
feet, then a fall of 4.9 feet, Pollowed by a rise of 4.0 feet and a fall 
of 6.7 feet. 

an c f  consequently in the range of the tide. Beginnin with the h t  

SUMMARY OF TIDAL DATA 

Since Fort Hamilton will be taken as the standard station for tides 
and currents in New York Harbor, it will be convenient to have the 
data relating to the rinci a1 features of the tide at Fort Hamilton 
assembled in one tab P t ;  e, an this is done in Table 25. 

TABLE 25.-Tidal data, Fort Hamilton, N. Y. 
TIME RELATIONS 

High-water interval- - _ _ _ _ _ _ _  _ - _ _  _ _ _ _  _ _  _ -__ _ - _ _ _ _  ___-__ _ _  --__hours_ _ 
Low-water interval ________________________________________-_ do _ _ _ _  
Duration of rise _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ - _ _ _ _ _ - _ - - _ - - _ - _ _ - _ _ _ _  do _ _ _ _  
Duration of fall _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  do _ _ _ _  
Phase age-__--_-___-_____--______-____--____-___-_____--_-_do____ 26.5 
Parallax age _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _  do _ _ _ _  30.9 
Diurnalage_______---_____-______-___-------____---____-___do__-_ 4 .6  
Sequence of tides is HHW to LLW. 

7.67 
1.64 
6.03 
6.39 

4.73 
5. 29 
4. 17 
5. 34 
3. 73 
5. 55 
3. 76 
5. 77 
3. 85 

1. 17 
0. 79 
1. 22 
0. 81 
1. 12 
1. 13 

a 03 
12. 6 

HEIQHT RELATIONS 

Mean high water above mean sea level-- - _ _ _  _ _ _ _  _ _  _ _ - _ - _ __-____fee t_  - 2. 32 
Mean higher hi h water above mean sea level _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  do _ _ _ _  2.65 
Mean lower hig! water above mean sea level _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  do _ _ _ _  1.99 
Tropic higher high water above mean sea level _ _ _ _ _ _  _ _ _  _ _ -  _ _ _  _ _ -do_- _ _ 2.70 
Tropic lower high water above sea level _ _ _ _ _  _ _  _ _ _ _ _ _  _ _  _ _  _ _ _ _  - - -30- _ - _ 1.71 
Spring high water above mean sea level _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  do _ _ _ _  2.72 
Neap high water above mean sea level _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  do _ _ _ _  1.86 
Perigean high water above mean sea level--_ _ _  _ _  - _ _ _  - - - - - _ - - -__do_ _ _  - 2.88 
Apogean high water above mean sea level _ _ _ _ _ _ _ _ _ _  _ _ - _ _ _ _ _ _ _ _ _  do _ _ _ _  1.87 
Extreme high water above mean sea level . . . . . . . . . . . . . . . . . . . . . .  do _ _ _ _  4.12 
Highest high water above mean sea level _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  do _ _ _ _  6 .1  
Mean low water below mean sea level- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  do _ _ _ _  2.41 
Mean lower low water below mean sea level- _ _  _ _ _  _ _ _  _ - - - ---__--do_ - _ _ 2.64 
Mean higher low water below mean sea level- _ _ _  i- _ - - - - _ _ -_----do- - - _ 2.18 
Tropic lower low water below mean sea level- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  do _ _ _ _  2.64 
Tropic higher low water below mean sea level _ _ _ _ _ _  _ _  - - _ - - - - - __-do_ _ - _ 2. 02 
Spring low water below mean sea level _ _ _ _  _ _ - _ - - - - - - - - - _ - -__--do- _ _ _ 2.83 



4 

e 
v 

V 

4 

39M-24. ( F W  p.53.) FIG. 14.-Tide stations, Lower Bay 
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Neap low water below mean sea level _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  feet-- 
Perigean low water below mean sea level--- - - - - - - - - - - - - - - -___- -do-  - - - 
Apogean low water below mean sea level-- - - - - - - - - - - - - - - - - - - - _.-do- - - - 
Extreme low water below mean sea level-- - - - - - - - - - - - - - _ _ - - _ _ - - d o -  - _ - 
Lowest low water below mean sea level _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  do _ _ _ _  
Half-tide level below mean sea level- - - - - - - - - - - - - - -- - _ _  - - - -----do- - _ _  

1.90 
2.89 
1.98 
3. 91 
6 . 5  
0.05 

V. THE TIDE IN LOWER BAY 

In  connection with various operations tides have been observed in 
Lower Bay a t  a number of places at various times. The stations a t  
which the observations have been carried on for eriods of sufficient 

characteristics of the tide are shown in Figure 14. 
The longest series of observation in Lower Bay is that at station A 

in the Horse Shoe of Sandy Hook Bay. Short series of observations 
had been made prior to 1876, but in that year 8x1 automatic. tide gauge 
was installed, from the records of which tabulations for the following 
series are at  hand: (n) 1876 to lSS1, (b)  18S7 to 1588, (c) 1890 to 1892. 
Each,of these series with the exception of (c) be ins on the 1st of Jan- 
uary and runs through to December 31. Series t) begins on February 
1 and ends on January 31. The lunitidal intervals and the mean 
range of the tide from these observations are shown in Table 25. In  
this table the mean range of the tide has been corrected for the lon i- 

results for the years from 1887 through 1892 are at  hand. 

length to deterniine with reasonable accuracy t 7l e time and other 

tude of the moon's node. It is to be noted, too, that for the range t % e 

TABLE 26.-Lunitidd intervals and mean range of tide, Station A ,  Sandy Hook, 
N. J .  

In  view of the diEicultiea encountered in the operation OF tide gau es 
in the earlier years, we may consider the variations in the luniti % al 
intervals cls-ived from the three series of observations as coining 
within the allowable limih of error. For the best determined values 
we may therefore take the weighted means, but for the mean range 
of the tide it is difEcult to reconcile the values for the series 1576 to 
1881 and 1887 to 1892. The probable explanation appears to be that 
there was an actual decrease in the rise and fall of the tide in the latter 

eriod brought about by the continual northward growth of Sandy 

Harmonic analyses have been made of the tidal observations at  
Sandy Hook for the years 1876 to 1881 and 1887 to 1888. The results 
of these anal es likewise give evidence of the decrease in the range of 

amplitude of M, is 2.250 feet, while from the two years-1887 to 
158s-the amplitude is 2.188 feet. For the best determined range, 
therefore, the results from the seriei 1887 to 1892 will be taken, which 
give a value of 4.68 feet. 

!kook. 

the tidefor t T e later years. From the six years-1876 to 1881-the 
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J I __....___._ 

4. _ _ _ _ _ _ _ _ _ _  
6 1  _-...---.- 
6! -..-...... 

MI _ _ _ _ _ _ _ _ _ _  
Mr _ _ _ _ _ _ _ _ _ _  
Ma _ _ _ _ _ _ _ _ _ _  
Ma _ _ _ _ _ _ _ _ _ _  
N: _ _ _ _ _ _ _ _ _ _  

In Table 27 are given the harmonic constants for station A. In 
deriving tlie inean values of these constants the results froin the series 
1857 to lSSS were given the sanie weight as 'those froin the series 1876 
to 1881. The values inclosed in parentheses have been derivednot 
by analysis, but by inference from the values of the principal com- 
ponents. 

TABLE 37.-Hari~onie constants, StatiotL A ,  Sandy Hook, N .  J .  

Feci 

0.333 
0.123 

0.Old 
2.219 
0.0213 
0.054 
0.5W 

(0.0191 

0. iin 

- 
Coniponent €I l- 

F€ft 
(0.067) 
0.172 

to. 010) 
0.105 
0.032 

(0.004) 
(0.003) 
0.033 
0.4% 

I Component I1 1-42 

From the harmonic constants given in Table 27, various cliarac- 
teristics of the tide have been determined. These are given in Table 
28, in which are included also for the sake of completeness tlie luni- 
tidal intervals and tlie mean ra e of the tide, as determined from 
direct t,abulation of the high and s ow wateis. 

TABLE %.-Tidal data, Station A ,  Sandy Hook, N. J .  

High water interval _ _ _ _ _ _  - - - - - - _ _  - - - - - - - - - - - - - - - - _ _  - - - - - - ---hours- - 7. 5 9  
Low water interval ________________________________________- -  do _ _ _ _  1. 48 
Mean range-------------------------------------------------feet-- 4.68 
Spriiigrange----------------------------_------------------do---- 5. 57 
Neap range-----------------___-_.------___-----.-.-----..--do---- 3.69  
Great diurnal range- - - - - - - - - - - _ _  - - - - - _ _  - - _ _  - - -. - - -. - - - - _ _  - --do.. - - _  5.09. 
Phase age____--------_-------____-------___--------------~-----hour~-- 38.0 
Parallasage-------------------------------_-----.----------do-..-- 30. 7 
Diiirnalage-----------------..---_..------___----..-----------do-..-- 3. 1 
Sequence of tides,is HHW to LLW. 
Spring range + meanra i ige - -__ - -__ - - - - - - - - - - - - - - - - - . - - - - - - - - - - - - - -  1 .19 
Neap range +mean r a n g e - - - _ _ _ _ _ _ - - - - - - - - - - - - - - - - - - - - - - . - - - - - - - - -  0 . 7 9  
Great diurnal raiige + mean range _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  1.09  

Between 1876 and lSS4 the highest tide a t  station A occurred on 
January 31, 1878, when high water rose 2.9 feet above mean high 
water, or 5.2 feet above mean sea level. It is to be noted, however, 
that on September 12, 1882, a severe storm occurred, during which 
the height, of the water was not recorded as t,lie tide gau e was swept 

red on . f anuarv 23, lS25, when low water €ell 3.3 feet below mean low 
water, or 5.6 b e t  below ineaii sea level. Between 18S7 and 1891 the 
highest tide occurred on Se tember 10, lSS9, high water rising 6.3 
feet above nieaii sea level. !burin this sanie period the lowest tide 

iiiean sea level. The reatest range observed at Sandy Hook is. 

between tlie years 1893 to 1922. 
For station B, about a niile ancl a half iiorth of station A, there are 

at  hmid the results of two years of observations, 1921 and 1922, iiiade 
by the Thited States Engineer office. The direct results from these 

away b the storm. The lowest tide between 1576 an f ,1854 occur- 

occurred in 1890 on January 23, w 7 lei1 low water fell 5.4 feet below 

therefore 11.S feet, wliic 5 conipnres with 13.6 feet at Forb Hamilton 
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observations have heen reduced to mean values m c l  are given in 
Table 39 below. 

TABLE 29.-Tidal data, &'Inlion B,  A'andg Hook, hi. J .  
High water interval _ _ _ _  - - - - - - _ _ _  _ _  - - - _ _  . - - - _ _ _  - - _ _ _  _ _  - - - - - - - -hours- - 7. 59 
Low water interval _ _ _ _  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -do-  - - - 1 .50  
Mean Range--_------------------,----------------------------feet-- 4.66 
Greatdiurnalrange-----..--------------------------------..---do---- 5 .20  
Small diurnal range- - - - - - - - - - - - - - - - _ _  - _ _  - - - - _ _  - - - - - - - - - - - - - - -do-  - - - 4. 12 

The values of Table 29 agree very closely with those of Table 28. 
These values show that the tide at Sandy Hook resembles close1 the 

minutes earlier for the low waters and has a range 14.; per cent less 
than that of Fort Hamilton. 

It is to be noted that, in general, the direct difference between the 
lunitidal intervds at two s tdons  does not give the difference in time 
of tide at the two stations. Only if the two stat.ions have the saine 
longitude does the direct diff erence of tlie intervgs give the diff erence 
in time of tide, but when the stations have different longitudes a 
correction for this difference must be applied. Since the average 
period of the moon's apparent revolution about the earth is 34.S4 
hours, the time taken for the moon to travel 1' of longitude is 34.S4 
+360=0.069 hour. Hence, the correction to be applied for the 
difference in longitude is 0.069 (L,-L,,)? in which L, and L,, are 
the lon itudes in degrees of the two stations. If both stations are 
in west K oilgitucle, the above correction may be adclecl to the interval 
of the station having the greater longitude, tint the difference in 
intervals will then give the difference in time of tides. 

The tidal data for Lower Bay for the stations shown on Figure 15 
nre given on Table 30. With the esception of station A? tlie intervals 
and ranges given have been reduced to mean values b g  comparison 
with simultaneous observations at some stations hke Fort Hamilton 
or Sandy Hook. For tlie sake of completeness tlie data for stations 
A and B are also inc.luclet1. 

tide at Fort Hamilton. As coni arecl with the latter, the ti K e at 
Sandy Hook is five minutes ear P ier for the high wateis and nine 

TABLE 30.-Tidal data, Lower Bay 

Durs- 

ii;ge 

Hours 
6.11 
6.08 
6. 11 
5.75 

5.94 
5.97 
5.92 
6. 08 

5.97 
s.97 
5.93 
5.92 

0.19 
6 2 2  
6.32 
0.35 

cunitidal I intervals 
Mean 
range 

Ffft 
4. Bs 
4.66 
4.63 
4.65 

5. rn 
4.08 
5.07 
5.28 

5.22 
Lo? 
4.82 
4. 64 

4.53 
4.87 
4.92 
esz 

Station 
High l- water 

Locality 

A _ _ _ _ _ _ _ _ _  
B __.______ 
C _ _ _ _ _ _ _ _ _  
D. - - _ _ _ _ _  

HOW8 
Sandy Hook, N. J ______.__________ 7.59 _ _ _ _ _  do-.- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  7.59 
Romer Shoal Light N. Y... _ _ _ _ _ _  7. 48 
Port Monmouth, Id. J. _ _  _ _ _ _  i _ _ _ _  7.53 

M _ _ _ _ _ _ _ _  _ _ _ _ _  do _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  7.67 
N _ _ _ _ _ _ _ _ _  Norton Polnt, N. Y .______________ 7.45 
0 _ _ _ _ _ _ _ _ _  Coney Island. N. Y _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  7.65 

E __.______ 
F.. _ _ _ _ _ _ _  
Cl- - _ _ _ _ _ _  
H _ _ _ _ _ _ _ _  

P _ _ _ _ _ _ _ _ _  1 _____do _ _ _ _ _ _ _  . . . . . . . . . . . . . . . . . . . . .  I 7.50 

Consslionli Point, N. J _ _ _ _ _ _ _ _ _ _ _  
Key ort,N. J ._._______________ __. 
Smt\ Amboy. N. J .  _ _ _  _ _ _ _  _ _ _  ~ _ _ _  
Perth Amboy. N. J.  ___________.__ 

7.57 
7.52 
7.75 
7.85 

- 
Low- 

water 

I _ _ _ _ _ _ _ _ _  
J _ _ _ _ _ _ _ _ _  
k _ _ _ _ _ _ _ _  
L _ _ _ _ _ _ _ _ _  

Hours 
1.48 
1.50 
1.37 
1.78 

1.63 
1.55 
1.83 
1.89 

1.43 
1.53 
1.62 
1.60 

1.49 
1.23 
1.33 
1.15 
- 

Red Bank, N. T _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  i.40 
Great Kills, N. \ '_________________ 7.50 
New Dorp Reach. N. Y _ _ _ _ _ _ _ _ _ _ _  7.55 
Qrnvesend Bay. N. P _ _ _ _ _ _ _ _ _ _ _ _ _  7.52 

Observations 

Sear 

1876-1899 
19-21-23 

1927. 
1- 

1SS6 
1870 
lss6 
1873 

1888 
1886 
1919 

1SWX7 

lSSl-86 
1919 
1908 
1920 

Length 

12 years. 
2 years. 
3 months. 
4 days. 

Do. 
14 days. 
10 days. 
1 month. 

Do. 
5 days. 
3 days. 
3 months. 

1 month. 
2 days. 
I month. 
3 months. 
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From the data of Table 30 it is seen that the time of tide in Lower 
Bay changes but little, the difference between Romer Shoal Light 
and the entrance to Raritan River being less than half an hour. 
Toward the western end of the bay the tide exhibits to a greater 
degree the characteristics of river tides, as shown by the duration 
of rise becoming relatively shorter. Toward the western end, also, 
the range of the tide increases, and this obviously is to be ascribed 
to the rapidly converging shore lines which concentrate the ener -y 
of the tide in a smaller volume, and thus gives a greater rise and f 9 1. 

A comparison of the tidal ranges on the north and south shores of 
Lower Bay brings to light the fact that, relative to the axis of the 
bay, a point on the northern shore has a greater range than the cor- 
responding point on the southern shore. Thus, stations A and B 
have ranges less than 4.7 feet, while stations N and 0 have ranges 

reater than 4.8 feet; the range at station D is 4.63 feet against 4.83 
feet at station J. 
This increase in range of tide on the northern shore is brought 

about by the rotation of the earth, as a consequence of which all 
moving bodies are im ressed with a force deflecting them to the 
ri ht in the Northern Remisphere and to the left in the Southern 
&misphere. On the rising bde the water moving into Lower and 
Raritan Bays is deflected to the right or northern shore. Hence, 
high water here is raised somewhat higher than on the southern 
shore. On the falling tide the moving water is again.deflected to 
the right, but now it is the southern shore that is to the right of the 
moving water, and hence low water is somewhat higher on the 
southern than on the northern shore. The tide, therefore, rises 
higher and falls lower on the northern shore, giving a greater range 
here than on the southern shore. 

It will be noted froni Tables 35 and 28 that the ratios of the spring, 
neap, and great diurnal ranges to  mean range are practically the 
same at Fort Hamilton and at Sandy Hook. We may therefore 
assume that throughout Lower Bay the ratios of the various ranges 
to mean range are the same as at Fort Hamilton, and these ratios can 
thus be used for determinin the various ranges at any of the stations 

tide in Lower Bay is much like that a$ Fort Hamilton, and the features 
of the tide at the latter place may be taken as characterizing the tide 
also in Lower Bay. 

VI. THE TIDE IN THE NARROWS AND UPPER BAY 

On Figure 15 are shown the stations at which tidalobservations 
have been made in the Narrows and Upper Bay. The observations 
at  station A, Fort Hamilton, were discussed in Section IV. At  
station E, Governors Island, observations were made over a period 
of 33 years, from 1S47 to 1879, an automatic tide gauge being used 
from 1853; but because of the difficulties encountered in the opera- 
tion of tide auges in the earlier ears this series does not lend itself 

at  Governors Island there are at  hand the results of the tabulations 
of high and low water for 19 years, from 1860 to 1879, and also the har- 
monic analyses of three years of observations. An harmonic analysis 
has also been made of one year’s observations at the Battery, station 

listed in Table 30. Apart B rom the range and lunitidal intervals the 

to a detaile f discussion of the tda l  data. From these observations 
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The results from the tabulations of the high and low waters at 
iven in 

G. 
the various stations in the Narrows and Upper Bay are 

the table have been corrected to mean values by companson with 
siniultaneous observations at  some near-by standard station, generally 
Fort Hamilton, Governors Island, or Sandy Hook. 

TABLE 31.-Tidal data, The Narrows and Upper Bay 

Table 31. With the exce tion of stations A and F (Fort If amilton 
and Governors Island), t R e lunitidal intervals and ranges. given in 

Station 

_- 

Locality 
High 

A _ _ _ _ _ _ _ _ _  
B _ _ _ _ _ _ _ _ _  
C _ _ _ _ _ _ _ _ _  
D _ _ _ _ _ _ _ _  
E _ _ _ _ _ _ _ _ _  Brooklyn, N. Y _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  8.07 
F _ _ _ _ _ _ _ _ _  Governors Island. N. Y _ _ _ _ _ _ _ _ _ _ _  8. 10 
CI _ _ _ _ _ _ _ _ _  The Battery. N. Y _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  8 33 

Fort Hamilton. N. Y _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Staten Island, N. Y _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Bay Ridge, N. Y _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Staten Island, N. Y _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

-- tion Mean 

water 
I ,"$, 1 range 1 Year 1 Length 

3.13 
P I  
2.19 
2.11 
2 1 3  

6.94 4 4 0  1856-1865 1OYeSrS. 
5.85 4.45 1580-1879 18 years. 
6.01 L43 1831-1923 2years. 
6.00 4.52 1918-1819 1 Year. 
5.89 4.45 1571 , 3 days. 

Table 31 ives for the difference in time of 'tide between Fort 

hour for the high water and 0.47 hour for the low water, or a mean 
difference of 0.45 hour. The distance along the channel from Fort 
Hamilton to the mouth of the Hudson is G nautical milesj the water- 

between these points having an avera e depth of 2G feet, 

of a progressive wave, T=,/& if we substitute the depth above, 
we determine T to be 17.1 miles er hour. Hence, if the tidal niove- 
ment through the Narrows a n 1  U per Bay is of the progressive- 

he traversed in 0.35 hour. 

and U per Bar  the tidal movement is of the progressive-wave t pe. 

than for the western shore. This, obviously, was to he expected, 
as arising from the deflecting force of the earth's rotation. The 
effect of the diver 'ng shore lines in the Narrows is seen in the de- 

from 4.73 feet at  Fort Hamilton to 4.53 feet at  Bay Ridge. Over the 
whole of Upper Bay the range of the tide is -a proximately 4.4 feet. 

Up er Bay. 
#he harmonic constants for Fort Hamilton have already been iven 

in Table 33. For Governors Island and the Battery (stations If and 
G) the harmonic constants are given in Table 32. For station F 
the constants are derived from the analysis of three years of observa- 
tions-187G to 1879-while the constants for station G are derived 
from one year of observations, beginning June 1, 1920. The values 
inclosed in parentheses have been derived by inference from the 
principal coniponents and not by direct analysis. 

Hamilton ap % the mouth of the Hudson (stations A and H) 0.44 

ret oned from mean sea level. In the formula f or the rate of advance 

wave type, the distance of G miles s !i ould, from the above value of T 

F by the tide, and we may therefore conc P ude that through the 

Tab P e 31 gives in the Narrows a greater range for the eastern s 9 lore 

creased range of ti ? e in the upper portion of the Narrows, decreasing 

The duration of rise changes but little throug K out the Narrows and 

This ap roxmiates 0.44 hour 
arrows 



58 

JI _ _ _ _ _ _ _ _ _ _ _ _  
K: _ _ _ _ _ _ _ _ _ _ _  
L? _ _ _ _ _ _ _ _ _ _ _  
M I  _ _ _ _ _ _ _ _  _ _  
K~ _ _ _ _ _ _ _ _  _ _ _  
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TARLE 32.-Harnionic coilstants, stations F and G, Upper BaU 

Feet 
iO.018) 

0.118 
0.129 
0.016 

a 3 3  

Station F 
(Qovernors 

(Island) 

MI _ _ _ _ _ _ _ _ _ _  
Ma. - _ _ _ _ _ _ _ _  
M I  _ _ _ _ _ _ _ _ _ _  
M s -  - _ _ _ _ _ _ _  M@ _ _ _ _ _ _ _ _ _ _  

Component 

1.2- 

2 153 _ _  ____. . 
(Lo87 
0.076 _ _  

N? _ _ _ _ _ _ _ _ _ _ _  
01 _ _ _ _ _ _ _ _ _ _ _  
PI _ _ _ _ _ _ _ _ _ _ _  
SN _ _ _ _ _ _ _ _  _ _  
00 _ _ _ _ _ _ _ _ _  

0.496 

a 161 

0. 105 

(a ogej 

(0. 010) 

Station F Station G 
(the Battery) 11 ' I (%ziiy Comnonent 

I Feet 

Feft Degrees 

0.107 355.4 R: _ _ _ _ _ _ _ _ _ _ _  IaOB) 
0.077 28.4 SI _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  
0.011 205.4 S? _ _ _ _ _ _ _ _ _ _ _  0.413 

2 112 233.4 s4 _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  
0.oil so.% x, _ _ _ _ _ _ _ _ _ _ -  0.025 

0.4% 213.4 YI _ _ _ _ _ _ _ _ _ _ _  0.093 

(0.01s) (105.8) Q~ _ _ _ _ _ _ _ _ _ _ _  iawi) 
0 . 3 5  105.8 ZQ _ _ _ _ _ _ _ _ _ _ _  (0.m) 

a033 1984 86 _ _ _ _ _ _ _ _ _  _ _  _ _ _ _ _ _ _ _  
0.055 333.3 T$ _ _ _ _ _ _ _ _ _ _ _  0.073 

aoiz 85.6 p l - -  _ _ _ _ _ _ _ _ _ ,  a m  

iamj (193.4) pI _ _ _ _ _ _ _ _ _ _ _  i0.m) 
0.1'16 105.8 ss -... _ _ _ _ _ _ _ _  0.245 

(0.010) (105.8) Ssa _ _ _ _ _ _ _ _ _ _  a173 a m  106.0 

.-_ __--. 
183.1 
186.0 
217.4 

241.0 
(103.4) 
127.0 
4i. 4 

Station G 
(the Battory) 

H I  L' 

- -- 
Feet Degrees 
0.W 137.9 

10.0031 1259.0) 

0.416 359.0 

(.a 005) I ias. 81 

0.049 66.8 

From the harmonic constants above vaiious tidal characteris tics 
niap be determined. I t  is to be noted, however, that ran es deter- 

determined froni high and low waters. Hence, for Table 33 the 
ranges a.s derived directly from the harmonic constants have been 
inc.re.zsed by a factor which is the rat.io of the mean range determined 
from high and low waters to the iiietlli range rletm-ininecl from Bar- 
monk constants. This factor is but little greater than unity: for 
Govewors Island it is 1.00s and for the Battery it is 1.015. Table 
33 gives the tidal data derived from the harmonic c0nstant.s wit.11 the 
ranges modifiecl as noted above. For the sake of comparison the 
results for Fort Hamilt,on are also included. 

mined from harmonic constants are invariably snider t 19 ian those 

TABLE 33.-T.idal data from karinonie constants, slatiom A ,  F, and G, the 
Narroiiv, nnd U p p e r  Bay 

Station A Station F 1 Hamilton) (Fort l'"pzovrs Station 0' 
(the Bat- 

tery) 

4.43 
4.86 
4.00 
4.93 
3.58 

5.31 
3.46 
5.38 
3.65 

"5.2 

36.7 
0.0 

1. a1 a 82 
1.10 
1.11 
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Feel 
5.38 
5.11 
4.98 
5. 12 

The data of Table 33 show a very close resemblance between tide 
at stations F and G and but little difference between the tide at  
these two stations and station A. It is of interest to note that with 
the exception of the erigean range at  station G the various tidal 
ranges decrease from sort  Hamilton to the Battery, and that with 
the exception of the parallax age a similar decrease takes place in 
the ages of the tide. The ratios of the various ranges to mean range 
are practically the same at  all three stations. and we may therefore 
use these ratios at Fort Hamilton for deterniining the various ranges 
at any of the stations in the Narrows and Upper Bay listed in 
Table 31. 

For the period 1847 to the end of 1875 the hi hest tide a t  Govern- 

3.3 feet above mean high water, or 5.5 feet above mean sea level. 
For the same period the lowest tide at  Governors Island occurred 
on December 33, 1876, when low water reached 3.7 feet below mean 
low water, or 5.9 feet below mean sea level. The greatest range of 
the tide at  Governors Island for this eriod is therefore 11.4 feet. 
This compares with 11.8 feet at  Sandy %ook for the period 1876 to 
1891 and 12.6 feet a t  Fort Hamilton for the period 1893 to 1922. 

VII. THE TIDE IN THE KILLS AND NEWARK BAY 

The stations a t  which tidal observations have been made in 
Arthur Kill are shown on Fi ure lG. At no station in this waterway 

mean values, therefore, the observat,ions in Arthur Kill have been 
compared with simultaneous observations at. Sandy Hook, Fort Ham- 
ilton, or Governors Island. The data from these observations are 
given in Table 34. 

ors Island occurred on September 17, 1876, wien f high water stood 

have observations been ma % e for more tshan a month. To derive 

TABLE 34.-Tidal data, Arthur Kill 

1873 1 month. 
1920 3months. 
1.58 lmonth. 

1856-1Ss8 days. 

A _ _ _ _ _ _ _ _ _  Perth Amboy, N. J ______.______ 
B..: _ _ _ _ _ _  ~ _ _ _ _  do . . . . . . . . . . . . . . . . . . . . .  ~ _ _ _ _ _  
42 _ _ _ _ _ _ _ _ _  Tottsnville. N. S _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
D _ _ _ _ _ _ _ _ _  Rossville, N. T _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
E _ _ _ _ _ _ _ _ _  Carteret. N. J _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  8.38 6.01 
F _ _ _ _ _ _ _ _ _  Near Pralls Creek, N. Y _ _ _ _ _ _ _ _  8. S2 2 4 2  6.10 _ _ _ _ _ _ _ _  ]Eliznbeth.N.J _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  1 8.” 2.33 6.14 5.77 
H ____-__-I_ _ _  - - do.-. - - - - - - - - - - - - - - - - - - - - 

Hmrs Hour8 Hours 
7.95 1.S9 6.06 
7.87 1.73 6.14 
7.93 1.70 0.23 
&E 2.02 6.00 

Observations 

range - 
Mean 1 Sear I Length 
-I___ I-- 

- 

The data of Table 34 show the tide in Arthur Kill to become later 
from the Lower Bay entrance to the Newark Bay entrance. From 
stations A and B we may take the h g h  and loq water lunitidal inter- 
vals at the southern en$ as 7.90 hours and 1.80 hours, respectively, 
while from stations G and H we may take the intervals at  the northern 
end as 8.35 hours and 2.40 hours. This gives a difference of 0.45 
hour tor high water and u.Bu hour lor low water, or a mean amerence 
of 0.52 hour in the time of tide at  the two ends of Art.hur Kill. 

3904-25t-5 
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- IYlaI0.I ",le. - -  w 1 

FIG. ]&-Tide stations, Arthur Kill 
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Stagon 

The length of Arthur Kill, measured along tvhe channel, is about 
l l?d nautical miles, and its average de th is 171.4 feet. Hence, if 

type-that is, progressing in ac.cordance with the formula T =  &E- 
it should traverse this waterway from one end to the other in 0.8 
hour. From the data of Table 34 the observations give the difference 
to be 0.52 hour. Throughout Arthur Kill the range of tide ap ears 

rise likemse appears to be very nearly the same throughout the Kill, 
approximating 6.1 hours. 

the tidal movement trhrough Arthur Ki H is of the progressive-wave 

to be very nearly the same, namely, 5.1 feet. The duration o P the 

KILL VAN KULL 

For Kill Van Kull there are at  hand observations at  six stations, 
tshe locations of these being shown on Figure 17. In  this waterway, 
aa in Arthur Kill, the observations cover only short periods of time, 
the longest series being but, nine days in length. The tidal data 
derived from these observations are shown in Table 35. In  this 
table the lunitidal intervals and ran es have been corrected to mean 

standard tidal station. 
values by comparison with simu B taneous observations at some 

TABLE 35.-Tidal data, Kill Van Kull 

Locality 

Lunitidal in- I tervals 

A _ _ _ _ _  _ _ _  
B _ _ _ _ _ _ _ _  
C _ _ _ _ _ _ _ _  
D _ _ _ _ _ _ _ _  
E _ _ _ _ _ _ _ _  
F _ _ _ _ _ _ _ _ _  

Hours 
8.36 
S. 35 
8.3s 
8.20 
8.03 
8.12 

Port Richmond, N. IT--- - _ _ _ _ _ _  
Bergen Point, N. J _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Port Richmond. N. P. _ _ _ _ _ _ _ _ _  
West New Brighton, N. T _ _ _ _ _ _  
New Brighton, N. Y _ _ _ _ _ _ _ _ _ _ _ _  
Constable Hook, N. J. ______. _ _ _  

- 
LWI 

HOOUTS 
2.52 
2.13 
1.87 
2 13 
1.87 
1.95 

- 

- 

- 

Observations 
tion of :Fg - rise I 

I I 

4.49 1585-86 
4.64 1919 

1919 

4.50 1886 

Length 

6 days. 
9 days. 
2% days. 
Z'davs. 
7 dais. 
2 days. 

For Kill Van Kull the data of Table 35 show that the tide at the 
eastern end is earlier than at the western end 
an hour. With a mean depth of 28 feet for Kill 
sive wave would require 0.15 hour to traverse this 
a length of ap roximatel 29d nautical miles. 
through this k l l ,  tmhere s ore, appears to be not altogether of the 

deflectmg force Y o the earths rotation, the current must be flowing 

progressive-wave type. 
As regards the range of the tide for Hill Van Kull the data of Table 

35 show it to be practically the same for the entire waterway, with 
a value of 4.5 feet. For the northern shore, however, the data indi- 
cate a greater ra If this is due to the 

westerly on the rising tide, so that the northern shore is then to the 
right, and easterly on the falling tide. This, as we shall show later, 
the current observations show to be the case. 

e than on the southern shore. 

NEWARK BAY 

The locations of the tidal stations at which observations have been 
made in Newark Bay are shown on Figure 18, and the data derived 
from these observations are given in Table 36. Here, as in the pre- 



ELlZABE TH 

FIG. 17.-Tido stations, Kill van Koll 
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vious tables, lunitidal intervals and ranges have been corrected to 
mean values by comparison with simultaneous observations at some 

'MDES AND CURBENTS IN NEW YORK HARBOR 

muhcai nlier - 
; 2 1 - 0  I 2 

FIG. 18.-Tide stations, Newark Bay 

standard tidal st.atiioii like Sandy Hook, Fort H d t o n ,  or Governors 
Island. 
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Station 

A - - _ _ _  
B _ _ _ _ _ _ _ _  
C _ _ _ _ _ _ _ _  
D. _ _ _ _ _ _  ~ 

E _______. 

TABLE 36.--Tidal data, Newark Bay 

Mariners Harbor, N. T _ _ _ _ _ _ _ _ _  
Sbooters Island, N .  P _ _ _ _ _ _ _ _ _ _  
Bergen Point Light, N .  J _ _ _ _ _ _ _  
Off Bayonne, N. J _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Port Ncwark. N. J _ _ _ _ _ _ _ _ _ _ _ _ _  

Localltg 

Hour8 
a 4 5  
a 3 3  

a 5 8  

8.70 
8 4 0  

Lunitidal in- 

I HWI I LWI 
-- 

HOUTS 
446 
2 4 3  

484 

2.57 
1.83 

1871-72 
1920 
1886 
193 

3 months 
4days. 
3days. 
3days. 

- - 

Dura- 
tion of 
rise 

Hours 
5.99 
5.89 
6.13 
6 57 

s5.74 

5.53 
5.70 
5.23 
5.52 

Ped 
4.76 
4.59 
4.41 
4.42 
4.73 

4.93 
4.58 
4.58 
4.73 

Observations 

1920 3 months. 
NNl; I ;3ayonths. 

1872 7davs. 
1919 1 5 mouths. 

Into Newark Bay the tide from Kill Van Kull comes with a range 
of 4.5 feet,.while the tide from Arthur Kill comes with a range of 
5.0 feet, and the data for stations A to I indicate that for virtually 
all of the bay the range of the tide lies between these two values. 
For stations C and D the observations give a range of less than 4.5 
feet, but it is to be noted that these observations cover short periods 
of time and were made many years ago. From the data for station H 
of Arthur Kill and station A of Newark Bay we may take the lunitidal 
intervals at the western entrance to Newark Bay as 8.46 hours and 
2.40 hours, res ectively. The distance from the mouth to station I 

Newark Bay, a rogressive wave would require 0.56 our to traverse 

time of tide between the mouth of the bay and station I of 0.39 hour 
for high water and 0.93 hour for low water, or a mean difference in 
time of tide of 0.66 hour. 

It is to be noted that the difference in time of tide between the 

R in the Passaic st iver is 6% miles. With a mean de th of 9 feet in 

this distance. P rom the intervals above we find .a difference in the 

accordance with the formula r=llgh; the -- rate of advance of high 
water will be to that of low water as 411!i is to 46% or as 1.3 
is to 1. This does not agree well with the ratio of the rates of advance 
derived above from the observations and oes to show that shallow 
water and other factors enter into the pro % lem. 
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VIII. THE TIDE IN THE HUDSON AND HARLEM RIVERS 

The stretch of the Hudson that is here considered as forming 
part of New York Harbor is that from the mouth to Mount St. Vin- 
cent, a distance of 14 nautic?l miles. The stations at which tidal 
observations have been made in this stretch are shqwn in Fi ure 19, 

been reduced to a mean value by comparison m t h  simultaneous 
observations at  some standard tidal station like Fort Hamilton or 
Governors Island. 

and the data derived from these observations are ven in 8 able 37. 
For each station listed in this Table the intervals an !f .mean range have 

TABLE 37.-Tidal data. Hudson River 

Hours 
3.11 
2 1 3  
P l 8  
2.28 
2.40 

I Locality 
I 

Hours Feei 
6.00 4.52 
5.88 4.45 
6.01 4.30 
5.84 4.31 
h93 4.b2 

--I- I 

233 
2.10 
2.30 
2 1 7  

2.35 
286 
2 4 8  
2.62 

3.37 
3.18 
3.06 
3.B 

HWI 

5.95 4% 
5.82 4.65 
5.9s 4.16 
6.06 4.31 

5.93 4.13 
5 9 2  3.99 
5.79 4.11 
5.81 4.28 

h 1 6  3.83 
6.44 3.86 
6.15 3.62 
5.87 3.86 

Hours 
8.11 

a 19 
8.12 
a33 

7.92 

8.23 

a28 
8.77 
8.27 

am 

aza 
azs 

a43 

8% 
8.57 
9. a1 
9.10 

Obarvatioxm 

Y W  

1918-19 
1871 
1860 
1885 
1854 

1874 
1855 
1919 
1875 

1872 
1885 
1871 
1855 

1837 
la53 

1919-22 
1888 

1 year. 
8 days. 
4 days. 
1 month. 
16 days. 

18 days. 
15 d w .  
3% montbs. 
1 dw. 
a days. 
22 days. 
2 days. 
13 days. 

5 days. 
1 month. 
2% gears. 
10 days. 

In the use of lunitidal intervals for determining the difference 
in time of tide between two stations the oorrection to be appliqd is 
0.07 hour for each degree of difference m longitude. But, ynce 
the Hudson River runs in an approximately north and south direcbon, 
the difference in longitude between any two stations for the stretch 
of 14 miles under consideration will be very small. Hence, the 
difference in time of tide for the stations listed in Table 37 may be 
derived directly by takin the difference of the lunitidal intervals. 

4on in a fwly &om 
Table 37 shows that wit !i the exception of S uyten D u y d  (station 

0) the tide becomes later in goi 
manner. At stations A and H t e time of tide may be considered 
as well determined, bei based on recent observahons, in the one 
case covering a eriod ?! o a year and in the other a period of 3 v  
months. The di !E erence in bme of tide between the two stations is 
0.17 hour for the high water and 0.19 hour for the low water, or a 
mean difference of 0.18 hour. The distance between stations A and H 
ib 394 miles, m d  the mean depth of the waterway, reckoned from mean 
sea level, may be taken as 33 feet. In the formula for progressive- 
wave motion r=dgX the time required to traverse this distance 
of 394 miles is 0.19 hour. The agreement between the observed and 
calculated values is thus very close, and the tidal movement imme- 

TP the Hu 
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74" I 
1 

FIG. 19.-Tide stations, Hudson River 
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diately above the mouth of the Hudson is therefore of the progressive- 
wave t pe. 

For g y y t e n  D u p i l  (station 0) the time of tide is undoubtedly 
affected y its location at  the mouth of the Harlem. The apparent 
retrogression in the time of tide from Spuyten Duyvil to Riverdale 
(stations 0 and P) is therefore to be ascribed to the effect of the 
Harlem, and 9.10 hours may be considered as an approximately 
correct high-water interval for station P. 

With the exception of Spuyten Duyvil the duration of rise de- 
creases gradually from the mouth of the Hudson upwards, but in 
every case this duration is less than the duration of fall. At the 
mouth, since the avera e duration of rise is 6.0 hours, the duration 

are, respective1 , 5.9 and 6.5 hours. The data of Table 37 show, too, 
that in the earger years the duration of rise was less than now, the 
durations at station M in 1837 and at  station N in 1853 being con- 
siderably less than the durations shown at nearby stations in later 
years. 

At Spu ten Duyvil the duration of rise gives evidence of the dis- 

the rise is greater than at any other station in the Hudson and it is 
to be noted that this increase in the duration of rise at Spuyten 
Duyvil is brought about both by the relative increase in the higli- 
water lunitidal interval and the relative decrease in the low-water 
interval. 

The difference in time of tide between stations H and P is 0.82 
hour for the high water and 0.97 hour for the low water, or a mean 
difference in time of tide of 0.90 hour. The distance between the 
two stations is 9% miles and the mean depth of the waterway 32 
feet. Froni the formula T=J& the time re uired for a progressive 
wave to traverse this distance is 0.51 hour. %or this stretch, there- 
fore, the tidal movement is not wholly of the simple progressive-wave 
type. 

The range of the tide is seen to decrease from 4.5 feet at  the Battery 
to 3.9 feet at Riverdale. This decrease takes place in a fairlyuniform 
manner with the exception of S uyten Du il, where the range is 

as to the accuracy of the value for the range at Spuyten%uyvil, 
since it is based on observations covering a period of more than two 

ears. It is evident, therefore, that this decreased range at Spuy-ten 
f)uyvil is due to the location of the station at the entrance to the 
Harlem. 

A comparison of the ranges on the New York and New Jersey 
shores brings to light the fact that the range of the tide on the New 
York shorb is the greater. Thus, station A shows a range greater by 
0.07 foot than station B and station L a range of 0.45 foot greater 
than station M. For the latter stations, however, it is to be noted 
that the ran es are based on short series of observations made many 
years ago. #he New York shore of the Hudson should have a greater 
range as a consequence of the deflecting force of the earth’s rotation, 
and the Hudson lends itself to a calculation, from theoretical con- 
siderations, of the difference in range on the two hanks. It, will, 

of fall is 6.4 hours, wh I e at  Riverdale the duration of rise and fall 

turbing e h ect of the Harlem River. The period of 6.15 hours for 

less than at the stations above an c r  below it. Y here can be no uestion 

5904-251-6 
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therefore, be of advantage to compare the observed andcalculated 
differences of range. 

DIFFERENCE IN RANGE ON THE TWO BANKS OF A STREAM 

If v is the velocit with which a unit mass of water is moving, the 

is 2 w v  sin 4, where w is the angular velocity of the earth’s rotation 
and 4 is the latitude. This force acts to the right in the Northern 
Hemis here and to the left in the Southern Hemisphere. The trans- 

force is I where g is the acceleration of gravity. If the 
strength of current occurs at  the times of high and low water, the 
difFerence in level at such times between the surface of the water on 

9 where d is the two banks of the tidal waterway will be 
the distance between the banks. Obviously, the difference in range 
will be twice the difference in level. Hence, since w-0.0000729, if 
v is given in hots  and d in nautical miles, the formula for the differ- 
ence in ran e on the opposite banks of a tidal stream, expressed in 
feet, is 

At its mouth the Hudson has a width of threequarters of a nautical 
mile, and the velocity of the current at time of strength is about 1% 
knots. For latitude 40’ 42’ the sine of the latitude is 0.65, and the 
value of g is 32.16 feet er second. Hence, the difference in range 
between the Batte ad Jersey Cit should be, from the above for- 

range. From Table 37 it is found that the range of the tide a t  station 
A is well determined, while at  station B it is not so well determined, 
being based on but three days of observations. The difference in range 
between the two is 0.07 foot, which agrees exactl with the calculated 

mean of the ranges at stations A to 8 we derive 4.46 feet, or 0.06 foot 
lass than on the New York side. 

It may not be amiss here to emphasize the fact that the deflecting 
force of the earth’s rotation is independent of the direction of the 
movement of the. water. At t imes one still meets with the erroneous 
assum tion that it is only bodies moving in a north and south direc- 
tion t fa t  are subject to the full effect of the deflecting force of the 
earth’s rotation, while bodies moving in an east and west direction 
are not at  all affected by it. It is to be noted that the formula for the 
deflecting force of the earth’s rotation contains no’ term depending on 
the direction of the movement. 

deflecting force of t 5l e earth’s rotation which acts on this unit mass 

verse s P ope assumed by the surface of the water in response to this 
2 w v sin t$ 

9 

2 w v  d sin t$ 
9 

3 v sin 4 ’ , approximately. 9 
g 

mula, 0.07 foot, wit T the east bank o 9 the stream showing the greater 

difference. If we adopt for the ran e of the ti d e at  Jersey City the 

HARLEM RIVER 

The stations a t  which observations have been made in the Harlem 
River are shown on Fqure 20, and the results derived from these 
observations, corrected to mean values by comparison with simul- 
taneous observations at  some standard station, are given in Table 38. 
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Fia. 20.-Tide stations, Hnrlem River aSar-ar (Face p. 08.) 
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A _ _ _ _ _ _ _ _ _  
B _ _ _ _ _ _ _ _ _  
C _._______ 
C _ _ _ _ _ _ _ _ _  
D _ _ _ _ _ _ _ _  
E _ _ _ _ _ _ _ _ _  
F _ _ _ _ _ _ _ _ _  
Q _ _ _ _ _ _ _ _ _  
H _ _ _ _ _ _ _ _  
I. _ _  _ _ _ _ _ _  
J- _ _ _ _ _  - - 
K _ _ _ _ _ _ _ _  
L _ _ _ _ _ _ _ _ _  

TABLE 3S.-l'idal data, Ha.rlem RCer 

Spuyten Duyvil, N. Y _ _ _ _ _ _ _ _ _  
Off Seaman Aye _ _ _ _ _ _ _ _ _ _ _ _ _ - _  
Broadway Brldge _ _ _ _ _ _ _ _ _ _ _ _ _ _  

_____do _ _ _ _ _  _ _  - _- - -_  _ _  - - -. - - ~ ---- 
Two hundred and seventh 
Off MorrlsHaghts _ _ _ _ _ _ _ _ _ _ _ _ -  
Sherman Creek __________-___- -  
N0rt.h of High Bridge _ _ _ _ _ _ _ - - -  
High Bridge _ _ _ _ _ _ _ _ _ _ _ _ _ - _ - - - -  
South of High Bridge. - _ _ _ _  _ _ _ _  

_____do  _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _  -__----_ 
North of Central Bridge _____-_-  

____-do _______. _ _ _ _  _ _ _ _ _  __--_---- 

Street Bridp. 

i station 

Q _ _ _ _ _  _ _ _ _  
R _ _ _ _ _ _  _ _ _  
I _ _ _ _ _ _ _ _ _  
T _ _ _ _ _ _ _ _ _  
U _ _ _ _ _ _ _ _  

Locality 

-__--do _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _  _ _ _ _ _ _ _ _  
RandallsIsland _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Port Morris __________________-_  
East One hundred and tdnth 

Little Hell Qate ______________- -  
Street. 

-. -_-_- I 

N. - - _ _ _ _ _  _____do _ _ _ _ _  _ _ _ _ _  _ -___  ____- -_  - - - -  
0 _ _ _ _ _ _  - _ _  Madiin Avenue Bridge- ------ 
P _ _ _ _ _ _ _ _ _  I Willis Avenue Bridge _ _ _ _ _ _ _ _ _ _  

Lnnitirlal in- 
tervals 
- 
HWI 

Hours 
9. 21 
9. et3 
9.16 
9.61 
9.81 

10.87 
9.91 
9.96 
10.46 
10.01 

10.97 
10. 21 
10.11 
10.21 

10.11 
10.08 
10.21 

10.19 
11.81 
10.25 

9.79 

io. 01 

- 

_- 
LWI 

Hours 
3.08 
3.56 
3.60 
3.71 
3.81 

5.80 
3.91 
3.91 
3.88 
4.01 

5.67 
3.96 
4.01 
4.11 

4.01 
4.11 
3.73 
3.96 

3.83 
5.61 
3.73 

3.51 

- 

- 

.- - 
Dura- 
:ion 01 
rise 

Hour8 
R. 15 
6.10 
5.56 
5. 90 
6.00 

5.07 
6.00 

6.60 
6.00 

5.30 
a25 
R. 10 
6.10 

6.00 
6.00 
6.33 
6.25 

6.20 
6.52 

6.28 

a 05 

a. 56 

- 

-- - 

Mean 
range 

Ffet 
3.62 
3.66 
3.96 
3.74 
3.90 

4.13 
4.21 
4.49 
5.81 
4. I 

4.45 
4.96 
4.96 
4.90 

4.95 
5.09 
4.96 
5.2; 

5.24 
6.80 
4.98 

4.74 
- 

Observations 

Ynar 

1919492 
1919 
1W 
1919 
1919 

1850 
1919 
1919 
1856 
1919 

1858 
1019 
1919 
1919 

1919 
1919 

1921-192 
1919 

1888 
1919 
185557 

1849 

2% years. 
1 day. 
13; days. 
1 day. 
1 day. 

I?$ days. 
1 day. 
1 day. 
2!j days. 
1 day. 

% day. 
1 day. 
1 day. 
1 day. 

1 day. 
1 day. 
2 years. 
1 day. 

4 days. 
1 day. 
2 months. 

ia aays - .- 
For the Harlem River the greatest difference in loii itude between 

time of tide between any two pointe in the-Harlem may be derived 
directly by taking the differe.nce in the lunitidal intervals. The data 
of Table 38 show that the tide is earliest at the Hudson River end 
and latest at  the East River end. 

Between Spuyten Duyvil and Willis Avenue Bridge (stations A 
and P) the distance measured dong the channel is 5% nautical miles, 
and the depth of the waterway measured from mean sea level is 16 
feet. rogressive wave to traverse this 

between the two stations is 0.85 hour for the high water and 0.67 hour 
for the low water, or a mean difference of 0.76 hour. The diffexence 
between the calculated and observed values is relatively large and 
indicates that the tidal movement through the Harleni is not of the 

any two points is less than 0.2 of a degree. Hence, t a e difference in 

The time required for a 
distance is 0.56 hour. From Tab IT e 38 the difference in time of tide 

the East River. 
In Table 38 the values for stations C, E, H, J, and S stand out 

strikingly different from the values a t  stations new by. For the 
first four of these stations it is to be noted that the observations were 

.made in 1886 or earlier. This was prior to the opemng of the ship 
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canal through the tidal marsh at the Hudson River end, which was 
completed in 1895, and the differences shown by the earlier observa- 
tions are to be ascribed to this change in the waterway. 

Station S is located at Port Morris, and the tide at  that point is 
greatly affected by the tide from the East River, to which it is more 
nearly related, for the Brom Kill is a shallow wateiway that does not 
allow free movement for the Harlem River tide; and i t  is to be’noted 
that station T, which is about the same distance from Willis Avenue 
Bridge as station S, exhibits tidal characteristics much like those at. 
Willis Avenue Brid e, the channel to the east of Randalls Island 

For the reater art, of the Harlem the duration of rise is slight,ly 

Brid e (statiom A and 0) the duration of m e  is about 6.1 hours and 
the &.ration of fall 6.3 hours. Nesr the East River end of the Harlem 
the duration of the rise is the greater, being 6.3 hours against 6.1 
for the duration of fall. 

The time of tide through the Harlem, the variation in range, and 
the relative durations of rise and fall show that the tidal niovement 
d8ers from that in the Hudson and is not of the pro essive-wave 

m i  show, the Characteristics of the tide in the Harlem are conditioned 
chiefly by the fact that it is a short strait connecting two independ- 
ently tided bodiesof water, and that the movement of the water is 
largely hydraulic. 

IX. THE TIDE IN EAST RIVER 

being much deeper B t an Brons Kill. 

less than t % F  at of all. From Spuyten Duyvil to Madison Avenue 

ty e. As the discussion of the tidal movement throug f East River 

East River connects Up er Bay on the west with Lon Island 

feet, the lunitidal intervals being approximately S hours for the high 
water and 3 hours for the low water. Toward the western end of 
Long Island Sound the range of the tide is 7 feet or more, the lunitidal 
intervals bein 11 hours for the high water and 5 hours for the low 

water, the tides in which differ by 3 hours in time and by very nearly 
3 feet in range. 

This difference in the tides of the two bodies which it connects ives 

than that in rivers with but one tidal entrance. As a result, numer- 
ous tidal observations have been made in the East River. It will, 
therefore, be convenient to divide these observations into two 

Sound on the east. The ti a e in Upper Bay has a range of a % out 4% 

water. East B iver, therefore, denves its tide from two bodies of 

to the tidal movement. in East River a character much less uni 7 oim 

Gate to Willets Point. This rocedure may % e justsed, too, by the 
fact that Hell Gate divides 8 ast River into two very nearly q u a l  

the first covering the stretch of the East River from the 
through Hell Gate, and the second coverin the stretch 

arts having different hydrographic f eatures-lower East River 
teing a relatively narrow and deep waterway, while uppw East River 
is wider and shahower. 

On Figure 21 are shown the locations of the stations at  which tidal 
observations have been made in lower East River. The data derived 
from these observations are given in Table 39, following. The 
lunitidal intervals and ranges given in this table have been reduced 
to mean values by comparison with siniultaneous observations at 
mine standard tidal station like Governors Island or Fort Hamilton. 



FIG. ?I.-Tide stations, lower East River 3901-?4. (Fwe p. 70 ) 



TIDES AND CURRENTS I N  NEW P O R K  HARBOR 71 
TABLE 39.-Tidal data, lower East River 

A _ _ _ _ _ _ _ _ _  
B _ _ _ _ _ _ _ _ _  
C _ _ _ _ _ _ _ _ _  
D _ _ _ _ _ _ _ _ - _ _ _ _  

Lunitidal in- I tervals 

Hours 
Qovernors Island _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  5.10 
TheBattery _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  8.23 
Navy Sard Basin _______._______ 3.80 

do _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  5.95 

Station Locality -- I HWI 
D _ _ _ _ _ _ _ _  do _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  I----- 9.03 

D _ _ _ _ _ _ _ _  
E _ _ _ _ _ _ _ _ _  
F _ _ _ _ _ _ _ _ _  
0 _ _ _ _ _ _ _ _ _  
H _ _ _ _ _ _ _ _  

_ _ _ _ _  do _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  8.75 
Corlears Hook-.. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  9.33 
South of Williimsburg Brid ge... 9.03 
North of Williamsburg Bridge.. 9.41 

_____do _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  9.33 

Hunters Point _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  9.72 
West of Belmont Island _ _ _ _ _ _ _ _ _  9.77 
Belmont Island _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  9.58 

I _ _ _ _ _ _ _ _ _  
J _ _ _ _ _ _ _ _ _  
6 _ _ _ _ _ _ _ _  
L _ _ _ _ _ _ _ _ _  
M _ _ _ _ _ _ _ _  

South of Bellevue Hospital _ _ _ _ _ _  I 9 . S  
Off Bellavue Hospital _______.___ 9.40 
Qreenpoint _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  9.35 
Newtown Creek. .______________ 9. &? 

----- do _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  9.64 

9. 88 
9.95 
8.98 
9.73 

10.10 

10.37 
9.87 
9.83 
9.96 
9.17 

9.90 
8.87 

10.08 
11.27 
9.97 

11. OB 
11.55 
11.35 
10.58 
10.46 

U _ _ _ _ _ _ _ _ _  
U _ _ _ _ _ _ _ _ _  
V _ _ _ _ _ _ _ _ _  
W. - - - - - _ _  
W _ _ _ _ _ _ _ _  
W _ _ _ _ _ _ _ _  
W _ _ _ _ _ _ _ _  
S., _ _ _ _ _ _  
Y _ _ _ _ _ _ _ _ _  
Z _ _ _ _ _ _ _ _ _  
Aa _ _ _ _ _ _  _ _  
Bb _ _ _ _ _ _ _  
Cc ___..___ 

Dd _ _ _ _ _ _ _  
Ee _ _ _ _ _ _ _ _  
Ee _ _ _ _ _ _ _ _  
Ee _ _ _ _ _ _ _ _  
Ff _ _ _ _ _ _ _ _  

- 
LWI 

____-do _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
---_-do _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
South of Horns Hook. - - _ _ _ _ _ _ _ _  

----.do _ _ _ _  - _ _  _ _  - - - - - - - - - - - - - - - - _ _  
____-do _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
_____do _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
_____do _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _  
Astoria _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

_____do _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
____-do _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
North of Horns Hook _ _ _ _ _ _ _ _  _ _  - 

I Astorla _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Wards Island _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Pot Cove _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

_____do _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
____.do _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
_____do _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Wards Island.. .________________ 

HOW& 
2 35 
2.18 

280 
2 97 

2.77 
3.78 
3.29 
2.68 
2.92 

3.97 
3.20 
3.17 
3.15 
3.61 

3.39 
3.48 
3.31 
3.33 
3.12 

3.43 
3.80 
3. os 
3.37 
3.87 

4. 15 
3.43 
3.47 
3.80 
3.40 

3.62 
3. 12 
3.43 
5.58 
3.65 

5.01 
5.73 
5.52 
4.62 
5.68 

2.70 

-- - 

Dura- 
tion of 

HOllrS 
5.85 
6.04 
6.10 
6. 15 
6.08 

5.9s 
6.55 
5.73 
6.74 
6.41 

6.31 
6.20 
6. 18 
6.71 
6. W 
6.53 
6. I 
6.41 
0.44 
6.46 

6.45 
6. 15 
5.90 
6.36 
6.23 

6.12 
6.44 
6.16 
6. 16 
5. i7 

6.28 
5.75 
6.65 
5.69 
6.32 

6.05 
5.82 
5.83 
5.96 
4.75 

- - 

Mean 
rnnge 

Fret 
4.45 
4.43 
4. 10 
4. 16 
3.93 

4.12 
4.01 
4.02 
4.09 
4.08 

4.18 
4.42 
4.43 
4.07 
3.95 

4.16 
4.61 
4.14 
4. 11 
4 . B  

4.53 
4.91 
5.29 
4.75 
4.90 

4.73 
4.74 
4.75 
4.81 
3.94 

4.80 
4.82 
4.77 
5.64 
5. 11 

5. 83 
8.03 
6.07 
5.51 
5.54 

_ _ ~ _ _ _  

Observations 

Year 

1860-79 
1921-22 

1989 
1855 

' 18'35 

1890 
1886 
1837 

1831-23 

1875 
1855 
1555 
1915 
1857 

1915 
1913 
1886 
1874 

1921-22 

1886 
1995 
1848 
1868 
1988 

1857 
1868 
1875 

1920-22 
l a 5  

1868 
1848 
1888 
1857 
1886 

1855-86 
185'1 
1868 
1875 

1920-22 

1920 

Length 

19 years. 
2 ymrs. 
2 months. 
5 months. 
16 days. 

1 month. 
5 days. 
3 days. 
3 months. 
3 years. 

12 days. 
8 days. 
24; months. 
1% months. 
6 days. 

2% months. 
1 month. 
5 days. 
21 days. 
2 years. 

5 days. 
10 days. 
20 days. 
3 daye. 
5 days. 

1 month. 
4 days. 
9 days. 
235 years. 
9 days. 

21 days. 
23 days. 
2 days. 
14 days 
5 days. 

20 days. 
1 month 
17 days. 
9 days. 
2% years. 

From the Battery to Hell Gate the reatest difference in lon itude 

degree. The difference in time of tide between any two oints in 

in the lunitidal intervals of Table 39? since the correction for the 
difference of longitude of one-tenth of a degree is less than -0.01 hour. 

From Table 39 it is seen that the time of tide changes in a some- 
what uniform manner from the Battery to the entrance to Hell Gate. 
In this stretch there are three stations at  which observations have 
been made covering periods of two years or more, so that the times 
of tides at  these stations arequite well determined. These oints 

Island), and station W (south of Horns Ekok). From Governors 
Island these stations a,re distant, respectively, 3, 4%, and 6% miles. 
Between the Battery and each of these stations the time of tide 
becomes later by a proximately a uarter of an hour for each mile, 

between any two points in the East B iver is about one-tent % of a 

East River may therefore be derived directly by taking the (l? iff erence 

are station H (north of Williamsburg Brid e), station R (Be P mont 

but through Hell e ate the time o 9 tide changes a t  a much more 
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rapid rate. Between station W and station Ff (Wards Island) the 
distance is 1 nautical mile. Table 39 shows that the difference in 
time of tide between these two stations is 0.S5 hour, being 0.5 hour 
for the high water and 1.2 hours for the low water. 

The distance between Governors Island and station W is 634 miles, 
the waterway between these two oints having an average depth of 

traverse this distance the formula r=l/l lh gives 0.31 hour as the 
time required. The difference in time of tide from Table 39 for this 
stretch is 1.7 hours. Hence, as regards tinie of tide through lower 
East River, the tidal niovement is not of the progressivewave type. 

Throu h the stretch of the East River under consideration the 

and this causes the durations of rise and fall to vary throu h this 
stretch of the river. At the Battery the duration of rise is a 96 out 6 

38 feet, reckoned from mean sea s evel. For a progressive wave to 

times of % igh and low water are not retarded by the same amounts, 

FT. 
49 

a- 

m- 

LO - 

on 
\ 

in - 
20- 

5 0 -  

4D 

FIO. 22.41de m e ,  Hell Gate, East River 

hours and the duration of fall 6.4 hours. Going upstreain the 
duration of rise increask so that a t  station H it becomes 6.4 hours, 
while the duration of fall becomes 6 hours. At station R (Belmont 
Island) the duration of rise attains its greatest value, very neaxly 6.5 
hours, and from here to the entrance to Hell Gate it gradually 
decreases to a value of 6.2 hours, so that at.the western entrance to 
Hell Gate the periods of rise and fall are e ual. Through Hell Gate 
the time of low water changes more rapi ?I y than the time of high 
water, so that at  station Ff (Wards Island) the rise occupies a period 
of but 4.8 hours, while the period of fall is 7.6 hours. The character- 
istic curve of the tide near the eastern end of Hell Gate is shown in 
Figure 22, which represents the rise and fall of the tide at station Ff 
.on May 7, 1921. 

The range of the tide in the lower East River changes from 4.4 
feet at  Governors Island to 5.5 feet at  Wards Island, but this change 
does not take place in a uniform manner. For the first 3 miles from 
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Governors Island the tide decreases at  the rate of 0.1 foot per mile, 
the range a t  station H being 0.36 foot less than at  Governors Island. 
From here the ranee increases in going upstream in a somewhat 
uniforni manner as far as Hell Gate and rapidly through Hell Gate. 
From station H to station W, a dista.nce of 3% miles, the rate of 
increase is 0.2 foot per mile. For'the mile se arating stations W 
and Ff the difference in range is 0.7 foot.. d t h  r ard to range, 
therefore, as well as in regard to time, the tide i n x e  lower East 
River is not of the progressive-wave type. 

For the determination of other ranges at  the stations listed in 
Table 39--as, for example, the spring, neap, and erigean ranges-we 

same ratios to the mean ran e at  that station as at  Governors Island 
or at  the Battery, given in fable 33. 

may assume that these ranges a t  any station o P Table 39 have the 

2 -  

0 .  

FEET 
31- 

GOVERNORS 
ISLAND 

I -  

MEAN SEA LEVEL 

HELL 
GATE 

NAUTICAL MILLS 

0 I 2 3 4 

FIG. ?%.-Mean high water and low water lines, lower East River 

Since the range of the tide in the lower East River does not vary 
uniformly throughout its length, it follows that with the exception 
of mean sea level, ihe line representing the elevation ,of an given 

Figure 23 shows the mean hi h-water and mean low-water lines 

H, $ and Ff. In this figure mean low water is taken the same 
distance below mean sea level as high water is above it. 

As will be seen later, this feature of the tides in lower East River 
is due to the type of tidal movement that obtains in East River and is 
characteristic of the tide in a short strait connecting two bodies of 
water having independent tides. The fact that the lme of low water 
in such a strait is a curved line conves t.oward the surface has con- 

tidal datuni plane along the channel will not be a straig i t line. 

throu h lower East River as B erived from the data for stations A, 
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siderable practical importance. In  the deepening of such a water- 
way a considerable saving in escavation may be macle; for, instead 
of dredging the bottom to a uniform depth below mean sea level, 
advantage may be taken of the fact that the low water line lies above 
the straight line joining the low-water points at  t,he ends of the 
waterway. 

UPPER EAST RIVER 

The stations at which tidal observations have been iiiade in u per 
East River axe shown in Figure 34, and the data derived from t t ese 
observations are given in Table 40. In this table the lunitidal 
intervals and ranges have been corrected to mean values by com- 
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Dura- 
tion of 
rise 

Hour.~ 
4.78 
5.56 
L 7 2  
4.95 
6.28 

5.65 
6.20 
5.73 
6.11 
5.23 

5.65 
5.88 
4.87 
5.68 
5.65 

5.88 
5.83 
6.13 
5.45 

5.28 
5.58 
5.47 

arison with simultaneous observations at  a standard tidal station P ike Governors Island or Fort Hamilton. 
TABLE 40.-Tidal data, upper East River 

-- 

-- 
Fed 
5.54 
5.56 
6.27 
6.35 
4.74 

6.55 
6.80 
6.39 
184 
6.n 

6.08 
5.49 
6.85 
7.31 
6.M 

7.13 
6.76 
7.41 
7.11 

6.98 
7.10 
6.W 

Station Locality 

Wards Ialand 
Southeast of Lawrence Point-.-. 

Lawrence Point 
Port Morris 
.____do _ _ _ _ _ _  _ _ _ _ _ _ _  
North Brother Island 

Lunitidal in- 
tervals 

HWI 

HWr8 
10.46 
9.40 

11.05 

9. m 
11.40 
11.81 
11.59 
11.71 
10.33 

11.56 
11.12 
11.71 
11.85 
11.72 

11.76 
11.44 
11.91 
10.89 

10.50 
11.38 
11. ?? 
11.30 

io. 51 

- 
LWI 

Hours 
5.88 
3.84 
5. 33 
5.56 
3.51 

5.75 
5.61 
5.66 
$60 
5.10 

5.91 
5.44 
6. 84 

6.04 

5.88 
5.61 
578 
5.54 

5.22 
5.67 
5.75 
5.27 

a 17 

- 

Observations 

Year 

1920-1823 
1848 
1886 
1845 
1849 

1888 
1919 

1921-22 
1888 
1847 

1883 
1897 
1883 
1886 
1922 

1913 
1885 
1986 

185g.1888 

1847 
1620-1823 

1888 
1891-1894 

Length 

21- years. 
5’days. 

Do. 
1 day. 
11 days. 

17 days. 
1 day. 
9 years. 
4 days. 
1% mouths. 

4 days. 
3 days. 
3 days. 
5 days. 
2 months. 

1 month 
3 days. 
5 days. 
3 @ys. 

2 months. 
9 y,%us. 
1 month. 
2!2 years. 

i From station A (Wards Island) the tide becomes later in goin 
eastward as far as station IC (Coll e Point). In this stret,ch o 
3% miles high wate.r beconies lat.ei(%y one and one-fourth hours 
and low water 1at.er by one-third hour. For the stretch of 3% 
miles from College Point to Willebs Point high water becomes earlier 
by very nearly half an hour and low water becomes earlier b three- 
fourt-hs of an hour. With regard to time of tide, therefore, &e tidal 
movement, through upper East River is not of the progressive-wave 
type. 

Throughout upper East River the duration of rise is less than that 
of fall, tlie period of rise being about five and one-half hours and the 
period of fall about seven hours. Throughout this stretch the tide 
c.urve representing the rise and fall of the tide is much like that in 
the eastern entrance to Hell Gate, shown in Figure 33. 

The range of the tide increases in a fairly unifonn manner tlirougll 
upper East River from 5.5 feet in Hell Sfate to 7.2 feet at Willets 
Point. The latter fi ure likewise represents the range of the tide 
in the western part o K Long Island Sound. 

Table 40 sliows the range at Willets Point to be somewhat larger 

8 than the range a t  Tllrogs Neck. 
force of the earth’s rotation, the current must be settin 
througli upper East River at4 t.lie time of high vater a t  W % ets Point 
and westward a t  the time of low water. However, the current 
ohservations.made at  Willets Point show that at  the time of hi h 
water the current is setting westerly at  very nearly its strength. +ie 

If this is due to the deflectin 
eastwar 
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reater range a t  Willets Point is therefore not due to the deflecting 
force of the earth’s rotation. It is to be noted that the range of the 
tide in u per East River increasesin going eastward, and that Willets 

a t  the fornier point is to be ascribed to its more easterl position. 
Point is f arther east than Tlirogs Neck, and hence the greater range 

For station R (Willets Point) there are at  hand t Tl e results of 
for two series, each a year in length. 
1, 1591, and the second series begms January 1. 
results of the two series are given in Table 41. 

The first 

Values inclosed in parentheses have been derived by inference from 
the principal coniponents and not by direct analysis. 

TABLE 41.-Harnionic constants, station R (Willets Point), East River 

JI _ _ _ _ _ _ _ _ _ _ _  
Ka _ _ _ _ _ _ _ _ _ _  
b __._---_-_- 
MI _ _ _ _ _ _ _ _ _ _  
Mg _ _ _ _ _ _ _ _ _ _  
MI _ _ _ _ _ _ _ _ _ _  

K, _ _ _ _ _ _ _ _ _ _  

M~ _ _ _ _ _ _ _ _ _ _  

I .  Componeotl E 1 6 I( Component 1 H 1 ti / /  component I A 
-- -- -- I-- 

Fed 
(0.019) 

0.146 
0.300 
0.020 
3.649 

0.310 

a339 

0.096 

Degrefs 

359.0 
2 6  

166.3 
3%. 6 

83.8 
2ia 13 I 

Dtgrus 
353.4 

(352. &J 
(339.6) 

(162.9) 
(-E :I 

E’rom the harmonic constants given in Table 41 above various 
characteristics of the tide have been determined. These are given 
in Table 42, in which are included also for the sake of completeness 
the lunitidal intervals and the mean range of tide as determined 
from direct tabulation of high and low water. 

. TABLE 42.-Tidal data, station R (Willets Point), East River 
High water interval-- _ _  - - - - - - - - - - - - - - - - - - - -----hours- - 11. 30 
Low water interval _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  do - _ _ _  5. 27 
Me+n range------------------------------------feet-- 7. 17 
Spnng range _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  do _ _ _ _  8.54 
Neaprange-----------------------------..-----do---- 5.68 
Great diurnal range- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  do _ _ _ _  7.69 
Great tropic range- - - - - - - - - - - - - - - - - - _ - - - - - - -_- -do-  _-  - S. 21 
.Phase age---------------_-------------------_hours-- 23.4 
Parallax age _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _  do _ _ _ _  4 4  8 
Diurnalege-----------------..-----------------do-----28.1 
Sequence of tides is HHW to LLW. 
Spring range t mean range _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Neap range + mean range-- - - - - - . . - - - - - - - - - - - - - -_- - , - -  
Great diurnal range + mean range _ _ _ _ _ _ - - _ _ _ _ _ _ _ _ _ _ _ _ _  
Great tropic range + mean range _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

1. 19 
0.79 
1. 07 
1. 15 

Com aring the data of Table 42 with the data of Tables %‘and 33, 

racticall the same at  Sandy Hook, Fort amilton, Governors 

Harbor we may therefore take the ratios of the various ranges at  
any point to mean range at  that point, as follows: Spring range, 
1.19; neap range, 0.79; perigean range, 1.21; apogean range, 0.83; 
great diurnal range, 1.10; 

that the phase age and diurnal age of the tide decrease from Sandy 
Hook to Willets Point, while the parallax age inmeasses. The 
sequence of the tide at  all fiye stations is from higher high water to 
lower low water. 

b itswill I? e seen that, the ratios of the various ran es to mean range are 

fsland, t K e Battery, and Willets Point. Throughout New York 

I t  is of interest to note % t at  the data o B Tables 28, 33, and 42 show 
eat tropic ran e, 1.12. 
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THE TIDAL MOVEMENT THROUGH EAST RIVER 

It is obvious that in East River the tidal movement is conditioned 
by the fact that it is o en to the tides of Up er Bay and also to the 

to 
ascribe the peculiar characteristics of the tidal movement inT8s t  
River to ths interference of two tide wavea-the one entering from 
U 

sowever, the mechanism of the tidal movement in East River 
can best be understood by regarding the phenomena from the h - 

tides of Long Island gound. I t  has there P or0 been custom 

draulic point of view; that is, we may regard the changing heig E t 
er Bay and the other from Long Island Sound. 

fETT 

WLLETS 
RnNI 

4 L  
FIG. %.-Slope lines, East River 

of the water in East River as brought about by the fact that part 
of the time the level of the water in Upper Bay 1s higher than in 
Long Island Sound, and part of the time 16 is lower. In  other words, 
we may regard East River as a channel throu h which the water 

the lower level. #!he height of the wate? at  any point in 
k%iver  is therefore due to the relative elevations of the water 

flows from the body havin temporarily the hig % er level to the one 

B;t the two ends. 
If we plot the simultaneous heights of the level of the water at the 

two ends of East River, the lines joining these simultaneous hei hts 
will represent the slope of the water surface in the river, and % t us, 
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the height of the water at  those times. These slope lines will then 
emi t  the time and range of the tide throughout the river to be 

{etermined, since the time and height of the hlgh water at  any place 

that place, while the time and height of the low water will be inc PasSin8 icate 
will be represented by the highest point in the slope lines 

by the lowest point in the slope lines. 
In  Fi re 25 the simultaneous heights of the water at the two ends 

time being reckone! from the instant of the moon's passage over 
the meridian of Governors Island. On the vertical line to. the left 
the hourly hei ht  of the tide at  Governors Island is plotted, wh.ile 
on the verticaf line to the r' ht  the hourly height of the tide at  

from mean sea level, indicated by the heavy horizontal line, the 
scale of heights in feet being shown to the left. The figures along 
the vertical lines denote the hours to which thc indicated heights 
appl hours and heights being placed to the left of each vertical line 

lines-the lines joining simult,aneous heights-are drawn full when 
the slope is froni Long Island Sound to Upper Bay and dashed when 
the slope is in the reverse direction. 

If the tidal movement in the East River is due, primarily, to the 
difference in elevation of the water at the two ends, t,heii the slope 
lines of Fi e 25 should indicate the approsiniate high water and 
low water Y unitidal intervals through the river and also the ranges 
of the tide. In lower East River station H (fig. 21) is 3 miles from 
Governors Island, or a proximately one-fifth the distance between 
Governors Island and Taking a point on the clia ram 
of Figure 35 one-fifth the distance between the two vertical ines, 

of East % iver are re resented for each hour of the tidal rise and fall, 

Willets Point is plotted. In  t 0th cases the helghts are measured 

for t % e rising tide and to the right for the falling tide. The slope 

illet,s Point. 
f; 

vf 

and Willets Point the tide should decrease in range, which decrease 
the observations have shown to exist, and it is to be recalled that the 
fact t81iat tshe low water line in the river is not a straight line but a 
curved line conves toward the surface likewise was indicated by 
observations. 

It is obvious that the simple hydraulic considerations upon which 
Figure 25 is based can ive only a first a proximation to the tidal 

as if the channel from Governors Island to Willete Point ran strai h t  
for the stretch of 14 miles with unvarying width and depth. %o 
account, has been taken of the varyin depths in the waterway, pf 

conditions &sting in t a e East River. &e slope lines are drawn 

the differences in width, chan es in f irection, nor of the effect of 
the water coming through E arlem River. These factors must 
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obviously brin about mod%cations; but, notwithstanding this, it  
is seen that t % e principal tidal phenomena are easily derived by 
considering the movement of the water in East River as hydraulic. 
In  the cha ter devoted to,the currents in the East River it will be 

correctness of the view that t8he tidal movement in the East River 
is primarily hydraulic in character. 

seen that t J: e characteristics of the current give further proof of the 

FIG. %.--Current strtions, Rpprosehes to Lower Rag 

X. THE CURRENT IN THE APPROACHES TO LOWER BAY 

On fi e 26 are plotted a number of stations in the approaches to 

of which are on file at the office of the Coast and Geodetic Survey. 
Durin the current survey of New York Harbor in 1922 by the party 
of H.! 8 . Denson station 1 in Ambrose Channel was used as a control 
station. Here continuous observations were niade for a period of 
4% days at a depth of 7 feet, and for tt eriod of 256 days at four 

Lower f- ay at which current observations have been made, the records 

different depths, namely, 7 feet, 9 feet, 80 P get, and 33 feet, the latter 
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Hours 
a 3  

a b  
9.2 
m.9 
9.6 

21.7 
io. o 
2 2 6  
10.8 
23.0 

3 depths representing, respectively, 0.2, 0.5, and 0. S of the de th at  

used. This pole 'was 15 feet long and was weighted with sufficient 
sheet lead to submerge 14 feet, leaving 1 foot out of water. The log 
line was graduated for a run of 60 seconds, which was the observa- 
tion interval used, the observations being made every hour. With 
the meter the observations were niade eve half hour, the observa- 
tion interval likewise bein 60 seconds. '412 e meter used was tshe 

The method employed in reducing the observations consisted in 
lotting the observed velocities of the current on cross-sect-ion paper, 

good velocities being plotted above the axis of S and ebb velocities 
below. A smooth curve was then drawn t,hrough these plotted points, 
and from this curve the times of each slack water and the times and 
velocities of each strength of flood and ebb were determined and tabu- 
lated for each depth separately. Coiresponding to the times of flood 
and ebb strength of the velocities given by the ole, the direction of. 
the current a t  these times was derived from the $ ourly' readings. In  
Table 43 is given the tabulation for the 7-fOOt de th, time being 
given in hours and decimals, velocities in knots, and irections (mag- 
netic) in degrees, north being 0'; east, 90'; south, 180'; and west, 
270'. 

TABLE 43.--Crtrrents at 7-foOt depth, station 1 ,  approaches to Lower Bay 

the station. For t,he 7-fOOt depth a log line and c.urrent PO P e was 

Price current meter with te K ephone attachment. 

-~ 
Houra 

2 4  
14.5 
2. 9 

16.0 
3.7 

16.7 
4.4 

18.6. 
4.4 

18.a 

Date 

Hours 
9.3 

2l.4 
9.8 

220  

23.1 
11.0 
23.8 

l a 8  

Slack 
before 
flood 

H c u ~ ~  _-___----  
129 
1.4 

13.8 

14.0 
a 1 

14.6 

20 

I- 
Hours 

2 6  
15.8 
4.4 

18. 8 
5.3 

17.0 
0.1 

17.8 
8.0 . - - - ___ ,  

Time of current 

Strength 'lack Strength 
offlood I ","! 1 ofebb 

1-1- 
Hours 

6.4 
17.8 
(L7 

7.3 
18.8 

19.6 

ia 8 

a 5  

a2 ._  __-----_ 
I 

T h e  of tide at Fort 
Hamilton 

HW I LW 

I 

I Of 1 Strength of ebb I Time of current with referenre to tide at 
Fort Hamilton 

--I I 
Date 

i strength I flood 
~ 

Of 

1W.a Hours 
Aug.8 --............--- ~ + a 2  ~ - 2 9  i HoI 1.3 - 2 7  -2.5 

1.8 - 2 1  
-2 3 

1.3 - 2 9  

Aug. 9 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

-2 6 

Hours 
L-R 6 

-1.6 
-1.5 
-1.2 
-1.7 
-1.7 
-2 3 
-2 0 
-1.4 
-2 3 

I--I- -- 

2 4  _ _ _ _ _ _ _ _  2.2 
1.5 131 2 4  
1.4 131 2 1 
1.6 134 2 2  
1.5 138 1.9 
1.4 140 2 4  

135 1.9 

1 5 4  1091 m . 2  
1:71 I '136 I 2 2 7  



TIDES AND CURBENTS IN NEW YOBK HARBOR 81 

To make the results of the current observations throughout New 
York Harbor comparable with each other, the times of current are 
referred to the times of tide at  Fort Hamilton. This, in effect, 
corrects the times of current to mean values approxi~nstely. The 
velocities of the flood and ebb strengths, however, when derived from 
a short series must be corrected to a mean value, and since the change 
in velocity of current niay be taken-proportional to the change IR 
range of tide the factor for correcting current velocities to a mean 
value may be taken as the ratio of the mean range of the tide to the 
range of tide for the period of observations. For the eriod August 
S to 12, 1932, this ratio of ranges for the tide at Fort & amilton was 
1.02. Hence, the aberage velocities derived from Table 43 are to 
be multiplied by 1.02 to reduce them to mean values. 

But it is to be noted that it is the tidal current alone that is to be 
multiplied by this factor. The current as observed is the resultant 
of the tidal and nontidal currents, but since the effect of the non- 
tidal current is to increase the ebb velocity by the same amount 
that it decreases the flood velocity we may eliminate the nontidal 
current by taking as the tidal current the half sum of the observed 
flood and ebb stren ths, and it is this half sum which is multiplied 

strengths half the velocit of the nontidal current is thrn subtracted 
from the strength of floo B and added to the strength of ebb. Table 
44 gives the results of the current observations n t  station 1 for the 
four de ths, reduced to mean values. In  this table HW stands for 
time of 'h igh water a t  Fort Hamilton and LW for timc of low water. 
It is to be noted, too, that the directions given are true, not magnetic. 

The period of observations at  station 1 IS comparatively short. 
Hence, the differences in the times of slack and also of strength of the 
current shown for the different depths in Table 44 can not be taken 
as well determined; but in any event these d8ercnc.es are small, and 
since the time of tide at Sandy Hook and also Rt Coney Island is 
ap roxiniately the same as at Fort Hamilton we may take slack 

flood 2% hours before high water, slack before ebb 1% hours after 
high water, and strength of e.bb 1% hours before low water. The 
current, therefore, starts flooding 1% hours after the water has 
commenced to rise and continues flooding up to the time of hlgh 
water and for a period of 11.4 hours therjafts, during which time 
t.he water has commenced to fall. Similarly, th? current starts 
ebbing 1 ? i  houis aftor the tidd has comrnxwd to fall and con- 
tinues to ebb until the time of low wst3r and 1% houis bayond, 
during which time th3 water has commincad rising. Flood current 
and nse of ticle am themfore not8 synonlvmous in this region, neither 
are ebb and fall of tide. Th, duration of the flood at stntion 1 may 
be taken as 5.81 hours and thi duration of ebb BS 6.61 hours. At 
Sandy Hook, it will bz rc?cdl.:d, th: duration of ris3,was 6.11 hours 
and of fall 6.31 hours. 

Station 1 is located almost exactly in the axis of Ambrose Channel, 
which here has a direction of N. 63' W. Table 44 shows that the 
flood and ebb currents here have directions practically the same as 
Ambrose Channel. It is to be noted, too, that the duration of flood 
is less than that of ebb at  all four depths. 

by the correction B actor. For the mean values of flood and ebb 

be f ore flood as coming 196 hours after local low water, strength of 



Observations 
with- Date 

TABLE 44.--Current data, station 1, approaches to Lower Bay 

Depth Slack 

HOUrS 
iftrr L W 

1.36 
1.70 
1.60 
1.54 

Hours be- 
lorc L W 

1.83 
1.74 
I. 70 
2 14 

[Referred to times of HW and LW at Fort Hsmilton] 
--- 

Ebb strength 

Time 1 Direction Velocity 

Length 1 d%on I I Flood 1 I Flood strength 

Time I Directlon Velocity I duration 'lack I 
True 

8.55'E _ _ _ _ _ _ _ _ _  
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
_ - _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _  

Hours 
alter H W 

1. 17 
1.43 
1.35 
1.35 

Days # 



TABLE 45.-Current dala, stalwns 9, 3, 4, 6, and 6,  approaches to Lower Bay 
[Referred to times of HW and LW at Fort Hamilton] 

Velocity 

- -_ 
Sta- 
tion 
No. 

- 

2 

3 

4 

5 

6 

Flood 
duratlon 

-- 

Date 

a 37 
6.36 
6.40 
6.40 

1922 

Aug. 7-9 
2 
2 
2 

bug.8-0 

li-nota 
1.12 
1.30 
1.31 
1.27 

Aug. 7-9- - 

Hour8 
6.05 
6.08 
6.02 
6.02 

Aug. 7-9 

dug. 7 4  

1.48 
1.93 
1.60 
1.27 

0 . W  
0.07 
0.111 
0.88 

1.41 
1.60 
1.44 
1.38 

1.07 
1.17 
1.27 
1. 27 

- 
I 

6.03 
6.18 
6.23 
6.23 

U51 
6.21 
6.46 
6.43 

5. sil 
6 0 8  
6.11 
6.08 

6.w 
5.95 
5.91 
5.91 

Observations Depth 
With- 

6.39 
6.24 
6. 19 
6.19 

5.91 
6.21 
5.88 
5.88 

6.58 

I- 

1 
1 
1 
1 

1?1 
1% 
1si 
141 
1% 

Pole _ _ _ _ _ _ _ _  _ _ _  
Meter _ _ _ _ _ _ _ _ _  
.____do _ _ _ _ _ _ _ _ _  

. ' 7 I 1: 

Slack I Time 1 Direction -- 
Hours 
afler 
LW 

0.90 
0.87 
0.83 
0.93 

3.80 i N. 420 w..... 
3.70 

0.20 2.121 N.78OW 
0.50 2.22 
0.50 2.301 
0.50 2 3 5  

0.45 3.15 

0.45 3.55 

o. 77 3. 13 N. 510 w..... 
0.45 3.a5 

- - 

Slack 

- 
Hours 
after 
H W  

0. ga 
0.80 
0.92 
0.92 

0.50 
0.55 
0. 60 
0.60 

0. I 
0.68 
0. 93 
0.90 

0.58 
0.50 
0.53 
0.50 

0.37 
0.47 
0.43 
0.43 

- 
Time 

Hours 
before 
L W  

- 

3.00 
280 
255 
2.45 

2 70 
2.70 
2m 
2. 15 

280 
2 77 a 45 
2.40 

2 70 
293 
290 
2 97 

3. 17 
3.10 
3.05 
3.30 

' Ebb strength 

Direction 

n u c  
6.83' E _ _ _ _ _ _  

Velocity 

Knot8 
1.86 
1.88 
1.43 
1.10 

1.68 
1.70 
1.55 

1.25 
1.05 
0.93 
0.84 

1.49 
1.53 
1.46 
1.32 

1.82 
1.71 
1.74 
1.54 

I. a0 

I 

iuratlon obsmvs- 
Ebb 1 
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During the eriod that currents were being observed a t  station 1 
the part of 8. C. Denson also observed currents at stations 2, 3: 
4, 5, an86,  along a line from Sandy Hook to Rockaway Point, for 
periods varying from one to two days. The results of these observa- 
tions, with the velocities corrected to mean values, are given in 
Table 45. Here, as in Table 44, HW stands for the time of high 
water a t  Fort Hamilton and LW for the time of low water. 

Table 45 shows that the current turns earliest in the shallow regions 
near shore and latest in Ambrose Channel. South of Ambrose Chan- 
nel the currents set almost due northwest on the flood, while to the 
north of the channel the direction of the flood current is appmxi- 
mately N. 65' W. On the ebb the current in the region of the 
channel set about S. 70' E., while to the north the direction of ebb 
current is approximatel S. 40' E. 

current has the greater velocity near the surface; at  mid-aepth the 
flood and ebb velocities are ap roximately equal, while near the 

data of Table 45, like that of Table 44, also in cate the greater dura- 
tion for the ebb current thro 

At Scotland and AmbroseThannel Light Vessels hourly current 
observations have been made with a current pole and log line by the 
crews of the light vessels for periods covering a month or more at 
various times. These observahons ermit a more detailed discussion 

remaining stations shown on Figure 26 the data are given in Table 
46, the tunes of current bein referred to the times of tide at  Fort 
Hamilton, HW standin for tEe time of hi h water at Fort Hamilton 

have been reduced to a mean value by a factor given by the ratio 
of the mean range of tide to the range of tide during the period of 
observations. For these stations the data pertain to the currents 
near the surface. 

The data in Table 46 are given as derived directly from the tabu- 
lations of the observat.ions. With the exception of correcti 
velocities of the tidal current to mean values, as explained a ove! 
no adjustment of the data has been made to derive more concordant 
results. Since the periods of observation me short, the times and 
velocities are given to the nearest tenths of hours and knots, respec- 
tively, and the direction to the nearest 5'. 

For Scotland Light Vessel (station 15) hourly observations with 
log line and current pole, made by the crew of the li h t  vessel; have 
been reduced for the following periods: (a) .Novem % er 6, 1912, to 
January 31. 1913; ( b )  May 1 to 39, 1921; (c) July 1 to 29, 1921: 
(d) September 1 to 29, 1923. 

The period covered by series (a) is 87 days, and for this series an 
harmonic analysis has been made, and since out in the open the direc- 
tion of the current varies from hour to hour it is necessar to resolve 
the hourly observations into two directions perpendic li ar to each 
other. f i e  most convenient directions to choose are generally north 
and south and east and west, and the resolution may be accomplhhed 
very ex editiously by the .use of a graphic resolution table. The 
resolve 2 hourly heighh for each direction are then analyzed in the 
same way as the hourly heights of the tide. The results of the 
harmonic analysis are given in Table 47. 

Along the whole line H rom Sandy Hook to Rockaway Point the ebb 

bottom the flood current gener BP1 y has t h e r t e r  velocity. The 

hout this region. 

of the current at these stations an cp will be taken up later. For the 

and LW for the time of f ow water. The vsocities of the tidal current 

1 the 



- 
Ma- 
tion 
N o .  

- 

7 
8 
9 

10 

11 
13 
13 
14 - 

H. L. Marindin--. _ _  ___. . 
.____do _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _  
T. A. Craven-. __. _ _ _  _ _ _ _  
0. 0. Hams __.__________ 

TABLE 46.--C.urrent data, stations 7 lo 1.4, approaches to Lower Bay 
[ReIerred to times of HW and LW at Fort Hamilton1 

Hours 
after 
LW 

July, 1587. - _ _ _ _  ~ _ _ _  ~ _ _ _ _ _  do _ _ _ _ _ _ _ _ _ _ _  1.2 
Nov., 1855.. - - ._ 1.0 
Aug., 1585 _ _ _ _ _ _ -  1.0 

Party of- 1 Date 1 Slack 

Hours 
affer 
HW 

a3 
0.9 
1.8 
1.4 

Hours 
before 
LW 

3.1 
1.4 
2 3  
1.7 

!mbe 
8.75" E _ _ _ _ _ _ _  
5.75'E ______. 
8.65 'E _ _ _ _ _ _ _  
8 . W E  _ _ _ _ _  _ _  
S . W E  _ _ _ _ _ _  ~ 

8.700E _ _ _ _ _ _ _  
S.t?QOE _ _ _ _ _ _ _  
S..XiOE ____.__ 

- 
Time 

Hours 
brfm 
H 1P 
, 2 8  

2.8 
1.5 
1.8 

2 1  
1.9 
21 
'1  

- 

- 

Knot8 Hours 
1.4 
1.6 6.7 
1.6 5.6 
0.7 RO 
0.8 6.3 
0.8 7.0 
1.0 7.4 
1.3 6.7 

Flood strength 

N. 45O \V _ _ _ _ _ _  
N. 45' W _ _ _ _ _ _  
N.800W _ _ _ _ _ _  N.W w _ _ _ _ _ _  0.7 0. i 

0.9 
0.6 

- - 
Flood 

luration 

-- 

Hwrs . - - - - - - - 
5. 7 
6.8 
L 4  

6.1 
5.4 
5.0 
5.7 

.____do _ _ _ _ _ _ _ _ _ _ _ _ _ _  ~ _ _ _ _ _  do _____-____. 

.____do _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ..l:::::do _ _ _ _ _ _ _ _ _ _ _  
J.M.Hawley.-.-.-. _ _ _ _ _  _____do _ _ _ _ _ _ _ _ _ _ _  
.____do ___________.._______ _____do  ________._- I 

Slack - I Time 

1.3 
1.5 
1.5 
1.2 

I- 

61/ 2.1 ;. 
0.9 2.3 

Ebb strength 1 dr%on 
Direction Velocity 

l-l- 
Le:?h 
observs- 

tions 
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TABLE 47.--Harmonic constants, station 15 (Scotland Light Vessel) 
[From 87-day s e r h ,  November 6.1912, to January 31,19131 

h-nota 
0.383 
0.034 
0.0.23 a 053 
0.018 

Component 

Dcorees 
ad8 
64 

16!2 
358 
158 

North and south 
(magnetic) I 

P I K  

True 
North 

4 

East and weat 
(magnetic) 

H I *  

Sc(11ed Knot8 

OD D l  O t  a3 0.4. 05 
I I I I I I 

FIG. 21.--Cumnt allipse for M2 component, Scotland Light Vessel 

Since station 15 is some distance from the coast. we may ex ect 

+ivy ap rox- and west components, we derive an ellipse which 
imately the curve of the current at  station 15. he resu t m t  
strength of flood and ebb may be determined from this ellipse, or 
from the formula., 

H: sin 2~~ + H,' sin 2~~ 
cos ZK, + cos 2~~ 

the current here to be of a rotary ty e. If we lot t,he hourly ve F oci- 
ties of M,, using the above values P or the nort R and south, and east 

F 

tan 38= 

wliicli is derived by writing the equations of the current in the 
form ?&=HI GOB (e-g,j for the north and south component and 
v =  H2 cos (e -K2)  for the east and west component and solving for 
a maxmum. 
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Figure 27 represents the M, current ellipse for station 15 derived 
from the constants above. The velocities and directions of the tidal 
current are shown for each hour with reference to the time of tide 
at  Fort Hamilton, H standing for the time of high water and L for 
the time of low water. From this current ellipse the cwrent a t  sta- 
tion 15 is seen to rotate in the direction of the hands of a clock. 
The stren th of the flood comes 1.35 hours before the time of high 

h o t ,  while the minimum current before ebb comes 3.10 hours later, 
or 1.65 hours after the time of high water at  Fort Hainilton and 
sets N. 33' E. with a velocit of 0.15 h o t .  Since M, alone is taken 

same velocity as that of flood and sets in a direction exactly o po- 

before ebb. 
It is to be noted that the velocities and directions of the cur- 

rent derived From the current ellipse of Figure 27 refer to the tidal 
current alone, for the harmonic analysis eliminates the nontidal 
current. To derive the mean currents actually prevailing for the 
period covered by the observations of series (a), it is necessary to 
take account of the nontidal current, which during this time had 
a velocity averaging 0.21 knot, settin S. 32O.E. This nontidal 

ahifting the origin of coordinates to the C, lymg 0.21 knot 
N. 32' W. from the center of the figure. or the strength of flood 
we now et 0.32 knot, settin N. 75' W., and for the strength of 
ebb 0.69tnot, settin S. 50' 8. 

The velocity .and tirection of the nontidal current at  any station 
are determined from the following considerations. If t,he current 
at, the station is wholly tidal, then rn a eriod of 34" 50" the hourly 

tions should sum up to zero for each of these directions; that is, 
since the tidal current is periodic, its average north velocit will 

m11 equal its average west velocity. The nontidal current, however, 
is not periodic and will therefore make itself evident in the sums of 
the resolved directions t o  the estent of its components in these 
direct.ions, which thus furnish the data for its determination. The 
tidal current from whatever period determined should show appros- 
imately constant characteristics, but the nontidd current may be 
espectecl to eshibit variable velocity and dflereiit directions, depend- 
in on t,lie.season of the yew. 

%or sliort series the current elli se may be more easily determined 
nonharnionically by tabuIating t%e resolved 1iourl;g velocities and 
directions of the current with respect to the h i e  of tide at some near- 
by point, and this met,hod has been employed in reducing the obser- 
vations for series ( b ) ,  (c) and (d) .  The current elli se derived by 
this method does not ossess the regularity of the E ., elli se, nor 
can the ve1ocit.y and Jrection of the stre th of flood- anxebb be 

results that take account of the effects of the other com- 

It is obvious that in tabulating the hourly velocities of the current 
the nontidal current is not eliminated, and this is brought out by 

water at  8 ort Hamilton and sets N. 57' W. with a velocity of 0.50 

into account in the current e 51 lipse above, the strength of ebb has the 

site, and this is likewise the relation of slack before flood to s P ack 

current may be combined with the ti t!f al current, qaphically, by 

velocities resolved into north and sout i , and east and west direc- 

e q u a l h  average south velocity, and likewise its average east ve s ocity 

determined with as great precision. It has, 5 owever, the advantage 

ponents Of givin% esides M,. . The curve for series ( 6 )  is shown in Figure 38. 
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Figure 28, the lines re resenting the hour1 velocit and direction of 

the figure. For the eriod covered by these observations, May 1 to 

a velocity of 0.19 h o t .  The tidal current alone may be determined 
ap rorimately by drawing major and minor axes for the ellipse, which 
wit then represent the velocities and directions of the strengtsh and 
of the minimum of the tidal current. From Figure 38 the strength 

True 
North 

the current radiating F rom a point some ( 9 9  istance rom the center f of 
29, 1921, the nontid 3 current is determined as setting S. 1' E. with 

t 
H-l 

Scale of Knot8 
I I I I I 

QQ ai 0.2 0.3 OA ob 
FIG. 28.-Current ellipse from nonharmonic tabulation, Scotland Light Vssssl 

of flood is determined to be 0.54 knot, setting N. 49' W., and the 
minimum current before ebb 0.20 knot, setting N. 41' E. 

Table 48 gives the current data at  station 15 for the four series of 
current observations. For the tidal current the data are given for 
the strength of flood and minimum before ebb, since the strength of 
ebb and minimum before flood will be the same, res ectively, but 
with directions reversed. The time is given with r 2 erence to the 
time of tide a t  Fort Hamilton, HW standing for the time of high 
water and LW for the time of low water. It is to be noted, too, that 
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- 
! 

for the minimum before ebb the time given in every case is a quarter 
tidal period or 3.1 hours after the strength of flood, and the direction 
of the niinimum before ebb is given at  right angles to the direction of 
strength of flood. 

TABLE CS.--Current data, station 15 (Scoiland Light Vessel) 

Tidal current 

Veloe 
ity 

Knots 
0.21 

0.16 
ais 
aa2 

0.19 

Date of observations 1. Strength of flood I Minimum before ebb 

Direo 
tlon 

-- 

Trrw 
S.3YE. 

S.4'W. 
s. P E .  

s . 8 0 ~ .  

s. WE. 
-- 

- 
Time 

Hours 
h a  

N.5P W-- 
N.WW-- 
N 5 5 O  W.. 
N:54"W.- 

bfforc 
H 1v 

Nov. 6,1912-Jan. 31, 1.35 

May 1-28,1921_______ 1.4 
July 1-29, 1921 _ _ _ _ _ _ _ _  0.7 

1913. 

m t .  i - ~ , i ~ s  _ _ _ _ _ _ _  1. a 

Hours 
afier 
RW 
1.75 

1.7 
2 4  
1.9 

veloc- 
ity 

Knots 
0. w 
0.54 

0.43 
a 49 

Direction Tlme -7r 
I- 

N. 55O W--l 1.88 

Veloe- 
ity 

Knot8 

a m  

a 16 

0. 15 

0.14 
0.15 - 
- 

Direction 

%e 
N. 33' E - 
N. 41' E. 
N. 35' E- 
N. 36' E. 
N. 35' E. 

For the best determined value a t  station 15, we may take a weighted 
mean of the values given in Table 48, weighting the different senes in 
amordance with the length of the observations. Strictly, the veloci- 
ties of the current from the four different series should be resolved to 
derive the mean velocity, but the differences in the directions for the 
strength of current are so small as to make no appreciable difference 
in the result. For the nontidal current, however, the difference in 
the directions is considerable, and the mean has been derived by re- 
solving the velocities. 

For Ambrose Channel Light Vessel (station 16) a series 87 days in 
length-November 5, 1912, to Janua 31,1913-has been analyzed 

harmonically. The results from the harmonic anal sis are given in 

49, is shown in Figure 39. 

harmonically, and a series 29 days in 7 engtli has been tabulated non- 

Table 49, and the current ellipse for M,, based on t i( e data of Table 

TABLE 49.-Harnronie constants, station 16 (Ambross Channel Light Vessel) 
[From 874337 series. Novemter 5, 1912, to January 30,19131 

K91OtS 
0.045 
0.007 
0.008 
0.039 
0.009 

Dqrecs Knots 
157 0.197 
58 0.012 

135 0.106 
188 0.044 
314 0.011 

Degrfcs 
2 

147 
318 

8 
196 

Figure 29 shows the current at  station 16 to be relatively weak and 
The strength of the flood current comes 1.2 only slightly rotary. 
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hours before the time of high water at Fort Hamilton and sets N. 
.88' W., with a velocitv of 0.20 knot. Minimum current before ebb 
comes 1.7 hours after'low water a t  Fort Hamilton and sets N. 2' E. 
with a velocity of 0.02 knot. Practically, therefore, the current at  
Ambrose Channel Light Vessel is of the rectilinear type, but it is of 
interest to note that what little rotary current there is rotates counter- 
clockwise, or in a sense o posite to that found at  Scotland Li ht 
Vessel. This is also brou i t  out by the observations for Septem % er 
1 to 29, 1923, which haveteen tabulated nonharmonically. The re- 
sults from this tabulation give for the tidal current as follows: 
Strength of flood comes about 1.8 hours before time of high water 
at Fort Hamilton and sets N. 83' W., with a velocity of 0.23 h o t .  
Minimum current before ebb comes about 1.1 hours after time of low 
water and sets N. 7' E., with a velocity of 0.02 knot. The 87-day 
series-November 5, 1912, to January 30, 1913-gave a nontidal 
current of 0.20 knot, setting due east, while the 29-day series- 

True 
North 

H-I 

n +a 

Scale of Knots 
l . l * ~ , ~ * , ~ ~ l  o n  0.04 oa6 008 010 aiz 014 GIB 0.18 0.20 0.22 

FIG. a.-Current elllpe for MI component, -4mbrose Channel Light Vessel 

September 1 to 59, 1922-gave a nontidal current of 0.09 knot 
setting N. 40' E. 

XI. THE CURRENT IN LOWER BAY 

Under Lower Bay is here understood the whole body of water 

For 

"he data 
derived from these observations are given in Table 50, and for each 
station these data refer to the current near the surface. Different 
methods of observation were employed at different times, but, in 
general, it may be taken that the data given in this table are based 
on observations made with a current pole and pertain to the currents 
at a depth of about 7 feet. 

drawn from the eastern tip of Coney Island 
bounded on the north by the Narrows, on the 
Kll,and on the west by Raritan River. 

water Figure 30 shows the locations of 35 stations at 
have been made.atr various times. 
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FIG. 30.- Current statlons, Lower Bay W-34. (Fw p. 90.) 



TABLE 50.-Currmt data, Lower Bay 
[Referred to tlmes of H W  and L W  at Fort Hamilton] 

Direction -- 

Flood strength 

Party of- I Date 1 S l a c q -  Time 
Location 

Velocity e - -  
1 
2 

-I 3 
4 
6 

T Hours a/- Hours be 
Irr LW fore HW 

Off Sandy Hook--- H. L. Marindin ... July, 1887--- 0.9 3.1 
_ _ _ _ _ d o  _ _ _ _ _ _ _ _ _ _ _ _ _ _  H. C .  Denson _ _ _ _ _  Aug., 19 2%. 0.7 2 2  
_____do _ _ _ _ _ _ _ _ _ _ _ _ _ _  J.M.Hawley _ _ _ _ _  Aw., 1885-.. 1.6 3.1 
_ .___do _ _ _ _ _ _ _ _ _ _ _ _ _ _  T . A .  Craven _ _ _ _ _  Om.. 1855.-. a9 21 
Sandy Hook Bay.. H. Mitchell _ _ _ _ _ _ _  July, 1856.-. 0.6 3.3 

16 _ _ _ _ _ d o  _ _ _ _ _ _ _ _ _ _ _ _ _ _  
17 _ _ _ _ _ d o  _ _ _ _ _ _ _ _ _ _ _ _ _  ~ 

18 _ _ _ _ _ d o  _ _ _ _  - - - - _ _  - - _ _  
19 _ _ _ _ _ d o  _ _ _ _ _  _ _ _ _ _ _ _  _ _  

True _ _ _ _ _ _ _ _ _ _ _  s.ww-. 
N . r C  W - s.6jow.- 

S.MOE.-.  

h-nols 
1.6 
1.2 
0.7 
0.5 
a 5  

0.7 
-0.3 

1.3 
1. 1 

1. 1 
0.4 
0.9 
1.8 
1.6 

0. G 
0.9 
2.3 
3.5 

-0. 2 

-0.5 
0.8 
0.2 
0.8 
1.0 

3.2 
2 0  
3.4 

2.6 

-a 3 

a7 

6 
7 
8 
9 

10 

11 
13 
13 
14 
18 

3.2 
1.5 
2.7 
2.3 
2.1 

21 
3. 1 
2 4  
1.8 
1.4 

3.3 
2 6  
1. 8 
0.2 
3.2 

3.5 
2 2  
28  
2.4 
2.4 

0.5 
2 2  
0.9 
2 4  
0.6 

_ _ _ _ _ d o  _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ d o  _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ d o  _ _ _ _ _ _ _  
_ _ _ _ _ d o  _ _ _ _ _ _ _ _ _ _ _ _ _ _  _____do  _ _ _ _ _ _ _ _ _ _ _ _ _  _____do _ _ _ _ _ _ _  
_ _ _ _ _ d o  _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ d o  _ _ _ _ _ _ _ _ _ _ _ _ _  _____do _ _ _ _ _ _ _  
Mlddle of bay _ _ _ _ _ _  A. L. Marindin.-. July, 1887. _ _  

____.do _ _ _ _ _  _ _ _ _ _ _  - ___-.do _ _ _ _  _ _  _ _  - _ _  _ _  --__.do _ _ _ _ _  _ _  
. _ _ _ _ d o  _ _ _ _ _ _ _ _ _ _ _ _ _ _  T. A. Craven _ _ _ _ _  Aug., 1855--. 
_ _ _ _ _ d o  _ _ _ _ _ _ _ _ _ _ _ _ _ _  J. M. Hawby _ _ _ _ _  _ _ _ _ _  do _ _ _ _ _ _ _  
_ _ _ _ _ d o  _ _ _ _ _ _ _ _ _ _ _ _ _ _  H. L. Marindin..- June, 1891.-- 
_____do _ _ _ _ _ _  _ _  _ _ _ _  ___-.do. - _ _ _ _  _ _ _  _ _  _ _  - - -do--- - _ _ _  
_ _ _ _ _ d o  ._____________ T. A. Craven _ _ _ _ _  Sept., 1855.. 

Direction Velocitj -- 

S.65°W _ _  
N.80'W.- 
8.85'W.. 
N.70°W-- 
N . W W - -  

N.500W.. s.ww-. 
N.700W-. 
N.80'W.- 
N.45'W.. 

N.75OW.- 
N. 3OOW.. 
North ...-- 
8.70°W-- 

N.M0W.. 
N.70°W.. 
N.85'W-- 
N.85'W-- 
N.75'W.. 

N.lOOW.. 
N.300W.. 
N.75'W.. 
N.#)'E.- 
N.lOOE.. 

N.#)'E.. 
8.550 w.. s.eoow-- 
West _ _ _ _ _ _  
N.WW.. 

s.700w.- 

0.4 
0.5 
0.5 
1.3 
1.6 

0.8 
0.7 
1.5 
1.5 
0.8 

1.2 
1.0 
0.9 
1.0 

0.4 
1.1 
2 0  
2 0  
1.9 

0.9 
1.1 
0.5 
0.9 
1.2 

0.4 
0.4 
a 3  
0.6 
a 7  

a9 

21 
22 
a3 
24 
25 

26 
27 
28 
29 
30 

Floqd 
duration 

Off Coney Island _ _  E. B. Thomas _ _ _ _ _  Sept., 18.31 _ _  
. _ _ _ _ d o  _ _ _ _ _ _ _ _ _ _ _ _ _ _  W. P. Elliot _ _ _ _ _ _  May 1889... 
_ _ _ _ _ d o  _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ d o  ___._________. ____do _ _ _ _ _ _ _  
_ _ _ _ _ d o  _ _ _ _ _ _ _ _ _ _ _ _ _ _  H. Mitchell _ _ _ _ _ _ _  Aug., 1858 ... 
_____do  _ _ _ _ _ _ _ _ _ _ _ _ _ _  W. P. Elliot _ _ _ _ _ _ _  May, 1sB9--- 

____.do _ _ _ _ _ _ _ _ _ _ _ _ _ _  H. Mitehell _ _ _ _ _ _ _  Aug., 181 ... 
. _ _ _ _ d o  _ _ _ _ _ _ _ _ _ _ _ _ _ _  H. C. Denson _ _ _ _ _  Aug.. 19 22... 
.-__.do _ _ _ _  - _ _  - - - -. --__.do _ _ _ _ _ _ _  - - - - ____-do  _ _ _ _ _  - - 
Off Staten Island _ _  _____do _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ d o  _ _ _ _ _ _ _  

_ _ _ _ _ d o  _ _ _ _ _ _ _ _ _ _ _ _ _ _  T. A. Craven _ _ _ _  Aug., 1855--. 

Hours 
4.9 
5.7 
4.8 
5.0 
3.5 

3.8 
6.5 
6.3 
5.6 
5.9 

6.3 
6.0 
6.1 
5.5 
6.1 

6.2 
6.2 
4.7 
5.0 
6 3  

GO 
6.9 
7.2 
6.6 
6.2 

5.0 
4 8  
3.5 
7. 1 
5 8  

7.2 
5.9 
7.3 
6.8 
6 . G  

8.450 w-- 
N. 700 E--  
N.800E.- 
8.0 '  E--- 
East _ _ _ _ _ _  

Slack 

1.2 

Hours al- 
tfTHW 

-0.2 
0.4 
0.4 

-2 0 

-1.5 
0.2 
0.0 

- 0.9 
1.0 

1.4 
0.4 
1.0 
1.3 
1.7 

1. 1 
1.0 
2 5  
0.1 

-0.5 
1.7 
1.4 
1.4 
1. a 
2.2 
0.8 

1.8 
2 4  

2 8  
-2.1 

0.1 
1.0 
1.2 

-a 1 

a 7  

a9 

-- 
Ebb strength 

Time 

fours be' 
fortLW 

4.0 
3.0 
2 6  
3.1 
4.1 

6.0 
3.8 
4.0 
1.8 
1. 2 

1.9 
2 6  
1.5 
1.3 
1.9 

2 2  
1. 7 
0.5 
0.0 
2. Q 
4.2 
2 0  
2 5  
2.3 
2.2 

0.2 
1.0 
0.8 
1.9 
0. 1 

0.3 
4.6 
3.0 
2 7  
21 

f i e  I ~ ¶ ~ i s  

as  
2 2  
1.4 

1.0 
0.7 

8.800 E--- 
8.  75OE--- 
South. .___ 
s. 100 w-- 
8. W E--- 

8. 85' E--- 
8: 70° E--- 
s. 850 E--- 
N.85'E.- 
8.70' E... 

0.7 

0.3 
1.8 
1.5 

1.4 
0.6 
1. 6 
1.6 
0.8 

0.8 
1.6 
1.7 
1.3 
0.6 

0.3 
1.2 
1.8 
1.9 
1.7 

2 0  
1.8 
1.7 
0.8 
2.2 

0.3 
0.5 
0.4 
0.4 

a 3  

- -- 

Ebb 
luration 

Hours 
7. 5 
6.7 
7.6 
7. I 
7.9 

7.6 
5.9 
6.1 
6.8 
8 5  

6.1 
6.4 
6.3 
6.9 
6.3 

6.2 
6.2 
7.7 
7.4 
6.1 

6.4 
5.5 
5.2 
5.8 
6.2 

7.4 
7.6 

5.3 
6.6 

5.2 
6.5 
5. 1 
5.6 

a9 

5.9 

- - 
Length 
of ob- 
serva- 
tions 
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In Table 50 above the times of slack and strength of current are 
’ven in hours and tenths and are referred to the times of tide at Fort 

&milton, N. Y., HW re resenting the time of high water and LW 
the time of low water. $he velocity of the current is given in knots 
and tenths and the direction is given to the nearest 5’. 

It will be noted that, in general, the current turns earliest in the 
shdlow regions near the shores and latest in the dee er central parts 

earlier by about an hour than at  stations 9 and 14 in the center of the 
channel; at  stations 24 and 25, near Coney Island, the current is 
earlier by about two hours than in the deeper centrd part in the 
vicinity of stations 18, 19, 36, and 30. 

From the entrance to Lower Bay the current becomes later in going 
northward to the Narrows, station 30 showing the current later than 
station 9 by somewhat more than an hour; but going westward 
toward Arthur Kill and Raritan River the current apparently beconies 
earlier for a short distance and then is ver near1 simultaneous 
over the greater portion of Lower Bay and Jaritan say .  Thus, at 
stations 12, 16, and 20 the current is earlier by about three-quarters 
of an hour than at  stations 9, 10, 11, and 14, and at stations 34 and 
35 the current is but little later than at  stations 12, 16, and 20. 

This difference in time of current is brought about by the fact that 
in.the central part of Lower Bay the current is somewhat rotary in 
character, rotating in the direction of the hands of a clock. The cur- 
rent, therefore, sets westward earlier than northward. It is to be 
noted that for stations lyin westward of Sand Hook the direction 

lying in the region between the entrance and the Narrows the flood 
current sets more nearly N. 60’ W., on the stren th. 

Between stations 31 and 32, off States Idan$ the flood and ebb 
currents chan e directions. At station 31 and in the re ion north- 

station 33 and in the region southwestward the Aood sets southwest- 
erly and the ebb northeasterly. As the terms “flood” and “ebb” 
are ordinarily used, the flood current is the one that sets inland or 
upstream and the ebb current the one that sets seaward or down- 
stream. In tidal rivers there can generally be no question as to 
which direction is upstream and which downstream; but in a case like 
,that of the r ion in the vicinity of stations 31 and 32 the terms 
ups+Team andyownstream or inland and seaward are no longer re- 

tamhi ci$pe5 iqhan that of direction. 
R&q;aiQ@siiJeration of the relation of current to tide both in the fg &ks&Mk.~&@d stationary-wave types of t idd movement the 
‘iidsuriw&mk@ikdefinecl as the one that atrtains its strength on a *mr ’ ”’ e a b  current may be defined as the one that 

athains i@: strength% a falling tide. And it is to be noted that these 
d&@ti+& Q$ fl-ad a@ gbb; based on time relations of current to tide, 

e6 wit& !he ordiqmiusb af these terms in cases where no ambiguity 

of the bay. Thus, at station 1, near Sandy Hook, t P ie current turns 

of the flood current is a f out S. 75’ W., w T I  ile at  the stat>ions 

ward the floo f sets northeasterly and the ebb southwester K y, while a t  

as@, :ab@ It_ therefore becomes necessary to define flood and eb % in 

f m  &he bib& en direction. 
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From Table 30 it is evident that the time of tide in the vicinity of 
stations 31 and 33 is practically the same as that at  Fort Hamilton. 
Hence HW and LW in Table 50 may be taken as representing not 
only the times of high and low water at Fort Hamilton but also the 
times of local high and low water in the vicinity of stations 31 and 33, 
and the data of Table 50 show that the strength of the northeasterly 
current comes on a rising tide at  station 31 and on a falling tide a t  
station 33. At the former station, therefore, the northeasterly cur- 
rent is the flood current, while at the latter station it is the ebb 
current. 

Since the time of tide throughout Lower Bay differs but little from 
that at Fort Hamilton, Table 50 may be taken as giving directly the 
relations of the current at the vanous stations to local tide. For 
more accurate determinatipns use may be made of the data in 
Table 30. 

I n  general, the velocity of the current in the channels of Lower 
Bay is between 1 and 154 knots, with the ebb velocity greater than 
the flood by a uarter of a knot; the greater ebb velocity obviously 

into Lower Bay. Where variations from the general conditions 
noted above are shown by the data of Table 50, these generally find 
explanation in the hydro aphic features at  the station. Thus, at 

b more than a knot. A glance at the location of the station shows 
t T iat the western point of Coney Island prevents the main stream 
of the flood current, which sets toward the Narrows, from embracing 
station 38 in its sweep; but on the ebb this station lies in the direct 
path of the main stream from the Narrows, and hence shows the 
current velocity belonging to that main stream. Stations 34 and 35 
likewise exhibit wide variations from the general conditions pre- 
vailing in Lower Bay. While the flood velocities at the two stations 
differ b but 0.1 knot, the ebb velocities differ by 0.8 knot. Here, 

ain, t i e location of the station with res ect to the main flood and 

strertni they are ocated ver much alike, but the main stream of the 
ebb current setting from Baritan River and Arthur Bill sweeps 
directly over station 35 but to one side of station 34. 

-4s regards the durations of flood and ebb in Lower Bay, Table 50 
shows that almost without exce tion the ebb has the greater duration, 

through Lower Bay. gtations 23, 33, m d  24, near Coney Island 
stand out markedly different with flood durations greater than th i  
ebb. Here, too, it would appear that the location of the stations 
with respect to the main stream of the current explains this departure 
from the general conditions prevailing in Lower Ba On the flood 
these stations nre in the at11 of the main stream of t e current, while 

through the Narrows. A similar explanation probably accounts for 
the greater flood duration at  stations 29, 31, and 34; but the greater 
duration of flood at  station 35 is contrary to what would be expected 
in view of the fresh-water discharge through Raritan River and 
Arthur Kill. 

brought about % y the considerable amount of fresh water draining 

station 28 the strength o f. the ebb current is greater than the flood 

Y e 7? b streams ex lains the difference. g i t h  respect to the flood 

and this was to be ex ected g ecause of the fresh-water discharge 

on the ebb Coney Islan a cuts them off from the main stream issuing 
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TABLE Sl.-Current d d a  for various depths, Lower Bay 
[Referred to times of R W  and LW at Fort EamUtonl 

Date 

____. do-. - - 
Aug. 21-22. ___. .. 

Aug. 19-20 

- - 
Depth 

Fret 
11 
26 
42 

6 
12 
19 

5 
12 

' 19 

5 
12 
I9 

6 
15 n 
4 
9 
14 

5 
12 
1s 

4 
13 
w1 - 

- - 
SI& 

- 
HOW8 

2; 
0.8 
a7 

3.9 
3.8 
3.7 

-0.2 
-0.2 

2 0  
2 0 
1.8 

3.4 
3.4 
3.3 

a9 
as 

a7 

-0. a 

I. a 

a4 a3 
a ?  
1. E 
ad 
0.5 
I 

Flood strength 

Time 

HOWR 

- 
Yg 

2.2 
2 7 
28 

0.4 
a6 

3.4 
3.4 
3.4 

2.8 
2.3 
2.4 

as 
as 
2 . E  
21 
2L 

3. 1 
3.5 
3.4 

2f 
3. ( 
3.1 

ao 

as 

hr¶0f8 
1.42 
1.25 
1.10 

a 83 
as5 
a s  

am 
a m  
1. 15 

0. 9i 
1.3a 
1.29 

a68 
0.74 

1. ou 
0.89 

0. 74 
0.70 

a91 
0.91 

a 139 

ass 

a 62 

a 83 

- - 
Flood 
luratlon 

7 

Hours 
5.6 
5. e 
6.0 

4.4 
4.4 
4.3 

6.8 
0.8 
6.8 

4.8 
5.0 
5.2 

3.6 
3.6 
3.8 

6.7 
6.8 
7.0 

6.2 
6.3 
6.4 

6.1 
6.6 
t i a  

- - 
Slack 

- 
Hours 

a 4  
%% 

a6 
a7 

2 3 
2 2  
20 

0. 6 

a6 

0.8 
1.0 
1.0 

1. u 
1.0 
1.1 

I. 7 
1.7 
1. B 

as 
0 . 8  

1.1 
1.1 

a6 

a8 

ai 

Ebb strength - 
Time 

How8 
before 
LW 

3.4 
3.0 
3.4 

0. 5 
1.0 

3.5 
3.5 
3.6 

1.2 
1.6 

0.2 
a4 
1. I 
1. g 
20 

2E 
3. E 
3. c 
2 L 
4E 
3.2 

- 

a 2  

a5 

-a 7 

- 
relocity - 

Knot8 
I. 43 
1.35 
1.27 

1. -23 
1.05 
0.7i 

1.00 

1. Bi 
1.75 
1.49 

1.61 
1.30 
1.01 

a 73 
a 95 

am 
a 70 a m  
a e2 
0.56 
0.44 

1.00 
0.76 
a66 - 

- - 
Ebb 

luration 

- 
Hours 

as 

so 
ai 

a5 
6.4 

8.0 

5.6 
5.6 
5.6 

7.6 
7. 4 
7.2 

8.8 

8.6 

5.7 
5.6 
5.4 

6.3 
6.1 
6.0 

6.3 
5.8 
a4 

as 

- 

-- 

Length 
of of?- 
!mations 

Day8 
I !.< 
132 
Ud 
1%; 

I?--¶ 
1 
1 
1 

1 
1 
1 

1 
1 
1 

2 
2 
2 

1 
1 
1 
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At the eight stations occupied by the party of H. C. Denson ob- 
servations on the subsurface currents were also made, a current 
meter bein used for this urpose. These observations were made 
at three Epths-two-ten& five-tenths, and eight-tenths of the 
depth st the station. The results of these observations, with veloci- 
tie3 reduced to mean values, are given in Table 51. . In  this table 
HW and LW represent, re3pectmively, the times of high and low 
water at  Fort Hamilton, t4inies being given to the nearest tenth of 
an hour and velocities to the nearest hundredth of a knot. 

The observations on which the data of Table 51 are based are from 
one to two days in length. In a day there are but two floods and two 
ebbs, so t.hat slight differences in the results for the various depths 
derived from observations c.overing but a day or two may be due to 
awidental variations. In general, however, tahe data .of Table 51 
indicate but little difference in the time of strength or of slack a t  the 
various depths. For the velocities, however, the differences between 
various depths are unmistakable. 

The stations which are located outside' the path of the current 
passing through the Narrows show, in general, a decrease in velocity 
with increase in de th, both on the flood.and on the ebb. This is in 
accordance with t K e distribution of velocity in ordinary hydraulic 
flow and is evidenced by the data for station 3 off Sandy Hook, 
station 19 in t.he middle of t,lie bay, and station 34 off Staten Island. 
For these stations, too, it will be noted that the durations of the 
flood or ebb periods do not vary much for the different de ths. 

show a different vertical velocity distribution for flood and ebb, 
Station 27 is a good illustration of this. On the ebb the current at 
the different depths varies in accordance with the vertical velocity 
distribu tion of ordinary hydraulic motion, the velocity decreasing 
with increasing de th; but on the flood the velocity shows an increase 

h e  flood strength at the two-tenths depth' is less than at  mid-de th 

than at  mizdepth. . . 
This difference in tlie vertical distribution of the current velocity 

evidently is due to the nontidal or fresh-water discharge from the 
Narrows. Having a density less than that of sea water, this fresh 
water tends to remain near t,he surface. On the ebb both tidal and 
nontidal water are moving in tlie same direction, and therefore the 
vertical velocity distribution is similar to that in water under 
hydraulic motion. On the flood the nontidal water near the surface 
tends to move seaward, and thus decreases the velocity of the tidal 
currenbnear the surfac.e. With increased depth the effect of the non- 
tidal water diminishes, and hence the full velocity of, the flood current 
is attained at  some .distance from the surface. . 

In  conse uence Qf t.he diminution of the flood' strength near ,the 

may be expected with pcreasin And whde the data for 
station 87 are based on but one % ay of .observations. this increase io 
t.he flood. period with increaeing de th is shown unmistakably. The 
data for station 28, located similar$ with regard to th;e; current from 
the Narrows, give evidence of features similar t.0' those for station 27. 

The stations located in the path of the current from t R e Narrows 

from the surface R ownward for a considerable depth. At station 27 

or at  the eiaht-tenths depth and a t  the latter depth is but little P ess 

surface by B resh water, an increase in the .duratiqn .of the flood period 
depth. 
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XII. .THE CURRENT IN THE NARROWS AND UPPER BAY 

For the Narrows there are at  hand current observations at 24 
stations, the locations of these being shown on Figure 31. The data 
derived from these observations, with the velocities reduced to mean 
values, are given in Table 53 and may be taken to pertain to the 
current a t  a de th of about 7 feet. The times of current are referred 

time of high water and LW for the time of low water. 
to the times o P tide at Fort Hamilton, N. Y., HW standing for the 

Fm. 31.-Current stations, the Nmrom 

Fr6m the data of Table 52 i t  ap ears. that through the Narrows 
slack before flood comes about 2 g  hours after local low water, 
strength of flood half an hour before hi h water, slack before ebb 

obtaining in rogressive-wave motion, and the tidal movement 

this conclusion li emse was indicate by the behavior of the tides in 
the Narrows discussed in Section VI. 

2 hours after h' h water, and strength of e B b 1 hour before low water. 
These time r 2 ations of current to tide are approximately those 

throu h the 2 arrows deduced from the relation of current to tide is 
there H ore of the rogressive-wave ty e; and it is to.be recalled that R B 



TABLE 52.-CurrSnt data, the Narrows 
[Referred to times of HW and LW at Fort Hamiltonl 

! t h e  
8.35'E-.. 
8 . W E  ... 
8.45' E. _ _  
8.40 W... 
8.14 W.-- 
S.25°W... 
8.500 W... 

.______.____ 

- - 
8ta. 
tion 
No. 
- 

1 
2 
3 
4 

5 
6 
7 
8 

9 
10 

11 
12 

13 
14 

15 
I6 

17 
18 
19 
20 

21 
a2 as 
24 

- 

Knot8 
1.9 
2 3  
1.9 
21 

1.5 
1.6 
1.5 
1.3 

Location Party of- Date 818b - I I I-I- Tlme 

O~TBWL~YII _ _ _ _ _ _  
.____do _ _ _ _ _ _ _ _ _ _ _ _ _  
.____do _ _ _ _ _ _ _ _ _ _ _ _ _  
.____do _ _ _ _ _ _ _ _ _ _ _ _ _  

Houra Hours bb 
fwe H W  

H. Mitchall_______ ~ug.,it?~... a i  a2 
T. A. CraV9Il_____ Ang 1855--- 2 7  a9 
H. C. Denson _ _ _ _ _  Aug"192X.. 3.0 a3 
H.L.Marind in... Sepi.;1 W... 3.3 0.5 

.____do _ _ _ _ _ _ _ _ _ _ _ _ _  H.Mltchell_______ Aug 185S--. a i  

.____do _ _ _ _ _ _ _ _ _ _ _ _ _  I. Winston _ _ _ _ _ _ _ _  Oct 1919 _ _ _ _  a3 

.____do _ _ _ _ _ _ _ _ _ _ _ _ _  H.C.Denson _ _ _ _ _  I Aug ::l =...I I 1.0 

.____do _ _ _ _ _ _ _ _ _ _ _ _ _  H. Mltehell_______ At&l672.-- 1.7 2 0  i 
Mldehannel_______ 
.____do _ _ _ _ _ _ _ _ _ _ _ _ _  
,._-do .____________ 
.____do _ _ _ _ _ _ _ _ _ _ _ _ _  

H. C. Denson _ _ _ _ _  Aug., 1922... 
I. Wlnston _ _ _ _ _ _ _ _  Ort., Nov.. 
H. C Denson _ _ _ _ _  Sept 1922--. 
H. L: Marindin ... Sept:: 1885-.. 

1919. 

S.WE.-. 
8.WE-.. 

8.15'E..- 

8.5'E..-. 
8.5'E.-.. 

8.5OE .... 
8. 14 w... 
8. 5'W--- 
South.-..- 
S.l5'E-.. 
8.15'E-.. 

2 5  a3 
2 2  a7 
2 3  a2 
a 4  a6 

a i  as 
1.8 a2 
1.6 -ai 

2 8  1.0 

1.9 
1.8 

l.6 
2 4  

1.8 
1.4 

21 
2 0  

1.6 
2 0  
2.4 
2.3 

Direction Velocity -- 

.____do _ _ _ _ _ _ _ _ _ _ _ _ _  
____do _ _ _ _ _ _ _ _ _ _ _ _ _  
.____do _ _ _ _ _ _ _ _ _ _ _ _ _  
.____do _ _ _ _ _ _ _ _ _ _ _ _ _  

N. 35' W.. 
N. 100 W.. 

1.7 

C. Q Hanus _ _ _ _ _ _  Oct.,1888 _ _ _ _  
U. 8. 8. Amphi- Aug.-Oct., 

H. Mitchell _ _ _ _ _ _ _  Aug 185L. 
I. winston _ _ _ _ _ _ _ _  &pi.', 1910 ... 

trite 1917. 

1.3 
1.4 
1.5 
1.2 

1.1 
1.3 

1.4 
21 

1.5 
1.1 

1.7 
1.9 

1.4 
1.1 
1.6 
1.6 

1.6 
a9 
a9 
1. a 

I 

Houra 
4.4 
6.3 
5.0 
4.5 

6.1 

5.8 

4.8 

h3 
4.9 

h3 
5.9 

6.5 
5.9 

5.5 
h 4  
5.8 . 4.6 

4.7 
5.3 
5.6 
6.4 

a i  
a i  

4. a 

- 

E;# 
1.5 
2 0  
2 0  
1.8 

2 4  
2 3  
1. 9 
1.5 

1.9 
1.6 

1.8 
1.8 

2 2  
21 

1.9 
2 4  

2 0  
1.6 
2 1  
2 0  

1.5 
1.4 
1.4 
1. 9 

- 

- 
Time 

kbr8 b 
'OrsLW 

as 
1.3 
1.0 
1.2 

!E 
1.7 
2 1  

1.1 

1.2 
1. 1 

1.0 
1.2 

1.4 

-a 1 

a6 

0.8 
a 5  

a i  0.6 

1.7 
1. 1 
1.4 
1.7 

- 

~~ 

Ebb strength 

Direction Velocity 
-I- 

- - 

Ebb 
luratron 

- 
Hours 

8.0 
7.1 
7.4 
7.9 

7.3 
a3 
a 3  
0.6 

7.6 
7.6 

7.1 
7.5 

7.1 
a 5  

a9 

a9 

ae 

a6 

7.0 

7.8 

7.7 
7.1 
a8 
ao 
- 

- - 
Length 
of oh- 
serve 
tlons 
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In t,he Narrows the duration of rise of tide is 6 hours and the 
duration of fall is 6.4 hours; and since for the currents near the sur- 
face in the Narrows slack before flood comes 2% hours after low 
water and slack before ebb 2 hours after high water the duration of 
flood is about 5% hours and the duration of ebb is about 7 hours. 
This excess of 1% hours in the duration of ebb over the duration of 
flood obviously is due to the fresh water draining into U per Bay 

uenc.e of this fresh or nontidal water it is to be expected that near 
$e surface the ebb current would at  strength have a considerably 
reater velocity than the flood current. Table 52 shows this to be 

%e case, the strength of ebb being on the aver e about 30 per cent 

of flood is about 1.4 knots and the strength of ebb 1.8 knots. d a r  
the surface, therefore, the tidal current through the Narrows has a 
velocity a t  strength of about 1.6 knots. 

The greatest curient velocity will obviously be found in mid- 
channel where the effects of friction are least. .For the mid-channel 
&ations Table 52 gives a flood length of 1.5 knots and an ebb strength 
of 1.9 knots or a velocit for the tidal current of 1.7 knots. For the 

the ebb strength is 1.8 knots; while for the'Staten Island shore the 
flood strength is 1.3 knots and thc ebb stren th 1.7 knobs. The 

(stations 5? 6? 7, and S )  show ebb velocities but little greater than t e 
flood velocities. The flood strengths at these stations are not 
reater than for the rest of the Narrows, but the ebb velocities are 

6 s s  tht-in the average. This departure from the average conditions 
is due to the location of these stations outside the sweep of the main 
stream of the ebb current, which from Upper Bay sets southwesterly 
toward the Staten Island shore. 

At the southern entrance to the Narrows the channel runs approxi- 
mately N. 20° W., while at  the northern entrance the direction of the 
channel is about S. 15OW. It is therefore to be expected that, in gen- 
eral, the directions of the flood and ebb currents at  any givenstation will 
not be esactly o posite each other, for the momentum of the niovin 

by the direction of the channel south of the station and the direction of 
the ebb current by the direction of the channel north of the station. 

At a number of the stations shown on Figure 31 subsurface current 
observations were also made by use of a current meter. Generally 
these observations were made at  three depths-two-tenths, five- 
tenths, and eight-tenths of the depth at  the station; and in addition 
to velocity observations the party of H. C. Denson also determined 
the directions of the subsurface currents at the depths to which the 
meter was sus ended. These directions were determined by means 
of a device caied the bifilar direction indicator. 

Essentially the biilar direction indicator consists of a pi e with a 

desired depth by two h e  wires, these wires connecting with an u per 

permits it to move in azimuth. The ball-bearin joint is fixed on 

with its attached rudder takes the d irection of the current at the 
depth to which i t  is lowered the upper bar takes the same direction. 

which finds its outlet to the sea through the Narrows. e n conse- 

greater than the strength of flood. Through the % arrows the st.ren th 

stations near the Brook T yn shore the flood strength is 1.4 knots and 

a stations in the vicinity of Buttermilk Channe 7 above Bay Rid e 

mass of water wi P 1 cause the direction of the flood current to be modifie % 

rudder attached at one end, which is suspended horizonta R y at  the 

horizontal bar that journals at  its center in a ball-bearing joint w R Ich 

an outrigger or davit of the observin vessel, an % as the lower bar 
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Table 33 gives the results of the subsurface current observations 
made in Lower Bay in recent years. For comparison the observations 
made near the surface with log line and pole, which are given in 
Table 53, are also included. To bring out the differences in the 
currents at  the various depths, the times in Table 53 are given to the 
second decimal of an hour, velocities to the second decimal of a knot 
and directions to the nearest whole degree. 

At station 9 the current observations were continued uninterrupt- 
edly for 11 da s, so t,hat the data at this station may be considered as 

earlier toward the bottom, the difference between the first and last 
depths being 2.2 hours. This acceleration of the time of slack before 
flood obviously finds explanation in the nontidal water discharging 
through the Narrows, since this fresh water is less dense than the 
salt water of the ocean, and therefore tends to remain near the surface. 

The tinie of strength of flood does not vary much from the surface 
to the bottom, though there appears to be a well-defined acceleration 
in t,he tide for the first three depths, being latest at  the middle. The 
direction of flood likewise does not vary much for the different depths, 
although a slight westward deflection toward the bottom is unmis- 
takable. The direction of the current at the '/-foot de th is that of 

10" to the westward. Figure 31 is too small to show detailed sound- 
ings, but on examining a large-scale chart of the Narrows it will be 
seen that toward the bottom the contour lines run more nearly 
northwest and southeast than near the surface, so that the current 
at  any depth ma be taken as running parallel to the direction of the 

Because of the fresh water flowing through the Narrows the strength 
of the flood current should be least near the surface and become greater 
toward the bottom, and this is borne out by the results for station 9. 
The increase in the velocity at  strength is approximately at  the rate 
of 0.01 knot per foot of depth. 

The duration of flood at station 9 varies from 4.9 hours at  the 
7-foot de th to 7.1 hours at  the 70-foot de th, or a difference of 2.2 
hours. 
current from ebb to flood as between the 7 and 70 foot dept s. It 
follows, therefore, that the turn of the current from flood to ebb must 
occur about the same time at  all depths, and this the data for slack 
before ebb at  station 9 show to be the case, there being but little 
difference in the time of this slack for the four depths given. 

For the time of strength of ebb the data for station 9 indicate an 
acceleration from the surface to the bottom, the dserence between 
the 7 and 70 foot depths bein 1.7 hours. For the strength of flood 

strength. The direction of the ebb current at  the time of strength 
shows a sli ht eastward deflection toward the bottomtwhich corre- 

relatively we1 r determined. The slack before flood is seen to become 

the channel, while the direction of the current near t K e bottom is 

channel at  that c9 epth. 

B his likewise was the difference in t R e times of turnin of the 

the tlcceleration ap ears to ta I e place to mid-depth only, and from 
that depth to the Y l  ottom there was a retardation in the time of 

s onds t.0 t % e westward shift found on the flood current discussed 
a t ove. 

3904-25t-8 



TABLE 53.--Current data for various depths, the Narrows 

Direction 

~- 

l Y t u  
S.45"E-.. 
S.4Oo E--- 
S. 55O E - _ _  
S.53OE.-- 

w 
0 
0 

Knota 
1.89 
1.65 
0.94 
0.78 

IReferred to times of HW and LW a t  Fort Hamilton] 

Direction 
-- 

- 
Ebb 
Iura- 
tion 

- 

four8 
7.46 
7.57 
7.53 
7.31 

6.29 
5.89 
6.09 
5.89 

6.29 
6.41 
6.55 
6.59 

7.53 
7.11 
5.98 
5.31 

7.59 
6.91 
6.33 
6.04 

7.10 
6.62 
5.67 
5.21 

6.55 
6.61 
6.27 
6.37 

H. C. Denson. Pole ____-  
Meter-.- 

- - -do- - - - - 
-.-do _ _ _ _ _  I N.40' W-- 

N.20"E... 
N . Z O  E.-- 
N.30°E... 
N.30O E.-- 

0.88 

1.39 
1.28 
1.41 
1.34 

s. 100 w... 
S. 18' W.-- 
S.n0 W..- s. 200 w.-- 

1.64 
1.41 
1. 31 
1.19 

I. WLnston _ _ _ _  

H. C. Denson.. 

Pole ___-- 
Meter--- 

- - -do _ _ _ _  - 
---do _ _ _ _  - 
Pole-..-. 
Metar-.. 

- - .do _ _ _ _  - 

N. 15O E. .. 
_ _ _ _ _ _ _ _ _ - _  
_ _ _ _ _ _ _ _ - - -  _ _ _ _ _ _ _ _ _ _  ~ 

1.51 
1.49 
1.58 
1:32 

_ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _  
S.lgOE---  
S.lSOE ... 
S.23"E.-- 

_ _ - _ _ - _ - _ _ _  
1.65 
1.40 
1.20 

LS6 
1.81 
1.81 

N . W W - .  
N. 17O W-- 
N.27OW.. 
N.3O0W-. 

1.09 
1.25 
1.53 
1.75 

N.25O W.. 1.32 
1.18 
1.38 
1.60 

S.l3"E.-. S.l9'E-.. 
S.47'E ... 
S. 42O E - _ _  

1.54 1.48 
1.51 
1.42 

N . W  W-- 
N.28'W.. 
N.Ua W-- 
N.26OW-. 

1.48 
1.37 
1.67 
1.66 

N. 6O W--- 1.85 
1.83 
1.64 
0.98 

0.15 N.6OE _ _ _ _  
0.50 _ _ - _ _ _ _ _ _ _ - -  
1.72 __._________ 
262  _______.____ 

0.60 N.23OW.- 
1.06 _____-__. _- -  
1.28 _ _ _ _ _ _ _ _ _ - _ -  
2.80 _ _ _ _ _ _ _ _ _ _ _ _  
0.80 N.70Ur.-- 
0.40 N.120 W-- 

0.60 N.2O0W-- 

0.20 N.15O E.-- 
0.00 N.I5OE.-- 
0.50 N.20 E---- 
0.70 N.5'E.-.- 

-0.13 N.4OW--- 
0. 10 N. 17O WI- 
1.23 N.48O W1- 
1.57 N. 23 W 1.- 

1-20 N.WW-. 

1.59 
1.55 
1.61 
1.30 

1.52 
L63 
1.47 
0.92 

0.94 
1.18 

0.62 

0.94 
1.08 
1.53 
1.34 

1.18 
1.55 
1.77 
0.98 

1.39 

H. C. Denson.- 

___.do.--..--.. 

Me ter... 
__.do _ _ _ _ _  _ _  -do-. _ _ _  
Pole __.__ 
hick..- 

- - -do-. . - - 
---do _ _ _ _ _  
Pole _ _ _ _ _  
Meter..- 

--.do _ _ _ _ _  
--do _ _ _ _ _  

S.2OE.--- 
S.2.LDE--- 

9.80 w.--- 
S. 1l0 W.-- 
6.80 w.--- 
South-..-- 

1.09 
0.62 

1.34 
1.73 
1.28 
0.79 

__ 
Flood strength 

- - 

6ta- 
tion 
No. 

Ebb strength 

Obsurva- 

with- 
Party of- I tions 1 Depth 

rime Location 
rim0 

Data 

4ug. 1447,1922. 

4 ~ g .  17-18,1922 

kt. 1-3,1919. -. 

hug. 7-18,1922.. 

YOUt8 
before 
LW 
1.00 
0.72 
0.75 
0.78 

1.65 
1.35 
0.80 
1.15 

1.73 
1. 16 
1. 16 
1.04 

-0.14 
0.02 
0.36 
1.57 

1.10 
1.30 
1.04 
1. 12 

1.17 
0.w 
0.83 
0.m 

1.44 
1.54 
1.48 
1.22 

I I  Eour8 
after 
L W  
3.02 
3.30 
3.26 
3.08 

225 
200 
1.85 
I. 50 

1.78 
2 15 
208 
2 05 

3. 08 
26.5 
1.82 
0.89 

278 
238 
2of 
1.66 

253 
253 
1.63 
1.11 

2.54 
2.34 
2oE 
2 M  

Tour8 
uforc 
HW 
0.30 
0.32 
0.68 
0.52 

0.95 
0.80 
0.85 
L40 

0.72 

1.38 

0.82 
1.12 
1.59 

1.1: 
1.24 
1.2: 1.z 
0.8: 
0.8; 
1.a 
1.3; 

0.3( 
0.3 
1. M 
1. 1( 

a 33 

0.78 

a 48 

I 
Dag8 

2% 
2% 
2% 
2% 

1 
1 
1 
1 

1 
1 
1 
1 

11 
11 
11 
11 

2 
2 
2 
2 

1% 
1% 
1% 
1% 

2% 
2% 
2% 
2% 

Fours 

4.85 
4.89 
5.11 

6.13 

6.53 

6.13 
6.01 
5.87 
5.83 

4.89 
5.31 
6.44 
7.11 

4.83 
5.51 
6.09 
6.38 

5.32 
5.80 
6.75 
7.21 

5.87 
5.81 
6. 16 
6.05 

4. m 

a53 
6.33 

3 

6 

7 

B 

1( 

11 

11 

Iff Brwldyn ... 

.___do. - - - _ _ _ _ _  

.___do _ _ _ _ _ _ _ _ _  

7 
14 
36 
58 

7 
8 

21 
33 

7 
9 
n 
35 

7 
17 
44 
70 

7 
18 
42 
60 

7 
18 
45 
72 

7 
8 

21 
30 

S. Bo W.--l 1.51 

1.51 
1. e4 
2 14 
2 M  

Oct.13-14, Nov 
12-13,1919. 

sept. sa, 1922: 1.8: H. C. Denson.- Pole _ _ _ _ _  1 __-do Meter-..l ____ 
231 
2 1: 
2 1: 
2 01 

I. Winston _ _ _ _  Pole _ _ _ _ _  I Me tar.../ 
__.do 

3ept. 17-18,1919 

I...do _ _ _ _ _  I 

S. 17' E. .-' 2. 35 
1.97 _ _ _ _ _ _ _ _ _ _ _  ,' 2.00 

_._ _ - _ _ _ - _ -  j 1.64 

S. 17O E - __i 2.26 _ _ _ _ _ _ _ _ _ _ _  j 2.41 _ _ _ _ _  ~ _ _ _ _ _  1.89 
_ _ _ _ _ _ _ _ _ _ _ !  1.55 

6.62 
7.04 
6.47 
6.30 

7.75 
7.21 
6. 6 5  
6.28 

7.09 
6.99 
6.49 
5.49 

6.78 
5.99 
6.18 
6.18 

5.w 
5.57 
5.84 
5. 8( 

- 

Bept. 24-26 1919 

Aug. 14-17,1922 

a p t .  6,l 922.... 

7 
12 
30 
48 

7 
17 
42 
67 

7 
10 
24 
38 

7 
8 

21 
34 

1 
1c 
24 
38 

228 
2.60 
2. 18 
1.88 

3.36 
3.06 
L 84 
1.32 

2 10 

200  
1.00 

1. 80 
1.50 
1.50 
1.50 

1.47 
1.33 
1.80 
1.63 

220 

- 

5.90 
5.38 
5.95 
6. 12 

4.67 
5. 21 
5.77 
6. 13 

5.33 
5.43 
5.93 
6.93 

5.63 
6.03 
6.23 
6.23 

6.46 
6.85 
6. 58 
6.02 
- 

2. 15 
1.95 
2 10 
1.97 

200 
2. 24 
1. 58 
1.42 

1.40 
1.60 
1.90 
1.90 

1.40 
1.50 
1.70 
1. 70 

I. m 
2 15 
2 35 
2 1 2  
- 

0.05 
0.65 
0.53 
0.43 

-0.10 
-0. 20 
1.16 
1.78 

1.10 
1.20 
1.60 
1.80 

1.40 
1.70 
1.50 
1.20 

1.73 
2. 13 
0.87 
0.67 
- 

19 

20 

n 

23 

24 

.___do. - - - _ _ _ _ _  

_ _ _ _  do .-....--- 

_ _ _ _  do ._____ _ _  _ _  

____.do _ _ _ _ _ _ _  - 

AUK. 17-18,&p 
0,1922. 

--.do _.___ 
- -do.- _ _  - 

S. S.!Z3°E1..1 37' E -  --! 1.59 1.48 

S. IO" E 1.34 
S.4O E 1---l 1.01 

I 

1 These d M i o m  from observations on Sept. 6, only. 
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Since the effect of the fresh water was manifested in an increase 
in the strength of flood a t  the rate of 0.01 knot per foot of depth, a like 
decrease in the strength of ebb might be expected. But curiously. 
a t  station 9, the strength of ebb do?s not differ much from the 7 to 
44 foot depths-that is, from near the surface to mid-depth-thou 11 
near the bottom the velocity shows a considerable decrease from t % e 
velocity a t  mid-depth. 

The decrease in the duration of ebb from the surface downward, 
shown by the data for station 9, corresponds to the increase in the 
duration of flood discussed above. 

The features of the current found s t  station 9 may be taken as 
charac.teristic of the mid-channel current in the Narrows. Thus the 
data for stations 10 and 11 present much the same features as at  
station 9, but nearer shore variations a pear. At station 3 the current 
turns from ebb to flood at  ractically t R e same time at all four depths, 
and as a consc ucnce the cp urations of flood at  all depths are the same. 
This means, t 1 erefore, that but little of the nontidal water passes 
station 3, and this conclusion is borne out by t.he velocities of the 
current, which show a decrease from the surface to the bottom both 
on the flood and on the ebb, though it is to be noted that on the ebb 
tohis decrease takes place more rapidly thm on the flood, indicating 
some influenm of the fresh-water discharge. 

Since in mid-channel the currcnt d o ~ s  not turn from ebb to flood 
a t  the same instant from the surface to the bottom, it is evident t,hat 
there will be times when the current near the bottom will be flowing 
in a direction opposite to the current near the surface; but since the 
difference in time of turning is less than three hours, the curre;nt a t  
the time of strength, from surface to bottom, will be setting in the 
same direction. 

For the purpose of deriving harmonic constants for the rediction 
of the current in the Narrows the observations made with t K e pole at  
station 9 were submitted to harmonic analysis. To provide a 15-day 
series, 1 >4 days were estra olated at  the heginning and 2 )si days at 
the end of the 11 days o P observations. These observations were 
analyzed in the  usual manner. A simultaneous series of tidal observa- 
tions at  Fort Hamilton was also analyzed and the amplitude ratios 
and epoch differenws between the components at  Fort Hamilton, 
derived from this short series, and those determined from the analysis 
of the series for the year 1904, were applied as corrections to the 
current amplitudes and e ochs derived from the short series. The 

M, and harmonics, S ,  N2, K, and 8,. ?%e values of other com- 
ponents were then inlerred from these principal components. The 
result are given in Table 54, inferred values being inclosed in 
parentheses. 

TABLE 54.--Harnwnic consta~ats, stat.ion 9, the Narrouu 

analysis was carried out P or the five rinci a1 components, namely, 

Component H I- 
Knots 
0. 12 
aa5 

(0.03) 
am 
(a 07) 

Depecs 
133 
177 

(1;) 

(7s) 

K 
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The epoch for M, refers to the time of flood stren th, and since the 

stants show the stren th of flood in the Narrows to come 21', or 

which agrees with the value of HW-0.S hours derived in Table 52. 

epoch for the M, tide at  Fort Hamilton is 221' t h e harmonic con- 

about three-quarters o P an hour before high water at Fort Hamilton, 

UPPER BAY 

Figure 32 shows the locations of 39 stations at  which current 
observations in Upper Bay have been made. The data derived from 
these observations are given in Table 55. These data pertain to the 
current at a depth of about T feet from the surface. The times of 
slack and strength of current are referred to the times of high and 
low water at  Fort Hamilton, HW standing for the time of high water 
and LW for the time of low water. 



TABLE 55.-Current data, Upper  !Bay 

[Referred to tlmes of HW and LW a t  Fort Hamilton, N. Y. 

Yours ai- 
Ler EW 

2 6  
3.3 
3.0 

Hour8 be- 
fore L W 

-0.1 
-0.0 
-0.9 

4 _____do _ _ _ _ _ _ _ _ _ _ _ _ _ _  I. Winston _ _ _ _ _ _ _ _  I Oct., 1919-.. 
5 Off Brooklyn _ _ _ _ _ _ _  H.MitcheU _ _ _ _ _ _ _  
6 Inchannel _ _ _ _ _ _ _ _ _  _____do  _ _ _ _ _ _ _ _ _ _ _ _ _  
7 Off BrwkImn. _ _ _ _ _ _  H. C. Denson _ _ _ _ _  

1 
2 
3 

Hour8 a 

Inchannel-.. _ _ _ _ _ _  H.Mitchell_______ Aug.,1872.-- 2 8  
_____do _ _ _ _ _ _ _ _ _ _ _ _ _ _  T.A. Craven _ _ _ _ _  Aug.,1855--. 3.5 
_____do _ _ _ _ _ _ _ _ _ _ _ _ _ _  H. Mitchell _ _ _ _ _ _ _  Juv, 1858--- 3.7 

t t l  L d  

2 7  
1.8 
3.7 

1.6 

3.8 
2 2  
1.5 
2 8  

3.3 
3.4 
1.6 
3.2 

1.3 
3.3 

21 
3.6 

3.6 
3.6 
3.6 
2 0  

2 0  
1.8 
1.4 
1.7 

-a 5 

mu 
6.250W-- s. loow-. 
9.250w.. 

s .250w--  
s.25ow.. 
8.35OW.. 
S.7OoW-- 
S. 5'E---- 

S. 15' \V-- 
South.---- 
6.5' E..-. 
South .-... 

- 
T h e  

xnols 
1.5 
2 0  
1.4 

1.8 
0.7 
1.4 
0.1 
1.0 

1.9 
1.0 
1.3 
1.1 

Flood strongth 

N. 15' E-- 
N. 30" E--  
N. 35' E-- 
N.45' E--  
N. 30° E-- 

N.25'E-- 
N. 15'E-- 
N. 15' E - -  
N. 15'E-- 

N. 30' E - -  
N. 100 W-- 
N. 25' E--  
N.25" E.. 

N.45'E-- 
N. 5' W--- 

N.50' E-- 
N. 100 E.. 

N. 30° E.. 
N. 35O E.. 
N. Zoo E-. 
N. 50° E.. 

N. 45O E-.  
N. 80° E.. 
N. 100 E--  
N. 45' E-- 

fours be. 
mc HW 

-0.2 
-0.6 

.--1.0 

0.4 
1.6 
0.0 
3.6 
1.2 

-0.5 
1.1 
1.2 
1.0 

0.3 
1.0 
2 2  

-0.8 

1.7 
0.6 

0.6 
-L 3 

0.1 
-0.4 

1.8 

1. 8 
0.8 
1.6 
1.3 

- a a  

-. . 
1.8 

-1.1 
2.0 

2 3  
1. 8 
2 6  

ao 

2 6  

1 2  

4 0  
1.5 

1.1 
1.7 
0.4 

0.4 

-a4 

1.1 

1.3 
0.9 
0.8 
0.1 
1.0 

1.2 
1.4 
0.8 
1. 3 

0.9 
1.3 
0.8 
1.2 

1. 1 
1.2 

1.5 
L 5  

1.0 
1.5 
2 0  
1.8 

1.6 
1.7 
0.6 
1.4 

s . 5 o w  ... 
S. loo E--- 

s.25ow.. 

S.55" W--  
N.75OW.- 

- - 

Flood 
nrsnon 

- 
Hour8 

5.8 
5.8 
6.3 

5.3 
6.0 
4 3  
5.4 
6.4 

4 8  
6.1 
6.3 
5.8 

4.8 
4.7 
6.6 
5.6 

6.5 
5.Q 

6.3 
4 8  

5.3 
5.2 
5.6 
6.0 

6.3 
6.9 
7. 1 
6.9 

1.3 
0.8 

2 2  

1.6 
0.4 

--------- 

I Ebb st rkgth 

13 
14 
15 
16 

17 
18 

19 
a0 

21 
P 
P 
24 

25 
28 
27 
28 

slack - 1 Time 

Inchannel _ _ _ _ _ _ _ _ _  _____do _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _  do _ _ _ _ _ _ _  
Off Brooklyn _ _ _ _ _ _  _ _ _ _ _  do _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _  do _ _ _ _ _ _ _  

_____do _ _ _ _ _ _ _ _ _ _ _ _ _ _  H. C. Denson _ _ _ _ _  Sept., 1822-- 
Inchannel _ _ _ _ _ _ _ _ _  I. Winston _ _ _ _ _ _ _ _  Oct., 1919--- 

ButtermilLChand- _ _ _ _ _  do _ _ _ _ _ _ _ _ _ _ _ _ _  _____do _ _ _ _ _ _ _  
Off  G o v e r n o r s  H.C.Denson _ _ _ _ _  Sept.,1922.-- 

Buttendkchanoel- H. Mitchell _ _ _ _ _ _ _  Be t.,1872 
Of f  G o v e r n o r s  T.A.Craven _ _ _ _ _  Jufy,la56::: 

_____do _ _ _ _ _ _ _ _ _ _ _ _ _ _  H. Mitchell _ _ _ _ _ _ _  Sept.,1858--- 
_____do _ _ _ _ _ _ _ _ _ _ _ _ _ _  H. C .  Denson _ _ _ _ _  Aog., 1922--. 
_____do  _ _ _ _ _ _ _  ______ I. Winston _ _ _ _ _ _ _ _  Oct., 1919.-- 
Buttmuilk Channel H.C.Denson _ _ _ _  July,lBP-- 

_____do _ _ _ _ _ _ _ _ _ _ _ _ _ _  R. J. Auld _ _ _ _ _ _ _ _  Se t lea0 
_____do _ _ _ _ _ _ _ _ _ _ _ _  _ _  T. A. Craven ___._ Jufy;'l855:I: 
_____do _ _ _ _ _ _ _ _ _ _ _ _ _ _  H. C. Denson-.-- Se t., 1KE2 
_____do _ _ _ _ _ _ _ _ _ _  _ _ _ _  M. Woodhull _ _ _ _ _  I J&, 1854::: 

Ialand. 

Island. 

-I- 

3.2 

2 4  
2 5  

2 9  
2 8  
3.2 
2 0  

2 3  
2 7  
2 5  
2 6  

-1.3 

1.3 
0.1 

0.0 
-0.2 
-0.2 

1.1 

1.7 
1.3 
0.9 
1.9 

2 0  I 0.7 

s.25ow.- 
S.Z5OW-- 
s .25ow-.  
s .45ow--  

s . 4 o o w . .  
9.45OW-- 
s.35ow.- 
9.450w.- 

1.9 
2 4  
2 8  
2 6  

2 6  
2 4  
0.4 
1.3 

29 

31 
32 
33 

34 
35 
36 
37 

3Q 

1.6 Sonth _ _ _ _ _  1.2 M _____do _ _ _ _ _ _ _ _ _ _ _ _ _ _  H.L.Marindin.-Aug.,iSn-.. 1.4 0 . 9 N . 2 5 ° E . -  1.6 6.7 

_____do _ _ _ _ _ _ _ _ _ _ _ _ _ _  H.L.Mariodin _ _ _ _ _ _ _ _  do _ _ _ _ _ _  ~ 1.8 0 . 8 N . W E - .  1.3 6.5 
_____do _ _ _ _ _ _ _ _  ~ _ _ _ _ _  T.A.Craven _ _ _ _ _  Jnly,1855-.. 1.5 0.8N.BOoE.- 2 5  7.0 2 5  1 . 1 8 . ~ @ W ~  2 6  5.4 pj 

_____do _ _ _ _ _ _ _ _ _ _ _ _ _ _  H.C.Denson _ _ _ _ _  Jnly,1922--- 2 0  0.8S.85'E--. 1.2 6.0 2 0  0 . 8 W e s t  _ _ _ _ _ _  1.7 6.4 3% 

_ _ _ _ _  do--.. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  do _ _ _ _ _ _ _ _ _ _ _ _ _  Aug.,1872--- 1.6 & 4 N . 7 5 O E - -  1.5 8 9  2 5  0 .88 .100W- .  1.8 5.5 % 

3 O O f I B r o o U y e  _ _ _ _ _  H.Mircball_____ ~ _ _ _ _ _ _  do _ _ _ _ _ _ _  1.4 1.3N.45OE.- 1.5 6.2 ii 1 2 1  8.15OW-- 1.1 
1.9 8.25'W-- 1.8 

O f f  G o v e r n o r s  R.J.Add _ _ _ _ _ _ _ _  Oct., 1ea0..- 1.7 1.2 N . W E - -  1.2 6.2 1.9 0.5 6.75OW-. 2 4  6.2 1 

_____do _ _ _ _ _ _ _ _ _ _ _ _ _ _  H. Mitchell - @apt.,1859.-. 1.4 0.4 N.8J0E-- 1.4 6.9 2 3  0.5 S.7OOW.. 1.9 5.5 yj 
Of! EllisIsland _ _ _ _  ____.do _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _  do ______-  3.9 -0.6 N. 200 E.. 0.9 5.5 3.4 -0.2 s.1oow.. L a  6.9 sfr 

38OffJerseyCity _ _ _ _ _  I.Winston _ _ _ _ _ _ _ _  Oct.,1919--. 3.9 -0 .2N.POE. .  1.6 5.3 3.2 - 0 . 6 S . W W . .  2 4  7.1 2% 

Island. 

_____do _ _ _ _ _ _ _ _ _ _ _ _ _ _  H.MitcheU _ _ _ _ _ _ _  Sept.,1872.-- 4 2  0.4 N. 10°E-. 1.2 5.4 3.6 -0.3 %POW-.  1.3 7.0 jq 

S.25°W..l S . 5 5 O  W--l 2 4  2 8  

- 
Ebb 

IUratlOI:  

Hour8 
6 6  
6.6 
7.1 

7.1 
6.4 

7.0 
6.0 

7.6 
6.3 
6.1 
6.6 

7. I 
5.8 
6.8 

5.9 
6.5 

6.1 
7.5 

7. 1 
7.2 
6.8 
6.4 

6.1 
5.5 
5. 3 
6.5 

a i  

7.2 

- - 
.ngth 
of gb 
i i O n S  
m a -  

Day8 

l3: 

2 

1 
x 
H 
H 

1 
1 
2 
1 

% 
41 M 

2 

1% M 
26 
H 

% 
2 
3% 

41 
M 
?4 
?4 

W 
pm 
W 
0 w 
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The data of Table 55 show tliat along tlie main channel of I T  per 
Bay the current becomes later by about three-quarters of an P lour 
from the lower end to the upper end. There appears also a slight 
chan e in the relative durations of flood and ebb. At the lower end 

hours, while at  the upper end the are 5.4 hours and 7.0 hours. 

the strength of ebb bein 1% knots against 1% knots for tlie flood 

pre- 

a proximately the same throughout tlie length of Upper Bay, but for 

than the lower end. 
For the stations along the Brooklyn shore Table 55 shows a dimin- 

ished velocity for both flood and. ebb as compared with the main 
channel. Furthermore, the velocit of the current at flood strength 

find explanation in the fact dat the flood coming in through the 
Narrows, being deflected to the right by the deflecting force of the 
earth’s rotation, is directed somewhat toward the Brooklyn shore. 
On the ebb, however, the main stream of the current sets away from 

of the direction of the channel, and the 
rotation now acts to deflect tshe current 
Brooklyn shore. Hence the Brooklyn 

of the main stream of the flood current, but to 
one side of the main stream of the ebb current. 

Throughout Upper Ba the time of tide is about one-third of an 

with respect to the time of local tide, slack water in Upper Ba comes 
tlie 

strength of the current comes about the times of high and low water. 
These relations of current to tide in Upper Bay prove tlie tidal move- 
ment to be of the progressive-wave type, and this, it is to be recalled, 
was also indicated b the progress of tlie tide through Upper Bay 

In Table 55 the times of slack and strength of current at  station 7 
stand out markedly different from the values for the other stations. 
Instead of slack coming about three hours after tlie times of local 
tide, slack a t  station 7 comes near the times of high and low water: 
and the strength of the current instead of comin a t  the times of 

low water. The location of station 7 explains these differences, for 
it is situated at  the entrance to Gowanus Bay, which is of such.lim- 
ited extent that there can be little pro ression of tlie tide. Hence, 

is being filled most rapidly, name1 , midway between high and low 

tidal movement should cease at the times of hig i and low water, when 
the rise or fall of the tide has ceased. 

For Buttermilk Channel, too, the data of Table 55 show decided 
differences from tlie data for stations in tlie main channel of Upper 

the 8; urations of flood and ebb are, respectively, 5.5 hours and 6.9 

Along the main channel tlie eb TI current has the greater velocity, 

This excess o B the ebb strength over the flood stren th is 

t K e ebb current the upper end shows a somewhat greater velocity 

is generally rester than that of e g b strength, and tlie duration of 
flood and eb % are approximatel equal. These features undoubtedly 

d about by the same c,auses as in tlie Narrows discusse 
The velocity of the flood current in the main channel is 

hour later than a t  Fort H andton. Table 55, therefore, shows t,hat 

about three hours after the times of high and low water, wiile il 

discussed in Section J I. 

high and low water comes approximately midway % etween high and 

strength of flood and ebb must come w 7 ien this restricted waterway 

wat,er, when the tide is rising or fa 6 ng most ra idly. Similarly, the P 
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Bay. The time of current is considerably earlier in Buttermilk 
Channel, slack before flood comin about two hours earlier than in 

hour earlier. 
nel greater than in the rest of Upper Ba and changes the relative 
magnitude of the eriods of flood and e b c  In the main channel of 
Upper Bay the eb% eriod is the reater, havin a duration of 7 hours 

period is the greater, having a duration of 6% hours, while the 
duration of ebb is a little less than 6 hours. 

These differencev of the current in Buttermilk Channel must be 
ascribed to the influence of the East River, into which Buttermilk 
Channel furnishes the principal inlet for the flood current. The 
stretch of water between Governors Island and the Battery, which 
likewise is under the influence of East River, shows similar current 
characteristics. The current here is considerabl earlier than in the 
channel of Upper Bay directly to the west anc?the period of flood 
here is 6% hours against the flood period of 5% hours in the main 
channel of Upper Bay. 

The direction of the current in Up er Bay, as shown by Table 55, 

the channel changes, the direction of the flood and ebb currents are 
generally not directly opposite each other, the direction of the channel 
above and below then exerting an influence on the directions of the 
flood and ebb currents. 

At 16 of the stations listed in Table 55 observations of the sub- 
surface current were also made by use of a current meter, and for 
several of these stations the party of H. C. Denson determined the 
direction of the subsurface currents by the use of the bifilar direction 
irkdicator. The data for the various deptlis a t  these stations are 
given in Table 56 following. 

The relations of the current at  different depths in Upper Ba are 

slack before ebb generally becomes earlier from the surface down- 
ward. th as the surface 
and the eight-tenths depth as the bottom, it e said that from 
the surface to the bottom the slack before Upper Bay be- 
comes earlier by about an hour, as evidenced by the data for stations 
9, 16,22, and 23; and as in the case of the current in the Narrows this 
acceleration in time with increase of depth is to be ascribed to the 
effect of the fresh or nontidal water from the Hudson. 

In  the main channel of Upper Bay t-he difference in the vertical 
velocity distribution between flood and ebb strengths stands out 
markedly. The strength of ebb, without esception, decreases in 
velocity from the surface downward, the rate of decrease being about 
0.03 knot per foot of depth. The strength of flood, however, gener- 
ally increases somewhat to mid-depth and then decreases slowly to 
the bottom. As a consequence the flood strength from mid-de th 

the fact that near the surface the ebb strength has considerably 
greater velocit The data for station 33 brings this out well. At 
the '/-foot dept%: the flood strength is 1.96 knots and the ebb strength 
2.60 knots; at mid-depth they are, respectively, 2.03 knots and 1.82 
knots, and at the eight-tenths depth 2.02 knots and 1.04 knots. 

the main channel of U pr Bay an % slack before ebb about half an 
This ma R es the duration of flood in Buttermilk Chan- 

against 5% hours f or the floocfj in Buttermi Fi k Channel the flood 

is generally in the direction of the c R annel. Where the direction of 

much like those found in the Narrows. In  the main channe T the 

If for convenience we speak of the 7-fOOt 

to bottom is generally greater than the ebb strength, notwithstan cp mg 
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TABLE 56.--Current data for various depths, Upper Bay 

[Refarred to tlms of HW M d  LW at Fort Hadton ,  N. Y.] 
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I10 U. S. COAST AND GEODETIC SURVEY 

The in2rease in duration of flood and correspondin decrease of 

the stations in the main channel near the upper end of Upper Bay. 
Stations 23 and 38 give an aver e increase in the duration of flood 

as in the Narrows, thisincrease in the duration of flood is broug t 
about b the acceleration in the time of slack before flood, the slack 

bot tom. 
The ebb current in the main channel of Upper Bay has the greater 

duration at  the surface throughout t.he whole of its length; at the 
lower end the data for stations 4 and 9 show the ebb to have the 
greater duration from the surface to bottom, but at its upper end the 
influence of the drainage waters of the Hudson River is shown in a 
reater duration for the flood than for the ebb from mid-depth to the 
Qo t tom 

In Buttermilk Channel the data of Table 56 show the current to 
differ considerably from the current in the main channel of Upper BT . For both the slack before flood and slack before ebb there is 
lit e difference in time from surface to bottom. The durations of 
flood and of ebb are t.herefore practically the same at all de ths. 
This makes it appear that through Buttermilk Channel very i t t l e  
nontidal water passes. 

The vertical velocity distribution in Buttermilk Channel, likewise, 
differs from the velocit distribution in the main channel of Upper 

mi k Channel generally decrease from the surface to the bottom. 
Stations 24 and 25 brin this out well. 

the data for stations 33 and 34 show that the current here is similar 
to that in Buttermilk. Chamnel. But little change in the duration of 
flood or of ebb takes lace from the surface to the bottom and t-he 

bottom. 

duration of ebb from the surface downward is especial P y marked a t  

l? 
from the surface to the bottom Y o about one hour. In Upper Ba , 

before e \ b occurring at practically the same time from surface to 

. The velocities o 1 both the flood and ebb strengths in Butter- 

For the region lying 5 et;ween Governors Island and the Battery 

velocity both of the B ood and of the ebb decreases from surface to 

XIII. THE CURRENT IN THE KILLS AND NEWARK BAY 

Fi ure 33 shows the location of 11 current stations in -4rthur Kill, 
the f ata for these baing given in Table 57. In this table the times of 
current are referred to the times of tide at  Fort Hamilton, N. Y., 
HW standing for time of high water and LIT for time of low 'water. 
The data may be taken to refer to the current at  a depth 7 feet from 
the surface. 

At station 1, near the southern entrance to Arthur Bill, and at  
station 9, near the northorn entrance, the observations are for simul- 
taneous periods of very nearly five days. These observations, there- 
fore, furnish data relatively well determined for pur oses of compari- 

southern entrance to Arthur Kill .turns earlier than at  the northern 
entrance by 1.4 hours. At station 5 the observations were simulta- 
neous with observations at stations 1 and 9, and at station 5 the c.ur- 
rent is later than at  station 1 by 0.75 hour and earlierthan at  station 
9 by 0.65 hour.. Station 5:is 6 nautical miles from station 1 and 4 
miles from station 9. The differences in the time of current between 

son. These data, as given in Table 57, show that t s le current in the 
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TABLE 57.--Currsnt data, Arthur Kill 
[Reerrea to times Of HW and LW at Fort Hamilton, N. Y.1 
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stations 1 and 5 and between stations 5 and 9 are very nearly propor- 
tional to their distances from each other. We may therefore con- 
clude that through Arthur Kill the current becomes uniformly later 
from the southern to ths northern entrance. 

Table 57 shows that in Arthur Kill the slacks occur about two 
hours after the time of tide at Fort Hamilton and the strengths about 
one and one-half hours before the time of tide. From the tidal data 
of Table 30 it is found that the tide in Arthur Kill is a proximately 

with re ard to the local tide the slacks in Arthur Kill occur about 
one a n f  one-half hours after hi h and low water and the strengths 

Arthur Kill is therefore not of the simple progressive-wave type, being 
modified to a considerable extent by the fact that it connects two 
inde endent bodies of water-Raritan Bay and Newark Bay. 

Tgrough Arthur Kill the velocity of the current at strength is 
approximate1 1 knot. At the southern entrance and for the greater 
part of the d l 1  the flood and ebb strengths appear to be equal, but 
at the northern end the flood current is greater by very nearly half 
a knot. 

The results for the more recent observations of Table 57 show that 
in Arthur Kill the ebb period is somewhat greater than the flood 

eriod. A duration of 6.4 hours for the ebb and of 6.0 hours for the 
iood appear to be the most robable values. 

subsurface current were made with the current meter, and at station 
5 the party of H. C. Denson determined the direction of the sub- 
surface current by the use of the bifilar direction indicator. The 
results from these observations are given in Table 58. 

At stations 1 and 9 the data of Table 58 show the current to have 
features similar to those found in the Narrows and in the main chan- 
nel of Upper Bay, these features being conditioned by the movement 
of fresh or nontidal water. The slack before flood becomes earlier 
from the surface to the bottom, while the slack before ebb occurs at 
practically the same time at all depths, this resuiting in an increased 
duration of the flood with increasing depth. The ebb strength 
decreases in velocity from the surface to the bottom at a relatively 
rapid rate, while the flood strength decreases much more slowly. 

At station 1 these features are well marked. From the &foot 
depth to the 21-foot depth the slack before flood becomes earlier by 
very nearly half an hour, while the slack before ebb occurs at rac- 
tically the same time at  all four depths. For the 5-foot dept% the 
duration of flood is 5.97 hours, and this duration increases regularly 
in going downward, attaining at the 21-foot depth the value of 6.41 
hours. At the surface the stren th of ebb has a greater duration than 
the strength of flood; at  mid d epth tho two periods are about equal, 
and near the bottom the flood has the greater duration. 

The velocity of the current at station 1 likewise gives evidence of 
fresh-water flow. The ebb strength decreases from 1.08 knots at the 
5-fOOt de th to 0.71 knot at  the 21-foot depth, while the flood current 
shows a fecrease for the same depths from 0.95 knot to 0.82 knot. 

one-half hour later than at Fort Hamilton. It follows, 8 erefore, that 

about two hours before high an (K low water. The tidal movement in 

At four of the stations s % own on Figure 33 observations of the 
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Ebb 
dura- 
tion 

llours 
a34 a 45 a n  
6.01 

6.46 
654 
651 
6 %  

a 39 a 42 

a. 2s 
6.40 

6. l i  
6.18 
0. 14 a 14 

- 
Leugth 
Of 

obser- 
rutions 
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Station 9, at the northern entrance to Arthur Hill, exhibits the 
features due to nontidal water in a much less marked manner. This 
may be taken to indicate that of the fresh water passing throu h 

of the drainage waters of Newark Bay pass into Arthur Kill. 

Arthur Kill a very considerable ercentage is brought in by t f e 
streams tributary to the Kill itsel P , and that but a small percentage 

KILL VAN KULL 

For Kill Van Kull there are a t  hand current 'observations for 
10 stations, the locations of these being shown in Figure 34. The 
results of these observations for the current at a depth of about 
7 feet from the surface are given in Table 59. 

Kill Van .Kull being a short strait, the time of curfent changes 
but little through the strait. At station 2, near t,he eastern entrance, 
and a t  station 10, near the western entrance, simultaneous observa- 
tions for a period of one day are at  hand, and these bring to light the 
fact t,hat the different phases of t,he.current have different time 
relations at the two ends. Table 59 shows that slack before flood 
a t  the eastern entrance comes 0.3 hour earlier t.han at  t,he western 
entrance, strength of flood 0.9 hour earlier, slack before ebb 0.1 
hour earlier, and strength of ebb 1.6 hours earlier. 

From the tidal data of Table 35 the time of tide in Kill Van Kull 
is found to be half an hour later than a t  Fort Hamilton. A pl in 

are found to come about half an hour after local high or low water 
and the strengths about three hours before hi h or low water. The 

sive-wave ty e. As in Art.hur Kill, the tidal movement t-hrough 

necting two large tidal bodies o water. 
The ebb current through Kill Van Kull has a 

the flood current except at  points that are in 
stream of the flood current but outside the path 

this difference to the values in Table 59 t,he slacks in Kill vp an Hfi u 

tidal movement through Kill Van Kull is there f ore not of the progres- 

Kill Van Ku s is conditioned b t.he fact that it is a short strait con- 7 

the ebb current. Thus, from the data for stations 1, 2,3,7,9, and 10, 
the strength of flood is 1.4 knots and stren th of ebb 1.S knots. Sta- 

but the locations of these. stations show them to be outside the main 
stream of the ebb current but directly in the path of the main stream 
of the flood current. The greater flood strength at  station S appears 
anomalous, for stations 9 and 10 both show greater ebb velocities. 

Throughout Kill Van Kull Table 59 shows the ebb current to have 
the eater duration, with a value of 6.8 hours against 5.4 hours for 

cate the existence of fresh water flow. . I t  is to be recalled that in 
Arthur Kill the durations of ebb and flood were, respeotively, 6.4 
hours and 6.0 hours. A relatively greater percentage of fresh water 
is therefore indicated for Kill Van Eull. 

tions 4 and 5 show greater velocities for t 5 e flood than for the ebb, 

the f ood. This, together with the greater ebb velocity, would indi- 





- - 
8ta. 
tlon 
No. 

OBNew Brighton, 
N. Y. 
Do _ _ _ _ _ _ _ _ _ _ _ _ _  

Off West New 
Brighton N. Y. 

Off Bergen' Point. 
N. J. 

Do.-- _ _  _ _  

1 

2 
3 

4 

5 

6 
7 
8 

0 

10 
- 

HOWa 
qfta L w 

I. Wlnston _ _ _ _ _ _ _ _  Nov., 101L- L 4  

H. C. Denson _ _ _ _ _  Ang., 18aa_.. 1.1 
H.L.Marlnden-.. July.1885--. 1.6 

18 

1.6 

_____do _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _  do _-____ 
----.do.- - _ _  - - - _ _ _  ___-.do _____  - - 

TABLE 59.-Currsnt data, KiU Vun KuU 
[Referred to tlmes of HW and LW at Fort Hamilton, N. Y.] 

Do _ _ _ _ _ _ _ _ _ _ _ _ _  
Do _ _ _ _ _ _ _ _ _ _ _ _ _  

Off P o r t  .R 1 c h- 

Off Bergen Point 
mond. N. Y. 
Lwht. 

Do _ _ _ _ _ _ _ _ _ _ _ _ _  

I I I I Floodstrength 

I. Winston _ _ _ _ _ _ _ _  Nov., 101Q-- 1.2 1.8 
H. Mitehell _ _ _ _ _ _ _  Aug.. lBW-.. 1.7 1.4 
I. Winston _ _ _ _ _ _ _ _  Nov., lQlQ-. 1.1 2 1 
H. Mitehell _ _ _ _ _ _ _  Aug., 1856.-. 1.7 1.6 

H. C. Denson _ _ _ _ _  Aug., 18p--- 1.4 1.5 

Location Party of- Date Slack - 
Time I I 1-1- 

 HOW^ k, 
fore El4 

2 4  

a 5  
3.1 

21 

2 8  

Direction I Velocity 

8. W W .  2 2  
8. wow- 1.4 
8. W W .  2 3  

-- - 
Flood 

imtion 

- 
Hours 

51 

5.7 
4 6  

5.0 

5.3 

5.6 
'5.3 
5.7 

5.0 

5.5 

Ebb strength 

2 5  N . W E - -  21 
2 2  8. &'E-- 2 2  
2 8  I 1  N.85OE.. 1.0 

I I 

- 
Ebb 

duration 

Hours 
7.3 

63.7 
7.8 

7.4 

7. 1 

6.8 
7.1 
6.7 

6.5 

63.0 



TABLE 60.-Current data for various depth, Kill Van Kull 
[Referred to times of HW and LW at Fort Hamilton, N. Y.] 

DbaerVa- 
tions 

with- 

-- 

- - 
sta- 
tion 
No. 

Depth Location Date Party of- 

I. Winston.-.. 

H. C. Denson 

I. Winaton.-. 

.--do. _ _  - - - - - - - 

H. C. Denson 

aflrr I bp; 
HW 
0.53 
0.60 290 
0.93 2.35 
1.07 2.30 

0.79 
0.92 3.23 
1.13 298 
1.03 2.65 

True Knals 
3.05N.75'E.- 1.90 

__..________ 1.83 _ _ _ _ _ _ _ _ _ _ _ _  1.M) _ _ _ _ _ _ _ _ _ _ _ _  0.37 

3 . 0 2 N . 4 l o E - .  1.80 
N.MOE--  1.73 
N.3Z0E-- 1.43 
N.3Q0E-. 0.89 

Pole ..... 
Meter--. 
-.do _ _ _ _ _  
-.do _ _ _ _ _  

F C F ~  
7 
8 

21 
34 

Pole----. 7 
Meter.-. 7 
.-.do _ _ _ _ _  16 

Off New Brigh- 
ton, K. Y. 

____do _ _ _ _ _ _ _ _ _ _ _  

Off BergenPOint, 
N. J. 

Off Port Rich- 
mond. N. Y. 

Off Bergenpoint, 
Light, N. J. 

Nov. 18-19, Dec. 
2-3, 1919. 

Aug. 1344, 1923 

Nov. %aS, Dee. 
10-11, 1919. 

Nov.21-22.D~ 
5-8, 1919. 

Aug. 20-21, 1923. 

Pole.-..- 
Meter..- 
..do _ _ _ _ _  
..do _ _ _ _ _  

- - 

Slack 

- 
Hmra 
aflrr 
LW 
1.35 
1.12 
0.82 
0.35 

1. 13 

0.88 
0.43 

1.20 
1.40 
1.40 

1.10 
1.22 
1. 12 
1.08 

1.10 
1.40 
1.35 
1.30 

1. m 

1. m 

7 
10 
24 
38 

Flood strength 

a 7 5  
0.a 
0.92 
0.90 

0.83 
1.10 
1.05 
1.10 

0.W 
0.95 
1.05 
1.05 

rlme 
- 
Kmrs 
Irfarc 
HW 
2.37 
2 32 
265 
2 18 

2.47 
2 55 
2.52 
2.27 

1.80 

1.80 
1.80 

208 
2.30 
2.30 
238 

1.50 
1.80 
1.55 
1.65 

1. 80 
2 4 7 l ~ . w ~ . -  2.14 
250 ___-_ -___- - -  223 
242 _ _ _ _ _ _ _ _ _ _ _ _  1.88 
223 _ _ _ _ _ _ _ _ _ _ _ _  1.66 

283 N.SBoE.. 1.93 
2.62 - _ _ _ _ _ _ _ _ _ _ _  1.68 
255! _ _ _ _ _ _ _ - _ _ _ _  1.73 
2.381 _ _ _ _ _ _ _ _ _ _ _ _  1.83 

1.35 S. 13'E--- 1.72 
i . m . s . 8 0 ~ - . .  1.55 
1.45 S . Q o E . . -  1.39 
2.00 S.Q0E..- 1.25 I 

- - 
Flood 
dura- 
tion 

- 

Hours 
6 21 
5.51 
6. 14 
8.75 

5.69 
5.75 
6.28 
6.83 

5.59 
5.55 
5.55 
5.73 

5.76 
5.91 
5.96 
6.05 

5.53 
5.59 
5.73 
5.78 
- 

Pole ..... 
Me tar... 
..-do _ _ _ _ _  

do _ _ _ _ _  

I Ebbstrength 

7 
7 

16 
24 

Time Direction I I I 

Pole .... 
Meter.-. 

do _ _ _ _ _  
do _ _ _ _ _  

7 
5 

12 
20 

- - 
Ebb 
dura- 
tion 

- 

Hours 
7.21 
6.91 
6.28 
5.67 

6.73 
6.67 
6.14 
5.m 

6.84 
6.87 
6.87 
0.69 

8.68 
6.51 
6.46 
6.37 

6.89 
6.84 
6.69 
6.64 
- 

w 
w 
00 

- - 
Len th 

obser- 
rations 

O f  
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Fro. 3S.-Currcnt stations, Newark Bng 
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At five of the stations listed in Table 59 subsurface current observa- 
tions were also made by means of a current meter. These observa- 
tions, like the subsurface observations in the other waterways of New 
York Harbor, were made a t  three depths-two-tenths, five-tenths, 
and eight-tenths of'the de th at each station. In addition, observa- 

tion indicator were made a t  two stations. The results of these obser- 
vations are given in Table 60. For comparison there is inoluded also 
the observations made with the current ole which pertain to the 

is given to the nearest whole degree, while in Table 59 the directions 
are 'ven to the nearest 5'. For any iven stations, therefore, there 
will%e a slight difference in direotionsetween the values of Tables 
59 and 60. 

The data of Table 60 for stations 1 and 2 indicate the existence of 
considerable fresh water flow in Kill Van Kull. The slack before ebb 
becomes earlier from the surface to the bottom by very nearly an 
hour; the duration of flood increases from the surface to the bottom; 
the strength of flood decreases slow1 with increasing de th, while 

near the surface the strength of ebb has the greater velocity, from 
mid-depth to bottom the strength of flood has the greater velocity. 
The current in Kill Van Kull also shows a retardation in time of slack 
before ebb with increasing d e p t h 4 o w n  without exception by the 
data for each station listed in Table 60. 

tions on the direotion of t R e subsurface current with the bifilar direc- 

current at a depth of 7 feet. In Table 60 t R e direction of the current 

the strength of ebb decreases a t  a muc z more rapid rate; an B although 

NEWARK BAY 

Figure 35 shows the locations of 13 current stations in Newark 
Bay and in the lower reaches of the Passaic and Hackensack Rivers. 
The current data derived from these observat.ions, with the velocities 
corrected to mean values, are given in Table 61. These data may 
be taken to pertain to the current at a depth of about 7 feet from the 
surface. 

The current into Newark Bay from Kill Van Kull comes about an - hour earlier than the current from Arthur Kill, as a comparison of the 
times of the turning of the current at  stations 1 and 2 and at stations 
4 and 5 shows. Furthermore, both on the flood and on the ebb the 
data of Table 61 show that the current from Kill VanKull has the 
greater stre th,, and it is to be noted that a t  the stations in the 

4 and 5 in the entrance to Arthur Kill but later than a t  stations 1 and 
2 in the entrance to Kill Van Kdl.  

The tidal data of Table 36 show that the tide in Newark Bay is 
about an hour later than at Fort Hamilton. A j p l p y  this difference 
to the data of Table 61, it is found that the ac o the current in 
Newark Ba comes about an hour after the time of local high or low 
water and &e strength of the current about two hours before high or 
low water. 

For station 3, between Mariners Harbor and Shooters Island, the 
data of Table 61 indicate that the current here differa considerably 
from the current in the rest .of Newark Bay. The current here is 
earlier than a t  the Kill Van Kull entrance by 2 hours and earlier than 
at the Arthur Kill entrance by more than 2% hours. The duration 
of flood a t  this station is considerably greater than the duration of 
ebb, the flood current having also the greater strength. 

upper part o Y Newark Bay the current turns earlier than a t  stations 



1 'Off Bergen Point 

6 -____do _ _ _ _ _ _  
6 _____do 
7 Off Bergen Point, 

N. J. 
8 Off Bayonne,N.I.. 
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N. J. 
10 Off Passaic River.. 
11 _____do _____________. 
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13 ____.do ___._________. River. 

Dlrection -- 

TABLE 61.--Current data, Newark Bay 
[Referred to times of HW and LW at Fort Hamilton, N. Y.1 

Velocltg 

1 I%;# 
E.Mitchell_______ Aug., 1856.- 1.7 

!m6r 
6.50°E..- 

8.15'E ... 
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4.6 
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TABLE 62.-Current data for various depths, Newark Bay 

[Referred to  timesof IIW and LW at  Fort Hamilton, N .  Y.1 

3bservn- 
tiom 

with- 

-- 

Depth 

True 
S. 13' E-. 
S.8"E .... 
S.BOE..- .  
S.Q0E.-.. 

Knofs 
1.72 
1.55 
1.39 
1.25 

N.83'E.- 
N.84OE.. 
N.8S0E.. 
N . S O E . .  

S.76"W.. 

____.._____ 
......... _ _  
....___..- 

S. 32' \V - - 
__..______. 
______...__ 
___._______ 

S. 45O W. - s. 370 \V -. 
S . 4 l o W - .  S.38O \V. - 

0.46 
0.56 
0.26 
0.26 

0.54 
0.41 
0.50 
0.50 

1.19 
1.08 
0.93 
0.82 

1.41 
1.35 

1.30 1.13 

South ...-. 

__._.._____ 
______...._ 

.______...- 

1.43 
1.35 
1.07 
0.88 

S.B0 E.... 
S. 8 O  E.... 
s.40 E.... 

0.71 
0.02 
0.29 

R. J. Auld _ _ _ -  

_____do  _ _ _ _ _ _ _  ~ 

II.C.Denson- 

Pole _ _ _ _ _  1 7 1.92 
Me ter...; 5 2.18 

-.-do _ _ _ _  I 10 1.97 
.-.do _ _ _ _  20 1.42 
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__ 
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2. 47 
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2. 43 
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1.73 
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1.90 
2 0 5  
1.95 
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1.811 
1.85 
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tion 

_- 
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i f .  C. Denson 

. . . .do. -. __. . 

R. J. Auld. _. 

.. . .do. -. _. .. 

ri. c .  T)ensor 

R. J. Auld. _ _  

H . C , Densor 

Time Direction 
Imntion 

Direction I Iz~iy 

Hours 
before 
1IW 
1. 50 
1.80 
1. 55 
1.85 

3.50 
4.00 
2. 30 
2.05 

0.77 
0. 23 
0.60 
0.53 

1.90 
2 0 0  
2.00 
208 

2. 15 
1.65 
2. 30 
1. 85 

1. i 7  
1. 62 
1.88 
2.03 

0. 63 
1.00 
1.45 
0.97 

Hours 
Offer 
H H' 
0. 90 
0.95 
1.05 
1. 05 

0.60 
1. 10 
1. 15 
1. 20 

2. 42 
2.68 
2. 72 
2.68 

1.47 
1. 63 
1.57 
1. 50 

2. w 
1. 85 
1.85 
1.85 

1. 52 
1.47 
I. 53 
1.67 

1. 
1.5. 
1.9( 
2 1( 

Yours 

LW 
ICfMC 

1.35 
1.20 
1.45 
2.00 

4.05 
3. 7.5 
3. 40 
1.60 

0.82 
0.92 
0.43 
0.60 

1.40 
1.23 
1.57 
2 0 8  

1. 10 
I. 15 
0.95 

1. 52 
1. 10 
I .  17 
1. 40 

2.90 
a. 10 
2.85 
3. 75 

-a 35 

Uours 
G. 89 
0. 84 
6.69 
0. 64 

4.54 
3. W 
3.79 
4. 04 

6. 17 
6. 18 
ti. 14 
6. 14 

6. 52 
6. 49 
0.42 
6.41 

6.29 
6. 59 
6.48 
6. I4 

6.39 
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0.44 

6. 
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1 
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1 

2 
2 
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2 

2 
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2 
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1 
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1 
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2 
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2 
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1 
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Harbor. 
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N.I. 
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Oct. 21-?3,1920. 

AUg. 23-24.1922 
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20 
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6 
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24 

!I 
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19 
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7 
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29 
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26 
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21 
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_ _ _ _ _ ~ . . . - - I  1.15 
___..._____ 1 1.18 ._.____._._! 1.04 
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N.54'E..I 0.85 
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1 
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Throughout Newark Bay, for the current near the surface, the 
duration of ebb is somewhat greater than that of flood, though near 
the upper end they become e ual. In general, tlie ebb current has 

At the reater number of &e stations listed in Table 61 subsurface 

for this purpose. The depths at  whic.h these observations were 
made were approxiniately two-tenths, five-tenths, and eight-tenths 
of the depth at each station. For some of these stations the direc- 
tion of the subsurface currents was determined by means of the 
bifilar direction indicator. Table 62 gives the results of these 
observations, together with the observations made with the current 
pole, which refer to the 7-foot de th. As in all the previous current 
tables, the velocity of the flooaand ebb strengths have been re- 
duced to mean values. 

The data of Table 62 show that the characteristics of the sub- 
surface current in Newark Bay are conditioned by fresh water flow 
from the Passaic and Hackensack Rivers. The ebb current decreases 
rapidly in velocity with increase of de th, while the flood current 
decreases niuch more slowly. Genera$, tlie ebb current has a 
considerably reater velocit near the su ace, but toward the bottom 

stations in the two rivers the flood current froin mid-depth downward 
has the greater velocity. 

XIV. THE CURRENT IN THE HUDSON AND HARLEM RIVERS 

For the 14-mile stretch of the Hudson, from the Battery to Mount 
St. Vincent, Figure 36, shows the locations of 67 stations at which 
current observations have been made, the records of which are on 
file in the office of the Coast and Geodetic Survey. These observa- 
tions were made between the years 1855 and 1922, enerally in the 
summer or early autumn months when weather confitions are most 
favorable. 

In  Table 63 are given the results of the observations made near the 
surface. For the earlier observations it is difficult to s ecify a 

the currents. For the later observations the data of Table 63 may 
be taken to refer to a depth about 7 feet below the surface. In 
general, greater weight is to be given the results of the later observa- 
tions because of the use of standard time md also because of the 
greater uniformit in the apparatus and the methods of observation. 

and tenths with reference to the time of tide at Fort Hamilton, 
N. Y., HW referring to high water and LW to low water. The 
times are given to the nearest tenth of an hour, since short series of 
observations can not be considered as giving results of greater 
accuracy. For the same reason the velocities are given to one 
decimal of a knot and directions to the nearest 5O, these directions 
being true and not magnetic. The durations of flood and ebb 
likewise, are iven in hours and tenths. The strength of flood and 
ebb given in%able 63 have been corrected to mean values by the 
ratio of ranges. 

the greater velocity a t  stren t B . 
current o Q servations were also made, the current meter being used 

the flood an % ebb strengt z s are approximateJp equal, and at the 

definite depth, since various methods were employed in o g serving 

The times of s 7 ack and strength of the curront are given in hours 



TIDES AND CURRENTS IN NEW YOBK HARBOR 125 

FIG. ae.-cmt stetins, Hadson River 



Loeation party Ol- Dnte Slack 
Direction 

T N c  
s.2oow-- 
s.2oow-. 
S.5OW..- s. 15ow-. 

Velocity 
- 

Knols 
2 4  
1.3 
1.8 
1.9 

True 
N.20°E-. 
N.lOOE-. 
North----. 
N. 100 E - -  

Knola 
1.0 
1.2 

s. 100 w-- 
S.SOW.-- 
s.15ow.. 
9.10' W--  

1.7 
2 2  
2 2  
1.8 

Off New York City. 
____do _ _ _ _ _ _ _ _ _ _ _ _  ~ 

Midstroam. _ _ _ _ _  _ _  
38 Jersoy City,N. J- 

____do _ _ _ _ _ _ _ _ _ _ _ _ _  
Off New YorkCity- 
____do  _ _ _ _ _ _ _ _ _ _ _ _ _  
Off Jersey City,N. J- 

H. L Marindin--- SeJt., lm-- - 
H.C. Denson _ _ _ _ _  J s 1822 - -  

_____do. - _ _ _ _  ~ _ _  -----do- - - - - - 
_____do. _ _  _ _ _ _ _ _ _ _ _  ____.do.-- - _ _  
H.L. Marindin---\ Aug., 18 73... 
H. C. Denson _ _ _ _ _  Aug., 1922..- 
R. Wainright _ _ _ _ _  Sept.. 1855.. 

_____do  _ _ _ _ _ _ _ _ _ _ _ _ , _ _ _ _ _  do.-- - _ _  

Off Jersey City _ _ _ _ _  
OnNewYorkCity- 
Off Jersey City _ _ _ _ _  
Off Hoboken, N. J. 

H. L. Marindin.-.l Aug., 18 73... 
R. Wainright _ _ _ _ _  I Sept., l a - -  

.--.-do _ _ _ _ _ _ _ _ _ _ _ _ :  _ _ _ _ _  do _-----  
H. C. Denson _ _ _ _ _ '  Aug., l!?Z--- 

Off New York City- 
____do  _ _ _ _ _ _ _ _ _ _ _ _ _  
Off Hoboken, N. J -  
Midstream. _ _ _ _ _ _ _ _  
Off New York City- 
____do _ _ _ _ _ _ _ _ _ _ _ _ _  
Off Hoboken, N. J-  
Midstream _ _ _ _ _ _ _ _  

H. Mitchell _ _ _ _ _ _ _  1 Aug., 1873.-. 
H. C.Denson _____:  Aw., 1922--. _ _ _ _  - - - - -  
H. Mitcbel) _ _ _ _ _ _ _  Aug., 1873--- 2 0 
I. Winston. _ _ _ _ _ _ _ !  Sept., 1919-. 25 

H. C. Denson _ _ _ _ _ !  Aug, 1922.-- 2 8 
R. Wainright _____! Sept, 1855-- 2 4 _ _ _ _ _  do-.- - _ _ _ _ _ _ _ _  i- - -..do _ _ _ _ _ _  1.7  
ff. C. Denson _ _ _ _ _  I July, IWZ... 0.4 

N . I ~ O E . .  
N.25'E.. 
N. 5 O  W-.. 
North..--. 

a 4  
1.0 
1.8 
0.7 

Off New Tork City- 
_____do.-- .  _ _ _ _ _ _ _ _ _  
Off Hoboken, N. J-  

If. C. Denson _ _ _ _ _  
R.WainriKht _ - _ _ _  
H. C. Denson _ _ _ _ _  

N.I.TE.- 
N.30°E-.  
North-..-- 

N.15'E.- 
N.ZO0E.- 
N.l5"E-.  

0. f  
1.C 
0. f 

1.6 
1.9 
0.3 

Midstream ____.__-_ 
Off New York City- 
.____do..- - _ _ _ _ _ _ _ - _  
Midstream _ _ _ _ _ _ _ _  
Off New York City. 
Midstream _ _ _ _ _ _ _ _ _  
____do.- _ _ _ _ _ _ _ _ _ _ -  
OB Weehawken, 

N. J. 

I. Winston ___.__.. Sept. 1919-. 22 
Schooner Mndison July,'18.M5(. _ _  a E n. C. Denson _ _ _ _ _  Aug., 1922--- 1.4 

-....do _ _ _ _ _ _ _ _ _ _ _ _  July, 1922.-- 1.4 

It. L. Marindin.-. Aug., 1885... _ _ _ _ _ _ _ _  ~ 

H. C. Denson _ _ _ _ _  July, 1922-.. 1. t 
II. L. Marindin-.. AUK., 1885.-. 1.7 

2 6 _____do  _ _ _ _ _ _ _ _  _.__ _ _ _ _ _ d o  ____._ 

_ _ _ _  do  .-.-...-...-. 
Off New York City. 
Midstream _ _ _ _ _ _ _ _ _  
____do  _.__---_-_--_ 
OBOattenberg,NJ. 

R. Wainright..--. Scpt., 1855-- 2.8 

H. C. Denson-..-. Aug.. 1822--- 1.0 
..... do. .__________ __.._do _ _ _ _ _ _  1.5 
_____do  _ _ _ _ _ _ _ _ _ _ _ _  July, IWZ...  1.3 
_____do  _ _ _ _ _ _ -  ~ _ _ _ _  bug., 1822... 1.5 

TABLE 63.--Currmt dafa, Hudson River 
[Referred to the of H W  and LW a t  Fort Hamilton, N. Y.1 - - 
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21 
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1.7 
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34 
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38 
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44 

45 
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60 

61 

62 
63 

64 

65 
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67 

0.5 
4 . 1  
-1.0 

0.5 

0.8 
1. 6 
0.4 
1. 1 

0.9 
0. 6 
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0. 4 
0.8 
0. 5 

0.9 

0.4 
0.5 
1.2 
0.9 

1. 1 
2 6  
0. 6 
1. 1 

0. 9 
1.4 
1. 0 

1.6 
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1. 5 

1. 1 
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1.0 
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5.8 
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4. 3 
4.1 
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4.0 
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4.6 
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5.2 

5. 4 
4 5  
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1.6 
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0.0 
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0.6 
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1.9 

21 
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2.0 
2 3  
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1.4 
1. 1 

1. 5 

1. 0 
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1.8 
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1.3 
0. 7 
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1. 2 
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1.6 
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1. 1 
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N.40° E.. 
N. 300 E - -  
N. 25O E - -  
N. 3 5 O  E - -  

N. 200 E-- 
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I 
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7.5 
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7.8 

6. 8 
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7. 1 
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7. 0 
7.9 
6. i 
6 2  

7.5 

7. 6 
7. 1 

7.2 

6.9 
7.2 
7.7 

OB New York City. H. Mitchell. ._____ Sept., 1871. - 2 3 
____do _.___________ R. Wainright _ _ _ _ _  Aug 1&55.-. 0.4 
Midstream .-....-.. I. Winston _ _ _ _ _ _ _ _  Sepi.' 1919. - 1.9 
Off NewYorkCity. I R. Waintight __._ ~ I !  Aug.,'IE&-. 1.6 

I i I 
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At the mouth of the Hudson the tide is 0.45 hour later than a t  
Fort Hamilton. From Table 63 the midstream current at the mouth 
of the Hudson is at  its strength about half an hour after the time of 
high or low water at  Fort Hamilton, and slack occurs about two and 
one-half hours before hi h or low water at  Fort Hamilton. With 

rent at  the mouth of the Hudson comes about the times of high and 
low water and slack about three hours before high and low water. 
The tidal movement at  the mouth of the Hudson, as deduced from 
the relation of the time of current to the time of tide, is therefore of 
the progressive-wave ty e. 

From the mouth of t%e Hhdson to Riverdale the current becomes 
later by one hour. For this same stretch the tide likewise becomes 
later by about an hour. Throughout tshis stretch of the Hudson, 
therefore, the relation of time of current to time of the local tide is 
the same as that at  the mouth. 

Alon the axis of the channel the velocity of the current at  strength 

Flood velocities of 2 knots or more are shown at  only two stations, 
numbers 55 and 58. For station 55 the flood velocity of 3 knots is 
probably correct, since station 56, which is near it, shows a flood 
velocity of l.S h o t s .  The flood velocity of 2.1 h o t s  a t  station 58 
is probably too large. Four flood strengths were observed at  this 
station, the average of these being 1.12 knots. Unusually small 
ranges of the tide prevailed on thc days of these observations, so 
that the correction factor for the ratio of ranges was 1.58. Appar- 
ently the velocity of the current at this station does not vary in 
sim le proportion to the ran e of the tide. 

2)d knots a t  strength. The difference of three-quarters of a knot 
in the velocities of flood and ebb strengths is due to the fresh water 
draining into the Hudson. Since, in general, the effect of this non- 
tidal water is to increase the ebb velocity by the same amount as it 
decreases the flood velocity, the nontidal current (or permanent 
current, as it is sometimes called) in the lower Hudson has a velocity 
near the surface of three-ei hths of a knot. 

Through the stretch o f  the Hudson under consideration the 
velocity of the ebb current is practically the same. The single 
value of over 3 knots at  station 58 is due to the large correction 
factor for the ratio of ranges, mention of which was made above, 
and is undoubted1 too large. 

axis of the channel with those located near the shores shows that the 
current turns earlier near the shore. Stations 6, 7, and 8 illustrate 
this well, the current at stations 6 and 8 bein earlier, both a t  slack 

hour. The % ata.for stations 49, 50, and 52 give the current earlier 
near themshore by about a quarter of an hour, and from the data for 
stations 65, 66, and 67 the current near the shore is a little more 
'than half an hour earlier than along the axis of the channel. 

With the esce tion of a stretch of about 3 miles from Hoboken 
to Weehawken, . J., the axis of the channel of the Hudson from 
the Battery to Riverdale lies near the New York shore. It is there- 
fore to be expected that the current in the Hudson as far as River- 

respect to the local tide, t a erefore, the strength of the midstreani cur- 

of floo f is approsimately 13.4 knots from the Battery to Riverdale. 

&e ebb current in the c E annel has a velocity of approximately 

A comparison o 9 the time of current at  the stations located in the 

and at  stren th, than at  station 7 by somew E at  more than half an 
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dale should turn earlier near the New Jersey shore. The data of 
Table 63 bear this out. At station 8 the current is more than half 
an hour earlier than at station 6; at station 13 the current is a little 
less than half an hour earlier than a t  station 10. The observations 
made in 1855 at stations 11 and 12 ive a difference of a quarter of 

being earlier on the New Jersey shore. The 1873 observations a t  
stations 16 and 17 and at  stations 19 and 21 likewise show the current 
on the New Jersey shore to be earlier. For stations 65 and 67, off 
Riverdale, the data of Table 63 show the current on the New Jersey 
shore to be earlier by almost exactly half an hour. 

The greatest velocity of the current is obviously to lie found 
midstream, or alon the axis of the channel, where the effects of 
friction are least. $able 63 shows this to be the case. The greatest 
velocities shown are almost without exception those for stations 
located in midstream. This is especially well shown by stations 
located on a section across the river. Thus, in the section off Gut- 
tenberg, N. J., a t  stations 49, 50, 51, and 52, the strength of the tidal 
current-that is, the strength of the current freed from the effects of 
nontidal water, or the half sum of the flood and ebb strengths-is 2.2 
knots for the midstream stations, against 1.4 knots for the station 
near the New York shore and 1.8 knots for the station near the New 
Jersey shore. 

Similarly, in the section off Jersey City, stations, 10, 11, 12, 13, 
and 14, the strength of the tidal current is over 2 h o t s  at the mid- 
stream station and considerably less than 2 knots near the New 
York and New Jersey shores. This section also shows that the 
nearer the station is to the shore the less is the velocity, stations 11 
and 12 having velocities greater than a h o t ,  while at stations 10 
and 13 it is less than a knot. In  the section off Weehawken, N. J., 
stations 41, 43, and 44, the tidal current at the midstream station 
has a velocity at stren th of more than 2 h o t s ,  while the stations 
near the New York and New Jersey shores have velocities less than 
2 knots. 

The section near the mouth of the Hudson, consisting of stations 
5, 6, 7, 8, and 9, appears to that do not agree with the 
statements above, for the not at station 7 in 
midstream, but at station 6 shore. At station 7 
the strength of the tidal current is 1.7 knots, while at  station 6 it is 
1.8 knots. A glance at a chart of the Hudson on which soundin 
are plotted-as, for example, Coast and Geodetic Surve Chart d? 
369-shows that the axis of the channel near the mouth5ies close to 
the New York shore, and that the depth at station 6 is greater than 
at station 7 in midstream. The greatest velocity is therefore at the 
stations along the axis of the channel, as distinguished from mid- 
stream. 

A similar condition obtains in the section off Riverdale, comprising 
stations 65, 66, and 67. Here the stren th of the tidal current a 
station 66, in midstream, is 1.6 knots, w I ' e at station 65, nea? the 
New York shore, it is 1.8 knots. The axis of the channel off River- 
dale lies close to the New York shore, the depth at  station 65 being 
greater than at station 66, and hence the velocity at station 66 is 
the greater. 

an hour between the current on the Ng ew Jersey and New York shores, 
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Since t.he axis of the channel in the lower Hudson generdy lies 
near the New York shore, the velocit of the current should be 
greater near that shore than near the k e w  Jersey shore. Taliing 
the data for the sections discussed in the three previous paragraphs, 
we find this generally the case. Near the mouth, at station 5, the 
strength of the tidal current is 1.6 knot,s against 1.1 knots at station 
9 on the New Jersey shore; at station 6 it is 1.8 knots against 1.2 
knots at station 8; at station 10 it is 0.4 knot against 0.1 knot at 
station 13; at st,ation 65 it  is 1.8 knots against 1.4 knots at  station 67. 

"he relative durations of the flood and ebb eriods are obviously 

the Hudson. Hence, altogether apart from other factors that may 
be involved, these periods as determined at  different times may be 
ex ected to differ. In  general, it may be stated that the data of 
T&le 63 show that in the stretch of the Hudson from the Battery to  
Riverdale the period of ebb for the current near the surface is on the 
average about 3 hours greater than the period of flood, the duration 
of ebb being 7.3 hours and the duration of flood 5.2 hours. 

The direction of the channel of the Hudson from the mouth to 
West Hoboken is N. 10' E., and the data of Table 63 show that for 
this stret,ch of the river the direction of the current is approximately 
that of the channel. In  meneral, the direction of the current on the 
flood is directly o posite &at on the ebb. 

tion from that 

dependent to some degree on the amount of fres R water coming down 

Off West Hobo R en the channel swings further eastward, the direc- 
midway between Edgewater and 

E. The direction of the current 
to conform to the direction of the 
show, and for the greater part of this 

stretch the flood and ebb currents are r e  near1 opposite in direc- 
tion, but off West. Hoboken, where the c annel eFns to turn, the 
deviation in 6he flood and ebb directions from a straight line is 

On the flood the direction continues to be that o the 
rower stretch of the river and a proximately N. 15' E., while on the 
ebb the influence of the stretc I: above is evident and the direction 
ap roximates S. 35' W. 

getween Edgewater and Fort Lee the channel swings about loo 
to the north, continuin in a ractically unchanged direction of N. 

north of a little more than 5'. Through this stretch the re ation of 
the direction of the current to that of the channel is similar to that 
discussed in the preceding paragra h. 

At 34 of the stations listed in Ta t le 63 subsurface current observa- 
tions with current meters were also made. Generally these obser- 
vations were made at  three depths-two-tenths, fivetenths, and 
eight-tenths of the depth at the station-and for several of these 
stations the direction of the subsurface current was determined by 
means of a bifilar direction indicator. 

The data derived from these observations are given in Table 64. 
To bring out differences in the current at  the different de ths, times 

to the nearest d . For comparison there are gven also for the 
stations listed in T able 64 the data derived from the pole observations 

P i  
9"'"" 

15' E. as far as River f l  ale, w ere it makes a further swin to the 

ronounced. 

k 

and velocities are given to the second decimal place an a directions 
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which pertain to the 7-foot de th and which have been given in 

ebb have been reduced to mean values. 
The subsurface current in the Hudson presents the features found 

in the subsurface current in the Narrows and Up er Bay. The slack 
before flood becomes earlier from the surface if ownward, while the 
slack before ebb occurs about the same time from surface to bottom. 
The velocity of the flood strength decreases ve slow1 with increas- 

a relative1 rapii  rate. At the surface the ebb has the greater 
duration, {ut with increasin depth the duration of flood increases 

duration of flood may become the greater. 
Taking up these features of the subsurface current in the Hudson 

in detail, thedataof Table 64 indicate that for the stretch of theHudson 
here under consideration the acceleration in the time of slack before 
flood from the surface downward is approximately at the rate of 
0.04 hour per foot. At station 7, where the observations cover 8 
period of 31 days, the results may be considered 8s well determined; 
and here we find the rate of acceleration in the time of slack before 
flood to be 0.05 hour per foot. At stations 65, 66, and 67, near 
Mount St. Vincent, the rate of acceleration in the time of slack before 
flood is 0.06 hour per foot. For the slack before ebb there is general1 
but little difference in time from the surface to the bottom, althoug 
it is to be noted that the data for station 7 indicate a retardation 
at the rate of 0.01 hour per foot, while for station 66 the data indicate 
an acceleration at  the rate of about 0.01 hour per foot. 

For the strength of flood it a peara that there is, in general, a 

and 67 it is at the rate of 0.06 hour per foot. The strength of ebb 
shows a slight acceleration from the surface downward. At station 
7 and at  stations 65, 66, and 67 it is at  the rate of about 0.03 hour 
per foot. 

The ebb strength at  all of the stations listed in Table 64 has a 
greater velocit at the surface than the flood strength. From the 

manner. At station 7 this decrease is at  the rate of 0.04 knot per 
foot, and at stations 65, 66, and 67 the rate is likewise 0.04 knot per 
foot. This vduc a t  the other stations approximates 0.04 knot 
per foot, and it may therefore be taken as the rate of decrease in the 
velocity of ebb strength for the whole stretch from the Battery to 
Mount St. Vincent. 

For the flood strength the data of Table 64 show that the greatest 
velocit is found, in general, at  mid-depth. For station 7 the strength 
of floo K increases from the surface to mid-depth a t  the rate of 0.02 
knot per foot, and from mid-depth downward it decreases at  the same 
rate. Station 1 shows an increase to mid-de th of a little more than 
0.02 knot er foot and a decrease from mid- epth of ver nearly 0.03 

and 0.04 knot, and for stations 65,66, and 67 they average respectively 
0.01 knot and 0.03 knot per foot.. 

Table 63. The velocities in Ta i! le 64 for the strengths of flood and 

ing depth, or ma even increase, while strengt ' 9 1 %  of eb decreases at  

while the duration of ebb c f  ecreases, so that near the bottom the 

1 

sli ht  acceleration in time from t K e surface downward. For station 
7 t a is is a t  the rate of 0.01 hour per foot, while for stations 65, 66, 

surface the eb E strength decreases in velocity in a fairly uniform 

T h o t  per P oot; for station 37 these rates are, respective y, 0.03 knot 
z 

3904-25t-10 



TABLE 64.--Currenl data lor various depths, Htiakon River 

1 Midstream ...-- 

s.301)' ... _ _ _ _ _ _ _ _ _ _ _  

s .14ow. .  
. ___________  
____._..._._ _ _ _ _ _ _ _ _ _ _ _ _  
S. 12' W-. 

1.46 
1.04 

220 
1.93 
1.50 
1.11 

2 2 2  
2 1 3  
1.52 
1.05 

1. i 6  

6 Off New York 
City. 

8 

10 

Off Jersey City- 

OR New York 
City. 

_..._______ 

h'. 14" E. .  
...........- 

1.30 

0 . 1  
0. i z  

N. 140 E.. 
N.29'E.. 
N.20"E.. 
N . X O E - .  

N.70°E.. 
N.28"E.. 
N. 5' E--- 

._______..._ 

0.41 
1.15 
1.38 
LB 
0.11 
0.41 
0.51 
0.93 

13 

14 

OR Jersey City 

Midstream---- 

Off New York 
City. 

Off Hoboken, 
N. J. 

Aug. 30, I922 _ _ _ _  H. C. Denson. 

Aug.29, 1922 _ _ _ _  _____do  

9. Q O R ' . - .  
s . 2 6 o w . .  
s . 4 4 o w . -  
S. 11' IV-- 
s. 110 w-. 
S. 7' E..-. 
S. 30' E--- 
9. 10' E.-- 

S. 24' W . .  
S. 22' I+'-- 
S. 34' W-- 
S. 

1.03 
1.29 
0.i3 
0.51 

1. I9 
1.58 
0.86 
0.m 

1.62 
1.75 
1.13 
0.82 

N. 14' E- -  _ _ _ _ _ _ _ _ _ _ _  
_ _ _ _ _ _ _ _ _ _ _  ____.______ 

1. I6 
1.16 
1.54 
1.38 

OR New York 
City. 

Aug. 29, 1922 _ _ _ _  1f.C.Denson. N. 15" E _ _  
N. 4' E.-. 
N. 9' W -. 
ri.300 I+--- 

N. 2'W _ _  
...._._____ _ _ _ _ _ _ _ _ _ _ _  
__.._..-.._ 

0.41 
1.01 
1.01 
0.98 

0.67 
0.92 
1.38 
0.x7 

s. i o  w--. s. 27ow.. 
S. 24OW-- 
S.23"W-.  

1.21 
1.29 
0.86 
0. i6  

hiidstream _ _ _ _ _ _  

08 New York 
City. 

OB Hoboken, 
N. J. 

Midstream _ _ _ _ _ _  

Off New York 
City. 

Midstream _ _ _ _ _ _  

July 19-21,1922.- ...-- do _ _ _ _ _ _ _ _  

Aug. 28-29, 1922. _ _ _ _ _  do .... _ _ _ _  

_____do  _ _ _ _ _ _ _ _ _ _  _____do  _ _ _ _ _ _ _ _  

Sept. 15-1i,1919. I. Winston _ _ _ _  

A~g.%29,1922. iI.C.Denson. 

July21-23,1Bp--  do 

S. 20 E---- 2 M  
2 i o  
1.43 
1.22 

N . l i O E . .  
N.29'E.. 
N. 18' E.. 
N.4'E ... 

N. I o E . - .  
N. 1Io E.. 
Iv. 10"E.. 

0 .5 i  
0.57 
0.87 
0.92 

0.50 
1.05 
0.90 

S. 17'W.. 
S.24OW.. 
S. 24' W - - 
S . M O W - .  

S. %'E-.. s. W E - - -  
S. 47'E-.- 

0.87 
0.67 
0.37 
0.47 

1.75 
1.30 
1.35 

S. 24OW.. 226 
2 3 0  
1.92 
1.42 

N. 13'E.. 
N. 38'W. 
N.27'E.. 
N. 36" E-. 

0.27 
0.47 
0.62 
0 . i 2  

S.3 i0W-.  
6 .  34' \V-- 
S.33"\VV.. 
S.32'W-. 

1.22 
1. l i  
0.72 
0.62 

S.2.5' W - .  
__._ 

2 3 6  
236 
1.52 
0.88 

IReferred to times of HW. and LW. a t  Fort Hamilton, N. Y.l 
- - 

E b b  
iura- 
tion 

- - 
LngLh 
Of 

)hser- 
ations 

- - 

Depth 

-- 

Fctf 
7 
8 
20 
32 

i 
11 
27 
43 

7 
9 

24 
38 

k 
15 
24 

I 
0 
22 
35 

7 

!a 
32 

7 
g 
P 
35 

a 

Xbb strongth Flood strength 

tion Loeation ::: I Vood 
lure- 
tion 

Observa- 
tions 

with- 

Pole. _ _  - 
Meter.. 
~.dO. .  - - _ _  do..-- 

Pole. _ _ _  
Meter - 
. - .do. - - - 
. - .do.. - - 
Pole. - -. 
M eter. - 
. - .do _ _ _ _  
. ..do.. . ~ 

Polr ... - 
Meter-. 
. . .do.. . ~ 

. . .do. _ _ _  
Pole. .._ 
hietar.. 
. .do. - - - 
.-.do. _ _  - 
Pole. .-. 
Meter.- 
. - .do. - - - 
.-.do.-.. 

Pole. _ _ _  
Meter-- 
. - - do.. - - 
.-.do _ _ _ _  

Data Party of- 

I. Winston ... 

LI. C. Densoi 

- - - .do-- - ~. . 

-_..do _.__ _. . 

.__.do __.____ 

____do  _ _ _ _  _ _  - 

I. Winston-. 

rim Time 

- 
Mows 
af ln  
L 1v 
0. 5 i  
0. 47 
0. 37 
0.38 

0.27 
0 .2 i  
0.27 
0. 13 

0.73 
0. i o  
0.33 

-0. 08 

-0.23 
-0. 5s 
-0. 27 
-0.22 

-0.a 
-0. 3c 
-0.a 

_.__.. 

.-..-. 
0. la 
0. 10 
0. 1c 

0. I €  
0.0; 

-0.0: 
0. 1: 

qirection I Direclion ,zKy 
. . -. . . _. - 

i 'lours 
,elore 
IIW 
2 10 
2 11 
2 78 
2 91 

2.42 
2 47 
290 
3.37 

1. io 

2 62 
3.33 

2i7 
273 
2 82 
2 92 

1. a2 

220 

2 i n  
2 30 

3. 70 

2 4 0  
250 
280 
3.10 

242 
238 
258 
2 70 

Hours 
af fer  irw 
0. 15 
0.42 
0.42 
0. 10 

0.63 
0.30 
0.30 
0. E3 

0 . s  
0.58 
0. 52 
0. 15 

-0.33 
-0. i9  
-0.65 

0. 48 

0.40 
0.40 

-0.20 
-1. m 

0. m 
0. m 

-0.40 
-0.50 

0. l i  

0. 17 

_____. 

0. m 

Yours 
icJore 
I, It' 
3. 19 
2.99 
2 74 
2 05 

3. 30 
3.25 
3. 12 
3.03 

3. 13 
3.03 
2. 79 
2R3 

3.98 
4. 22 
3.90 
3. 60 

3.80 
3. 10 
3. 10 
3. 10 

3. 00 
3.90 
3.70 
3. i o  
3.07 

293 
3.02 

3. m 

V o w  
7. 14 
6. 93 
6.01 
6. 09 

6. 93 
6. 83 
6 2 7  
5. 71 

7.39 
7. 16 
G 2 2  
5. 55 

i. 26 
i. 54 
7. 13 
6. 73 

i. 6.5 
6. 85 
6. 45 
5.45 

6.65 
7. 45 
6.95 
6.65 

fi 70 
ti. 87 
8.40 
G 37 

Days ;b 
2% 

3 
3 
3 
3 

32 
31 
31 
31 

4% 
2% 
2% 
2?4 

w 
?4 w 
!4 
9i 
?4 
!4 
M 

1% 
2 
2 
2 

Sept. 30. Oct. 
20-21, NOV.3-4 
1919. 

5.49 
5 50 
fh I5 
6. 71 

5.03 
5.26 
G2c 
6.87 

5. 1t 
4 . s  
5% 
5.66 

4. i i  
5. 5; 
5.97 
G 97 

5.7; 
4.9; 
5.4i 
5. i; 

5. i: 
5.x 
Go: 
6. 0; 

July 15-Aug. 6, 
A ug. 11-18. 
A u g. 25-31, 
1922. 

JulyZ3-27, Aug. 
ZFX, 1922. 

Aug. 30, 1922... 

_ _ _ _ _  do _ _ _ _  - _ _  _ _  ~ 

Sept 22-23 Oct. 
6-+, 1919.' 

18 ; 
18 
28 

i 
9 

22 
35 

7 
7 

18 
28 

7 
12 
30 
48 

i 
9 
22 
35 

7 
14 
36 
50 

7 
7 

18 
29 

7 
18 
28 

7 
10 
2.4 
38 

7 
9 

23 
37 

i 
10 
25 
40 

2m 
2 10 
240 
2 70 

1.80 
1.80 
260 
2 9 0  

1. 70 
250 
3. i o  
250 
2 -30 
2 40 
260 

280 
2 4 0  
2 8 0  
3.20 

0.40 
0.70 
1.95 
3.00 

1.40 
1.30 
1. 80 

1. i o  
2 10 
260 

2 17 
1.82 
2 15 
2 17 

1.40 
1.60 
2 3 0  
2 4 0  

1.43 
0.80 
1.60 
2 10 

.__._. 

1. 90 

-0. m 
1.00 
0.80 

-0. 40 

0. 10 
0. 10 
0.40 

0.50 
0. 50 
0. 10 

-0.30 
-0.30 
-0.10 
-0.10 

-0.40 
0. 10 

-0.40 
-1.10 

1.45 
1.75 
1. 55 
1.10 

-0.10 
0. 60 

-0.50 

0.50 
0. .50 

-0. 30 

0.80 

0. 79 
0.68 

0. 40 
-0.30 
-0.40 

0. 10 

1.13 
1.35 
1. 35 
1.25 

_..__. 

- - - - - -. 

-0. m 

a m  

M w 
?4 
M 
?4 
?4 
?4 
H 
w w 
?4 
!4 
?4 
!4 w 
!6 

w 
1 
1 
1 
1 

M 
?4 
?4 
M 
?4 
?4 w 

2 
2 
2 
2 

w 
M M 
M 
1% 
N 
% 
% 

5. i 2  
h 47 
5.97 
6.27 

4.77 
4.47 
5.37 
5. 77 

427 
5. 37 
6.57 

5.17 
5. 17 
5.47 
5. si 
4 47 
5.37 
5.77 
6. 21 

3.60 
404 
5. i 5  
6.37 

3.97 
3.81 
4.37 
4 47 

4.07 
4 97 
5.37 

5.64 
5.40 
5.59 
5. 56 

4.07 
427 

._____ 

._____ 

._____ 

4.93 
4.57 
5.21 
5. 62 

285 
3.00 
280 
280 

3.40 
3.70 
3. 60 
3.50 

4. i o  
3.80 
3. 50 
3.50 

3.50 
3.50 
3.30 
3.40 

4. i o  
3.40 
3.40 
3.30 

3. 17 
3. 03 
2 57 
3.00 

3.80 
3.80 
3.80 
3.80 

4.00 
3.50 
3.60 

280 
2 79 
293 
2.98 

3.70 
3. 70 

- - - - - -. 

2 87 
2.60 
2 70 
2.85 

1.50 
0.60 
0.60 
0.50 

0.80 
0.30 

-0.60 
-1.10 

-0.30 
1. 12 
0. 90 
0. €4 

6. 70 
6.95 
6. 45 
6. 15 

7. 65 
7.95 
7.05 
0.65 

- - - - - -. 
a 15 
7.05 
5.85 

7.25 
7.25 
6.95 
6. 85 

i. 95 
i. 05 
8.65 
6. 15 

a 82 
8.38 
6.67 
6.05 

a 45 

a os 
8.55 

i. 95 

8.35 
7.45 
7.05 

6. i 8  
7. 02 
6.63 
6.86 

8.35 
8.15 - - - - - -. 

- - - - - -. 
7.49 
7.85 
7. 15 
6.80 

24 

26 

28 

29 

32 

34 

36 

37 

39 

40 

Off New York _____do.  _ _ _ _ _ _ _ _ _  _____do  
City. 

Midstream _ _ _ _ _ _  Sept. 10-11,1919. I. Winston _ _ _ _  I I  
-0. 25 
-0. 20 

-0.30 

1.40 
1. 10 
0.40 
0. 10 

1.90 
1.00 
0.50 
0. 10 

0.40 

-a IO 

a50 
0.50 

0. n 
0.35 
0.38 
0.52 

-0.30 
-0.40 
-0.30 

0.87 
0. .so 
0.50 
0.10 

-0. m 



TABLE 64.-Current data for various depths, Hudson River-Continued 

True 
N. ]lo E-.  
_.____.--- - 
_ _ _ _ _ _ _ - -  _ -  
_.___._.-- - 

_._____-.-- 
N.41' E.- 
h ' . 3 6 O  E-. 
N . P  E - -  

N.320 E.. 
N . P E . .  
N.28'E.. 
N. 20'E.. 

Knot8 
1.20 
1.25 
1.55 
1.19 

1.00 
1.10 
1.12 

1.72 
1.62 
1.30 

' 1.24 

._----- 

N. 31' E.. 
N.38'E.. 
N.'B"E.. 
N.36" E.. 

1.49 
1.76 
1.95 
1.24 

7 
8 

21 
33 

7 
9 
P 
35 

7 
7 

17 n 
7 
IO 

4 

24 

7 

11 
18 

7 
8 

33 

7 
10 
26 
4l 

m 

7 
8 

m aa 
7 
4 

11 
18 

0.63 
L10 
1.B 
1.50 

1. n 
1.82 
232 
270 

2 3 4  
223 
162 
260 

aao 
am 

am 

1.50 

1.05 

1.65 
2 7 6  

1.47 
1.63 

262 

1.32 
L40 
202 
262 

1.92 

a 8 2  an t n  
267 

1.m 
1 . 1  
1.67 
217 

- __ 

Ebb 
d m -  
tion 

- 

Hours 
7.13 
6.80 
6.34 
6.42 

7.55 
6.75 
6.25 

7.55 
7.10 
6.75 
6.30 

7.36 
7.33 
G 40 
582 

7.85 
7.05 
6.45 
6.05 

7.19 
0.78 

0. 18 

7.23 
7. a3 
6.83 
G W  

. - - - - -. 

6.28 

- _- 

ilack 

- 
?OW8 
&re 
HW 

1.72 
2 0 8  
238 
253 

1.90 
1. 90 
2 70 
3.00 

1.50 
1.80 
240 
2 9 0  

1.32 
1.32 
2 0 5  
3.10 

1.50 
1. 90 
240 
280 

1.88 

2 62 
2 79 

1.42 
1.62 
2 0 0  
2 2 5  

2 m  

- __ 

Flood 
Iura- 
tion 

.- 

EW8 
5.29 
5.62 
6.08 
6.00 

_____. 
4.87 
5.67 
6. 17 

481 
5.32 
5.67 
6:,11 

5. oe 
5.06 
6.02 
6.60 

4.57 
5.37 
5.97 
6.3; 

5. 23 
5.64 
6. 14 
G 24 

5. 1s 
5.3s 
5.4s 
5. 44 

- -. - 

;lack 

- 
Tours 
M f O W  
LW 
280 
283 
2 67 
2 9 0  

3.40 
3.40 

3.00 
285 
3.10 
3. 15 

263 
260 
2 4 0  
2 87 

3.30 
2 9 0  
2 8 0  
2 8 0  

3.02 
293 

. 2.85 
2 9 2  

260 
2.60 
2 %  
3. 18 

3. m 

Ebb strength 
- - 

Sta- 
tion 
No. 

- 

42 

49 

50 

51 

52 

55 

57 

Flood strength - 
VO 

locity 
- 

Kndd 
2 51 
2 10 
1.88 
1.72 

1.80 
2 13 
1.68 
0. w 
2 62 
2 74 
238 
1.64 

2 52 
2 5 5  
2 13 
1.63 

2 21 
224 
1.72 
1.12 

204 
2.07 
1.53 
0.95 

1.04 
207 
1.83 
0.93 

- 

rime 
- 
Tows 
a l ta  
HW 

a 8 3  
1.16 
1. 10 
0.05 

0.40 
-0.10 
-0.40 

0.50 
0.90 
0.00 

-0.30 

1.20 
1. 27 
0.83 
0. I8 

0. XI 
0. 90 

0. io 

0.65 
0. 83 
0.45 
0.55 

0.92 
0.68 
0.30 
0. 12 

0.80 

- 

T h e  

- 
Fours 
after 
L W  
0.87 
0.70 
0.60 
0.70 

0. 10 
0.00 

-0.15 
-0.45 

0.60 

0.65 
0.65 

1.35 
1.28 
0.85 
0.60 

-0.15 

-0. 55 
-0. 55 

0.47 
0. 48 
0.43 
0. 10 

1.20 
0.97 
0.67 
0.47 

a 70 

-a 30 

Data Party of- Laation 
Direction 

~ 

1uiy 21-23, 1m 

Aug. 26-27,1922 

 do _ _ _ _ _  _ _  _ _  - 

July 1€-19,I922 

Aug. 26-27,1922 

sept. 8-10, 1919. 

July 21-23,lW. 

FCd 
Pole..-.. 
Meter. - - 
-.do ____. 
-. do ... . . 

Hidstream--. 7 
9 

23 
37 

7 
7 

17 
27 

7 
12 
28 
40 

7 
11 n 
43 

7 
10 
24 
38 

7 
10 
24 
39 

7 
i 

28 
ia 

Pole. .~.S 
- .do.. -. . 
- .do.. - -. 
Pole..-.. 
Meter ... 
--do ____. 
-.do.. -. - 
Pole ..... 
Me ter... 
--do ___._ 
.. do ... . . 
Pole ..... 
Meter.. . 
-.do .___. 
-.do.. . . 

Pole ..... 
Meter.-- 
.. do ..... 
-.do _ _ _ _ _  
Pole .-... 
Meter.. - 
--do _ _ _ _ _  
..do _ _ _ _ _  

3R New York 
C i b  

Midstream..-.- 

OR Outenberg, 
N. J. 

Midstream ..... 

____do. _ _ _ _ _ _ _ _  ~ 

.___do _ _ _ _ _ _ _ _ _ _ _  6ept. w, 1919-.. 

Jaly 21-23.lsra. 

Aug. !&24 1919. 

Jnly Zl-21.1922. 

JUIY i s m ,  iwz. 

Aug. 25-27.1919. 

Jnly 16-19, dag. n-s, 19.22. 

Jnly 15-21, dug. n-m, im. 

Jnly l&l9. bug. 
n-2& lop. 

248 
2 75 
272 
28) 

235 
2 16 
238 
272 

2 4 8  
2 47 
2 47 
243  

1.90 _ _ _ _ _ _  _ _ _ _ _ _  
2 10 
2 37 
2 47 
263  

268 
272 
282 
282 

2z3 
1.83 
208 

200 
1.95 
1.93 
2 a 8  

3.00 
263 
279 
3.03 

220 

2 
254 
2% 
2% 

2 
2 
2 
2 

2 
2 
2 
2 

% 
E 

1% 
1% 
1% 
1% 

2 
2 
2 
2 

3% 
3% 
3% 
3% 

6% 
6% 
0% 
6% 
3% 
8% 
3% 
P? 
- 

3. I 1  
2 74 
240 
1.61 

202 
205 
1.62 
1. 11 

201 
L97 
1.60 
1.07 

209 
224 

7. Bo 
7. m 
7.54 
7.36 

6.89 
6.38 
6.11 
6.07 

625 

5. Bo 
5.88 

7.65 

6.29 

____do.- - _ _ _  _ _ _  l.08 
1. 08 
0.85 
0.38 

OUHsrlemRiva 
eatma. 

1.74 4.77 _ _ _ _ _ _ _ - - _ _ _ - _  _ _ _ _ _ _ _ - - _ _ _ _ -  
1.17 5.32 
1.49 4.95 
1-42 6.55 
1.09 5 4 9  

LM 5.16 
1.63 6.28 
1.48 8 4 7  
112  5 1 7  

1.69 5.49 
1.63 5.54 
1.78 6.56 
1.81 6.91 I 

.-_--_ 

7. 10 
7.47 
6.87 
5.93 

7.28 
7. 14 
6.95 
6.25 

6.93 
6.88 
5.86 
5.51 

7.23 
7. n 
028 
5.76 

7.75 
7.45 
7.17 
6 91 

1.80 
1.40 
1. 10 
0.65 

1.79 
230 
1.52 
0. m 
2 17 
207 
1.38 
0.83 

206 
1.89 
1.50 
1.05 

1. I 
207 
1.57 
1.05 

1.85 
2!D 
1.96 
1.24 

08 Engiewood, 
N. J. 

0 8  S p a y t e n  
DnYVil.N.P. 

08 Riverdde, 
N. Y. 

1.43 
1.30 
1.18 
0.68 

1.75 
1.82 
L32 
0.48 

1.32 5.19 
1.56 5.15 
1.62 6.16 
1.12 6.66 

1.09 4.67 
1.15 4.97 
1.49 5.25 
1-18 6.61 

od Tensfly.  
N. J. 

L 18 
L!27 
LU7 
0.73 
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The data of Table 63 for the current near the surface show that 
the duration of ebb in the stretch of the Hudson here under consider- 
ation was about 2 hours greater than the duration of flood, the 
values being res ectively 7.2 hours and 5.2 hours. For the sub- 
surface current, Fable 64 shows that almost without esception the 
duration of ebb decreases from the surface downward, so that toward 
the bottom the periods of floods and ebb become a proximately 

quent increase in the duration of flood is a t  the rate of about 0.06 
hour per foot; at stations 1 and 6 it averages 0.05 hour per foot; 
for the section off Guttenberg, comprisin stations 49, 50,51, and 53, 

it likewise averages 0.05 hour per foot. 
At stations where the flood and ebb currents have, near the surface, 

the average durations of 5.2 and72 hours,res ectively,itfollows that in 

0.05 hour per foot, the durations of flood and ebb will be equal a t  a 
depth of about 20 feet, and this the data for stations 1,6,7,55,59,60,65, 
and 66 show to be the case. 

The characteristic features of the subsurface current in the Hudson 
discussed above are obviously brought about by the fresh water that 
flows into the Hudson froni the large area that it drains. The effect 
of such nontidd flow on the tidal current has been discussed in the 
previous sections, more particularly in the paragraphs devoted to 
the subsurface current in the Narrows, to which reference is here 
made. 

THE CURRENT ITT THE HARLEM RIVER 

equal. At station 7 this decrease of the duration of eb \ and conse- 

it is 0.05, and for the section off Riverda 8; e, stations 65, 66, and 67, 

consequence of the increase in duration of H ood at the rate of about 

For the Harlem River Figure 37 shows the locations of 14 stations 
at  which observations on the current near the surface have been 
made. The data derived from these observations are given in Table 
65 and may be taken to pertain to the current at  a depth of about 7 
feet. Here, as in the previous tables, the times of current are referred 
to the times of tide at  Fort Hamilton, HW representin the time 

of 
the flood and ebb strengths given in  this table have been reduced 
to mean values. 

Harlem River has two entrances, one from the Hudson and the 
other from East River. Upstream and downstream, therefore, have 
no precise meanings here, and the determination of which stream is 
the flood current and which the ebb current must therefore be made 
with reference to t h o  relations between current and tide, as discussed 
in Section XI. 

From the tidal data of Table 38 the tide in the Harlem River is 
about 2 hours later than at Fort Hamilton. A plying this difference 

to the Harlem Rimr the current that sets eastward attains its strength 
about two and one-half hours before hi h water; that is, on a rising 

is the flood current. A t  Willjs Avenue Bridge, likewise, it is the 
current from the Hudson that attains its stren th on a risin tide, 
so that in the Harlem from Spuyten Duyvil to &illis Avenue k d g e  
the flood current is the one that sets toward East River, while the ebb 
current is the one that sets toward the Hudson. 

of high water and LW the time of low water. The veocities 5 

to the data of Table 65, we find that at the 2 udson River entrance 

tide. Hence, the current setting into t % e Harlem from the Hudson 



I SPUYTEN DUYVIL 

FIG. 37.--Curn?nt shtions, Harlein River 3904-24. (Fare p. 130.) 



TABLE 65.-Czsrrent data, Harleitb R,iver 
[Referred to times of HW and LW at Fort Hamilton, N. Y.1 

- 

s13eli 
Flood strength 

Time I Direction 1 Velocity 
I d%& I 'lack 

1 _ _ _ _ _  
2 
3 _ _ _ _ _  
4 _ _ _ _ _  
5 _ _ _ _ _  

ORSpuytenDuyvil R. J. Auld _ _ _ _ _ _ _ _  Nov., 1920 
_ _ _ _ _ _ _ _ _ _ d o  ._____________ H. C. Demon _ _ _ _ _  July, 1922 

Broadway Bridge.- R. J. Auld _ _ _ _ _ _ _ _  Nov., 1Y30 
011 High Bridge-. - _____do _ _ _ _ _ _ _ _ _ _ _ _ _  _____do 

_____do  _ _ _ _ _ _ _ _ _ _ _ _ _ _  H. C. Denson _ _ _ _ _  Aug., 1822 

Hoar8 of- 
ler Llt' 

1.9 
1.7 
1.9 
1.8 
1.5 

1.9 

1.8 

Holm b e  Hours of 
fore HW True hv?8ot8 Hour8 I r r  HlV 

1.1S.75°E-- .  1.6 5.8 1.7 
0.6S.70°E.. .  1.3 6.2 1.9 
0.6S.65'E-.-  21 5.8 1.7 
l .OS.lOoW..  3.0 5.8 1.6 
0.9S.35OW.- 1.2 6.4 1.9 

I 1:61 
6.41 1.9 

0 5  G.3 2 2  

Hour8 be- 
fore LW 

0.9 
0.9 

1.7 
1.3 

True \ Knot8 Hours Dous 
N.i'5'W-- 2 0  6.6 2 
N.70°W--! 1.8 6.2 22 

1 .6N.60°W- .  3.4 G.6 2 
N.l5'E..I 3.8 6.6 2 

____________ I  1.3 6.0 ?i 

Len th 
Ebb of ok duration serva- 

tions 

Ebb strength 

6 _ _ _ _ _  
7 _ _ _ _ _  
8 _ _ _ _ _  
9- _ _ _ _  
10 _ _ _ _  
11 _ _ _ _  
12 _ _ _ _  
13 
14 

_____do _ _ _ _ _ _ _ _ _ _ _ _ _ _  _____do _ _ _ _ _ _ _ _ _ _ _ _ _  _____do  _ _ _ _ _  do .... _ _ _ _ _ _ _  ~ _ _  _ _ _ _ _  do--a--- _ _ _ _ _ _ _  ___..do 
Off Willis Avenue _____do  _ _ _ _ _ _ _ _ _ _ _ _ _  _____do 

Bnnu Kill _ _ _ _ _ _  _ _  -____do _ _ _ _  - - _ _  ___. -.--.do _ _ _ _ _  _. 
North of Wards T. A. Craven _ _ _ _ _  Aug., 1856 

Little Hell Gate--- H. C. Denson _ _ _ _ _  -4ug., 1922 
West of Wards C. H. Davis. _ _ _ _ _ _  June, 1845 

_ _ _ _ _ _ _ _ _ d o  _ _ _ _ _ _ _ _ _ _ _ _ _ _  T. A. Graven _ _ _ _ _  Aug., 1950 
_ _ _ _ _ _ _ _ _ d o  _ _ _ _ _ _ _ _ _ _ _ _ _ _  H. C. Densou _ _ _ _ _  Aug., 1922 

Bridge. 

Island. 

Island. 

1.6 
1.5 

2 3  
21 

1 . 0 E n s t  _ _ _ _ _ _  2 3  GO 1.6 
1.6 N. 40' E-- 0.0 h7 1.2 

-0.3 N.45'E-. 0.7 6.4 2 7  
-0 .5N.35 'E- .  0.6 5.9 2.3 i 1.4 

22S.85°W-- 2.3 6.4 1 
1.0.S.5°W.-- 1.0 6.7 !i 

S.?ooW-- 0.8. 6.0 16 
. 1 . 8 S . 4 V W - .  0.8 6.5 2)g 
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7 

TABLE BB.--Current data fur uariolls depths, Harlem Rwer 
[Referred to times of HW and LW at Fort Hamilton, N. Y.1 

O f f  Spuyten 
Doyvll. 

_____do _ _ _ _ _ _ _ _ _ _  

B r o a d w a y  
Bridge.. 

JISgh Bridge-.- 

Oil Eigh Bridge 

___--no -__---__-. 

_____do _ _ _ _ _ _ _ _ _ _  

- - 
ength 

of 
ibser- 
itions 

- 

Daw 
2 
2 
2 
2 

22 
22 
22 
22 

2 
2 
2 
2 

2 
2 
2 
2 

41 

1% 
1% 
1% 
1% 

N 
% 
N 
N 

R. J. Auld _ _ _ _  

E. C. Denson. 

R. J. Auld _ _ _ _  

____do _ _ _ _ _ _ _ _ _  

- - 

Depth 

Pole.-.. 
Meter-. 

__-do _ _ _ _  
---do _ _ _ _  
Pole _ _ _ _  
Meter.. 

---do _ _ _ _  
-.-do _ _ _ _  
Pole _ _ _ _  
Meter-. 

__.do _ _ _ _  
--.do __-. 
Pole _ _ _ _  
Meter-. - .do-.-- 

--.do _ _ _ _  

1.23 
1.60 
1.35 
1.28 

1.40 

1.60 
1.10 

am 

N. 2 P  E.. 1.36 _ _ _ _ _ _ _ _ _ _ _ _  1 . 1  
__________._ 1 . 1  
.___________ 1.30 

N.!W E.. 1.12 

_____. ~ _ _ _ _ _  1.43 _--..-_-___- 1.12 

_ _ _ _ _ _ _ _ _ _ _ _  J . P  

O f f  W i l l i s  
A v e n u e  
Bridge. 

Bronx KIU 

Little Hell Gate- 

Aug.H,IQZ2.--~ _ _ _ _ _  do _ _ _ _ _ _ _ _  Polo _ _ _ _  7 
Metar-. 4 

..-do _ _ _ _ _  I1  
.-.do _ _ _ _  ~ 17 

Aug. 1-2, lop--- _____do _ _ _ _ _ _ _ _ _  Pole ..... 7 
Metar..- 4 

--.do _ _ _ _ _  10 
..-do _ _ _ _ _  15 

____do _ _ _ _ _ _ _ _ _ _ _ _  _____do _._______ Pole _ _ _ _ _  7 
Meter-.- 4 

-..do _ _ _ _ _  9 
--.do _ _ _ _ _  I IS 

1.27 I .ZOS.33°E- . -  

1.43 0.83 -_____- - - -_ -  

t50 0.60 N.jWW. 

160 0.70 _ _ _ _ _ _ _ _ _ _ _ _  
1.65 1.05 _ _ _ _ _ _ _ _ - - - -  
1.60 0.85 N.89'E.- 

1.55 0.75 _______.____ 
1.45 0.m _ _ _ _ _ _ _ _ _ _ _  ~ 

1.33 a67 _ _ _ _ _ _ _ _ _ _ _ _  
1.43 1.00 _ _ _ _ _ _ _ _ _ _ _ _  
1.40 0.80 _ _ _ _ _ _  ~ _ _ _ _ _  

1.55 a 7 5  ___________. 

0.88 

0.85 

1.58 

1 . 1  
0.63 

232 

202 
L i 3  

aso 
ai3 

1.83 

212 

6.43 
6.63 
6.43 
6.08 

6.03 
6.28 
6.28 
6.1 

5.88 
5.99 
5.68 
5.79 

1.90 1.85S.IBOE--- 1.93 5.99 I 
,200 200 _ _ _ _ _ _ _ _ _ _ _ _  1.78 5.79 1 
1.90 1.75 _ _ _ _ _ _ _ _ _ _ _ _  1.78 5.99 1 
1.70 1.70 _ _ _ _ _ _ _ _ _ _ _ _  1.68 6.34 1 

1.60 225 S . W W - .  232 6.39 1 
1.80 1.85 _ _ _ _ _ _ _ _ _ _ _ _  272 6.14 1 
1.80 1 . 8 5 - - - -  _ _ _ _ _ _ _ _  2 4 7  6.14 1 

228 1.79S.39°W-- 0.79 6.54 2% 
223 232 _ _ _ _ _ _ _ _ _ _ _ _  0.89 6.43 2% 
1.B 202 _ _ _ _ _ _ _ _ _ _ _ _  1.m 6.74 2% 

1.90 2% _ _ _ _ _ _ _ _ _ _ _ _ i . s ~  5 . ~ 4  I 

1.88 1.50 _ _ - _ _ _ _ _ _ _ - _  1.05 6.63 2% 

- - 

Flood 
lura- 
tion 

- 

Wows 
5.83 
5.74 
165 
hE4 

6.23 
6.30 
6.17 
6.08 

5.85 
6.11 

6.04 

6.79 
5.68 
5.55 
6.66 

6.53 

6.33 

6. 13 

6.20 

6.33 
6.23 
6.33 
6.33 

am 

6.43 

6.25 

6.20 

__ - 

Slack 

- 
Hours 
after 
H W  

1.72 
1.68 
1.67 
1.85 

1.82 
1. 85 
1.93 
1. 82 

1.72 
1. 90 
1.87 
1.83 

1.55 
1.40 
1.37 
1.40 

1.90 

1.90 

1.92 

1.87 
1. 87 

1.85 
1.90 

I. m 

1. m 

1. m 
I. 90 

- - 

E b b  
dura- 
tion 

- 

Hours 
6.58 
6.68 
6.77 

6.19 
6.12 
6.25 
6.34 

6. 57 
6.31 
6.35 
6.38 

6.63 
6.86 

6.76 

5.89 
5.m 
6.08 

6.17 
6.29 
6. 22 
6.22 

6.04 
6 I9 
6.09 
6.09 

a 7s 

6. m 

Flood strength Ebb strength 
- 
Ve- 

locity 
- 

Kn& 
1.57 
1.43 
1.31 
1.23 

1.28 
1.41 
1.25 
1. IS 

, 2 14 
2 1s 
207 
1.82 

3.m 
2 75 
2 6  
223 

1.25 
1.25 
1. I6 

1.38 
t40 
1.33 
1.19 

1.12 
1.53 
1.43 
1.12 

Date 
Time 

- 
Eours 
bCfOTC 
HW 
1. OB 
La3 
L20  
1. a3 

0.58 
0.58 
0.63 
0.57 

0.80 
a a  a 45 

am am 
awi 

aru 

a s  
asi 

0. a 
1.05 

0.x 

0. K 

L 12 
1. li 

0. K 

La 
aQc 
a a  

Direction rime Direction l:F& I I  with- 
I r- Fours 

after 
LW 

1.82 
1. e7 
205 
202 

L72 
1.88 
1.79 
1.87 

1.90 
1. 82 
1.83 
1.82 

1.79 

1.85 
1.77 

I.  40 
1.50 
1.60 

1.70 
L77 
1.70 
L 70 

1.60 
1.70 
1. 60 
1. Bo 

1. 87 

Yours I I 
FCd 

7 
True Knda 

am I _ _ _ _  _ _  _ _ _ _ _ _  1.70 

Nov. 14-16, lW 
4 

10 
17 

7 
4 

11 
18 

7 
4 

10 
16 

7 
4 

10 
16 

3 
7 

10 

14 
4 

11 
17 

14 
4 

10 
16 

July IbAug. 7 
1922. 

Nov. 18-%192 

Nov. P24.192 

Aug. 3,1922. _ _  

Aug. '24,1922. 

Aog. 34,1922. 

14 West of Wards Aog.4-7, lQp--- _ _ _ _ _  do _ _ _ _ _ _ _ _ _  Pole _ _ _ _ _  7 I Island. I 1 I -..do Meter---l _ _ _ _ _  15 6 

.-.do _ _ _ _ _  24 
I I I I I I 
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In the stretch of the river lying westward of Wards Island the data 
for stations 13 and 14 show the strength of the northeasterly stream to 
come about one-half hour after hioh water at Fort Hamilton or about 
one and one-half hours before locap high water. Hence in this stretch 
it is tlie current coming from the East River that is the flood current. 
In  a tidal sense, therefore, the southern ent.rmce to the Harlem River 
i s  at the sout,hern tip of Randalls Island. 

The tide in the Harlem being two hours Mer than at  Fort Hamilton, 
the data of Table 65 show that tlie slack of the current in the Harlem 
conies a 1it.t.le before local high or low water and the strength of the 
current about miclway between high and low water. As in Arthur 
Rill and in Kill Van Kull, the tidal movement of the Harlem is not 
of the progressive-wave type, hut is conditioned by t.he fact that it is a 
short strait connecting two lm er tidal bodies of water. 

From Spuyt,en Duyvil to  T8illis Avenue Brid e the slack before 

stretch oc.curs simultaneously. In consequence of this the duration 
of flood increases by 0.4 hour from Spuyten Duyvil to Willis Avenue 
Bridge. At tlie Hudson River entrance the durations of flood and 
ebb me equal, but near the East River entrance the flood has the 
greater duration. 

The ebb current in the Harlem has the greater velocity at  strength, 
1.8 knots against 1 . G  h o t s  for t.he flood. In constricted 

passages averagin% etween bridge piers the current attains its greatest velocity; 
under High Brid e the current hns a velocity of about 3 kn0t.s. 

At all stations5isted in Table G5, with the esception of stations 10, 
12, and 13, subsurface current observations were made with current 
meters at depths representing approsiniately two-tenths, five-tenths, 
and eight,-tentlis of the de th at  each station. The data derived from 

values, are given in Table 66. For com arisen the results of the 

at a depth of 7 feet, are also inc.lucled. It is to be noted, however, that 
at  stations G and 7 the current pole used was submerged to a depth of 
3 feet, so that the data derived refer to a depth of 1:s feet. 

At station 3, off Spuyten Duyvil, the current observations were 
carried on uninterruptedly for a period of 33 days; the results for this 
station ma therefore be considered as well deterniined. The slack 
before floo B appears to become soniewhat later froni surface to bottom, 
while the slack before ebb occurs about t.he same time a t  all depths. 
This feature causes the duration of flood to decrease with inweasing 
depth. At t,he 4-foot depth the duration of flood 1s (3.3 hours, while 
at the 18-foot depth it is 6.1 hours. In this respect, therefore, the 
current in the Harlem reverses t.he conditions fqund in the Hudson, 
where it was the duration of ebb that decreased wlth increasing de th. 

from that in the Hudson. In the latter river it was the ebb strength 
that decreased rapidly in velocity with increasiny depth, while the 
flood strength decreased more slowly. In the Har em, froni the data 
of station 2, it  is t,he flood strength that decreases at  a relatively rapid 

flood becomes earlier by 0.4 hour, while the slac a - before ebb in this 

these observations, witsh t! R e flood and ebb strengths rcduced to mean 

observations inade with the current pole, w R ich pertan1 to  the current 

The vertical velocity distribution in the Ha lem likewise di E ers 



BIl4-24. (FaW p. 141 .) FIG. %.--Current stations. lower East River 
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rate with increasin depth, while the ebb strength increases from 
surface to mid-dept B and then decreases toward the bottom. The 
decrease of flood stren th at  station 2 is at the rate of very nearly 
0.02 knot per foot, wh& the ebb strength. a t  first shows an increase 
in velocity from the two-tenth depth to mid-depth and then a de- 
crease toward the bottom. 

This difference in the behavior of the current in the Hudson and 
Harleni Rivers is brought about by the fact that any considerable 
amount ofyresh or nontidal water can come into the Harlem only 
from the Hudson. And it is on t,he flood current that the Hudson is 
discharging into the Harlem. That is, in the Harlem the nontidal 
water is flowing in the same direction as the tidal water on the flood, 
while in the Hudson t,his takes place on the ebb. As regards features 
dependent on fresh-water flow, t,he Harlem should exhibit these on 
the flood in the same way that the Hudson does on the ebb. This 
we find to be tahe case, as evidenced by the increase of duration of ebb 
with increasing depth and by the vertical velocity distribution of the 
flood and ebb strengt,hs. 

XV. THE CURRENT IN EAST RIVER 

In  the discussion of the current in East River it will be convenient 
to divide the river into two arts-lower East River, stretching from 

from Hell Gate to Willet8 Point. Lower East River, it is to be re- 
called, is a relatively narrow and deep waterway, while upper East 
River is wider and shallower. 

On Figure 38 are shown the locations of G9 stations a t  which current 
observations have been macle in lower East River between the years 
1845 and 1922. The results derived from these observations 
taining to the current near the surface are given in Table 67. y:i 
the more recent years these results are derived from observations 
made with a 15-foot pole submerged a distance of 14 feet, so that but 
1 foot floated out of water. In  general, the data of Table 67 may be 
taken to refer to the current at  a depth of about 7 feet. 

The times of slack and strength of the current in Table 67 are 
ken  in hours and tenths with reference to time of tide at Fort 

artmilton, N. P., HW standino for the time of high water and LW 
for the time of low water. Por the flood and ebb strengths the 
directions are given to the nearest 5' and the velocities in knots and 
tenths. These velocities have been corrected to mean values by a 
factor derived from the range of tide. This correction factor for the 
current in East River is ndt the ratio of the mean range of tide divided 
by the range for the period of observation, as in the case of the Hudson 
River, but tshe square root of t-his ratio. This difference is due to the 
fact that the tidal movement in the East River is primarily hydraulic 
in character, as shown in Section XI and as will appear farther in this 
chapter; and in hydraulic motion the velocity varies as the square 
root of the head or the difference in the height of water a t  the two 
ends of the channel. 

Governors Island to Hell e; ate, and upper East River, stretching 



TABLE 67.--Currenl dda, Lower East River 

[Referred to times of H W  and LW at Fort Hamilton, N.Y.] 

Off Brooklyn _ _ _ _ _ _ _  
Off Oavernm Is- 

H. C. Demon _ _ _ _  ~ 

M. Woodhull _ _ _ _ _  
True 

s.45ow-- 

s.400w.. 
S.75OW.- 

s . ~ w . -  Knob 
a 4  
1.4 

1.8 
2 4  

land. 
___-do _ _ _ _ _ _ _ _ _  ~ _ _ _ _  _ _ _ _  do-.. _ _ _ _ _ _ _ _ _  _ _  
____do. _ _ _ _ _ _ _  ~ _ _ _ _ _  
____do. _ _ _ _ _ _ _ _ _ _ _ _ _  
Off Brooklyn _ _ _ _ _  - - 
____do _ _ _ _ _ _ _ _ _ _ _ _ _ _  
____do _ _ _ _ _ _ _ _ _  ~ _ _ _ _  
____do ~ _ _ _ _ _ _ _ _  
Midchannel _ _ _ _ _ _ _ _  _ _ _ _  do -... _ _ _ _ _ _ _ _ _  
Off Brooklyn ______. 
OiI New York _ _ _ _ _  
Brooklyn Bridge--. 
Off navy yard-. _ _ _  

H. Mitehell _ _ _ _ _ _ _  Aug.. I672--. 
R. J. Auld _ _ _ _ _ _ _ _  Oet.. 1820.-. 
H. C. Denson _ _ _ _ _  Aug., 1922,.. 

H. Marindin _ _ _ _ _ _  Aug., l872... 
--__.do _ _ _ _  - - - - - - _ _  - _ _  - - .do.. - - - - - 
T. A. Craven _ _ _ _ _  July, 1855... 
H. Marindin _ _ _ _ _ _  Aug., 1872-.. 
H.MltcbeL. _ _ _ _ _  July, 1872 ... 
M. Woodhull. _ _ _ _  Jnly, 1854- _ _  
H. C.Denson _ _ _ _ _  Ang, 1922--- 

_____do _ _ _ _ _ _ _ _ _  _ _ _ _  Sept., 1922. - 
_____do _ _ _ _ _ _ _ _ _ _ _ _ _  _____do. _ _ _ _ _ _  
R. J. Auld _ _ _ _ _ _ _ _  Sept., 1920-- 
H. C. Demon _ _ _ _ _  Sept., 1922-- 

____do _ _ _ _ _ _ _ _ _ _ _ _ _ _  
____do _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _  d a  __________.__ 
OU CorlesR Hook.. 
Midchannel _ _ _ _ _ _ _  

M. Woodhull _ _ _ _ _  July, 1854--.' 
T. A. Craven- _ _ _ _  July, 1855. _ _  
R. J. Auld _ _ _ _ _ _ _ _  Sept, 1920-- 
H. C. Denson _ _ _ _ _  68 t 1922 
T. A. Craven _ _ _ _ _  JubYl855L-I 

West __- - - -  
6.W w.. 
9.w w-- 
s.25ow.- 

3.5 
4.2 
3.3 
2 2  

____do _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Midchanael _ _ _  _ _ _ _  
____do _ _ _ _ _ _ _ _ _ _ _ _ _ _  
____do _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Off New York _ _ _ _ _  
Midchannel _ _ _ _ _ _ _ _  
Off Brooklyn _ _ _ _ _ _ _  

_____do _ _ _ _ _ _ _ _ _ _ _ _ _  ____.do _ _ _ _ _ _ _  
T. A. Craven- - _ _ _  July. 1855- _ _  
M. Woodhnll _ _ _ _ _  Jdy. I=--. 

H. M i t W  _ _ _ _ _ _ _  July, I=--- 
H. C. Demon _ _ _ _ _  Jnly 1922 

_____do _ _  _ _ _ _ _  _ _ _ _ _  -__.-do _ _ _ _  1:: 
_____do _ _ _ _ _ _ _ _ _ _ _ _ _  _____do _ _ _ _ _ _ _  

_ _ _ _  do -... ...___.___ 
Midchannel .____.__ 
Off New York.. -.. 
Newton Creek. ..-. 
----  do--. __.-....... 

Midchannel --...__. 
--._do -_-__.-.---..- 
---.do. -___. . .- - .- -. 
Off Blackwells Is- 

land. 

R. J. Auld ._____. ~ AUK.. 1620... 1.9 
M. Woodhull .____ July. 1854 ... 2 3  
E l .  C. Denson _ _ _ _ _  Sept.. 1922-. 2 1 
R. J. Auld.. _ _ _ _ _  ~ Oct.. 1620--- 2 5 
R.  C. Denson _ _ _ _ _  Sept., 1922-. 2 0  

--...do _ _ _ _  _ _ _ _  _ _ _ _ _  _ _ _ _ _ d o  ..-_- _ -  2 3  
T. A. Craven _.__. July, 1855-.. 1.9 _ _  .-.do _ _ _ _  -. . _ _  .-__.do.. ~. -. . 2 6 
H. Mitchell ____.__ July, 1858-.. ____.____ 

~~ 

do .--...-......- l--.--do------------- 

.____do ______.__...__ H. L. Marindin ... 

.__._do ___.___._.___. R. J. Auld __._____ 

.____do ____. . .- _ _  _ _ _  - H. L. Marindin-.. 

. ~ -. .do.- - _ _  . . -. - - -. . ---.do. - - - ~. . _ _  - 
do _.____._....__ _ _ _ _ _ d o  __._________. 

. ____do  .___._.__.-._. H. C. Densou _ _ _ _ _  
do .... .________. _..__do _____.______. 

.____do ________...._. H. L. Marindin.-- 

.__._do ____.___._._.. ...-. do ____.._______ 
_____do _____._..._... _ _ _ _ _ d o  .____________ 

.--.-do.-----.l 2 0  

July. 1874 ... _ _ _  _ _ _ _ _ _  
Se t 1620 1.6 
J$;'l874.-: _ _ _ _ _ _ _ _ _  
. . - - .do---. . -. 
_ _ _ _ _ d o  _____._ __.._____ 

Aug.. 1922... 2 1 
___.. do ....... 1.8 
July, 1874 ... _ _ _ _ _ _ _ _ _  

____.do .__.... _ _ _ _ _ _ _ _ _  
_____do _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _  

- 

.____do ________.__... R. Mitchell ___._._ I May. 1857 ... 2 0  

.____do .___._________ 

.____do ___._.._..._.. 
____do ._.___________ 

. _ _ _ _ d o  _________...__ 

.____do _________._.__ 
____.do ..__.__._._.._ 
IIeU Gate __.___..__ 
___._do _..___..____._ 
_____do  _____________.  

_____do _ _ _ _ _ _ _ _ _ _ _ _ _ _  
__.__do ________.___.. 
_____do ______.__...__ 
_ _ _ _ _ d o  ._.__ ~ _.._____ 

~~ _.  ~~ 

C. H. Davis. ._____ June, 1845--- 2 3  
H. 1,. Marindin ... July, 1874 ... ________. 
R. J. Auld _..____. Aug., 1620.-- 1.9 
C. H. Davis _ _ _ _ _ _ _  June, 1845 ... 1.7 

H. Mitchell _ _ _ _ _ _ _  May, 1857 ... 24 
R. J. Auld _ _ _ _ _ _ _ _  Sept., lQ"-. 2 1  
C. H. Dav is.....-- June, 1845 ... 2 0  

_____do.. _.____.__.. _ _ _ _ _ d o  ....__. 1.3 
_____do ____.____.___ . .___do _ _ _ _ _ _ _  1.6 

.____do __..__..._ ~ - .  .____do ..-._-. 1.4 
R. J. Auld _ _ _ _ _ _ _ _  Oct., 1620.-. 2 1  
H. C. Densou-..-. Aug., 1922... 1.6 
C. H. Davis _.____. June, 1845 ... 1.3 
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Off Brooklyn _ _ _ _ _ _ _  M. Woodhull _ _ _ _ _  July, 1854--- 
____do. _ _ _ _ _ _ _ _ _ _ _ _ _  I H. C. Denson _ _ _ _ _  I Gept., 1922-- 
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- 

____do _ _ _ _ _ _ _ _ _ _ - _ _ _  H. L. Marindin.-. 

Midchannel ..-..... ____.do .____________ 
Off Bmoklyn ._.._._ _____do _..___._.____ 
____do ___________.__ H. C. Denson _ _ _ _ _  
Off New York .___. 1 -  .___ do-. _____.._.__ 

North ...-. 2 1  
N.5'W.- 2 3  
North -.... 1.4 
h'.800E-- 0.3 

~ _ _ _ _ _ _  a 4  
I .  

2 1  

2 2  
. -. - -. . 

N.25OE-.I 2 7  

N.35'E_. 2 7  
N.300 E-- 2 6  
N.400E-. 3.7 
N.40 'K.  4.1 
N.35'E.. 4 0  

N. 35OE.. 3.6 
N . 2 9  E.. 3.5 
N.20'E.. 2 9  
N . W E . .  4.0 
N.3S0 E.. 3.5 

. -. . . . . 

2 0  
2 1  

____.-. - _ _ _  _.--- 

2 1  
2 6  

2 2  

21 
24 
2 1  
1.4 
1.4 

1. : 
21 
1. < 
1.: 

_ _  _ _ _ - - -  
2a 

- 

N. 35O E-- 4.3 
N. 300 E-- 3.0 
N.35'E.. 3.9 

I 

N. 40' E. 4.7 
N. IOo W. 3.4 
N.mO E.. 4.2 
N . 7 9  W-- 1.1 
Ei.35' E.. 2 4  

S.85OE... . 2 3  
N.600 E-.  0.3 
___.____.___ 3.5 
S.85" E... 5.7 
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In  entering East River froni Upper Bay it is natural to regard t-he 
current setting froni U per Bay into East River as the flood current; 
but East River may d o  be entered from Long Island Sound, from 
which body of water it is just as natural to regard the westerly setting 
current as the flood current. In East River, manifestly, upstream 
and downstream can not be used for specifying the flood and ebb 
currents, and recourse must be had to the time relations between 
current and tide. From the tidal data of Table 39 the tide in lower 
East River from Governors Island to Hell Gate, is seen to be about 
two hours iater than at Fort Hamilton. Applying this difference to 
tslie data of Table 67, the stren th of the current setting into East 

local high water: that is, on a risin tide. Hence, the flood current 
find later the flood current 

throughout the whole of East River, is the one setting from Up er 
Bay toward Lon Island Sound, while the ebb current is the one t i a t  

Froni U per Bay there are two entrances to East River, one through 

Governors Island and the Battery. In  both these entrances the 
current turns about the same time. Indeed, throu hout the entire 

The observations made by the party of H. C. Denson in 1932 show 
that the slack before flood throughout the stretch from tlie Battery 
to Hell Gate conies two hours after low water at  Fort'Hamilton, and 
the slack before ebb two hours after high water. 

It is to be noted t.liat since the current in East River is dependent 
on the relat.ive heights of the water in Upper Bay and Long Island 
Sound short series of observations will not give as concordant results 
in this waterway as in a tidal river that has but one entrance for the 
tide. This may be taken to explain some of the comparatively wide 
diver ences in the results for the different stations listed in Table 67. 

A l k u q h  lower East River is a relatively narrow stream with B 
very neary rectangular channel, the current is seen to turn earlier 
near shore and latest in mid-channel. The section comprising 
stations 32, 33, and 34 serves to illustrate this. 

Since the channel of East River changes direction frequently, the 
flood and ebb directions are generally not directly opposite each 
other, the direction at any point being influenced by the direction of 
the channel below and above that point. 
station 14, for which Table 67 ives the flood direction as N. 50' $ 
and the ebb direction as S. 65' #. The direction of the channel below 
this station is N. 45' E., and the flood current approximated this. 
direction closely. Above the station tlie channel runs S. SOo W., 
and on the ebb the direction of the current is 20° farther westward 
than on the flood, thus indicating the influence of the direction of 
the channel above the station. 

The frequent changes in direction of the channel of lower East. 
River have another consequence. In  a straight stretch of the river 
the swiftest thread of the current lies in mid-channel; but when the 
direction of the channel changes the swiftest thread of the current 
will be found not in mid-channel but to one side. Tlius, for stations 
27, 38, and 29 it is obvious from the locations of these stations on 
Figure 38 that on the flood station 29 will be in the path of the main 

River from Upper Bay is foun C f  to occur about three hours before 

in lower East River, and as we siall P 
sets froni Long 4: sland Sound toward Upper Bay. 

Buttermil R - Channel, southof Governors Island, and the other between 

stretch of lower East River the current is very near f y simultaneous. 

This is well illustrated b 
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stream of the flood current, although it is not in mid-channel; and on 
the flood Table 67 shows a greater velocity for station 29 than either 
for stations 27 or 28, notwithstanding the fact that the latter is a 
midstream station. On the ebb the turn of the channel southward 
in the vicinity of Newton Creek makes the momentum of the moving 
stream continue its more westerly direction, and station 27 is now 
in the path of the main ebb stream, and the ebb velocities of Table 
67 show that the ebb strength at  station627 is now greater than 
either at stations 28 or 29. 

The swiftest current in lower East River is found in the constricted 
passages of Blackwells Island and in Hell Gate, where the mean 
velocity of the current is 4 knots or more. In  this connection it is 
to be noted that the more recent observations, in which improved 
methods and instruments, were used, give lesser velocities than the 
observations made in 1S55. For this reason the velocity of 5.3 
knots on the flood listed in Table 67 for station 17 is undoubtedly too 
great, as appears to be the case also for the observations made in 
that same year at  st.ations 8, 20, and 24. 

Through lower East River the ebb current has the greater velocity. 
This general rule is subject to modification by the location of the 
station, whether in the direct path of the ebb and flood current or 
not. This was illustrated in the revious para raph by the currents 
at  stations 27, 28, and 29 and is Jso  illustratecfb station 62, which 

whereas from the general rule above the ebb velocity should be the 
greater. The location of this station is seen to be in the direct ath 

but to one side of the main stream of the ebb current which sets from 
Hell Gate directly into the west channel of Blackwek Island. 

The two channels of Blackwells Island show considerable diff erences. 
The data for stations 51 and 52 may be considered as fairly well 
determined, being based on recent observations extending over a 
period of very nearly three days. The velocity at  station 51 in the 
western channel is somewhat greater on t.he flood and considerably 
greater on the ebb than at  station 52 in the eastern channel. The 
observations at  stations 44 and 45 were made in 1858, and these 

shows a flood velocity of 3.4 knots and an e.bb r e  T ocity of 1.6 knots, 

of the flood current through the eastern channel of Blackwells Is P and 

flood and ebb streams through the western channel, 
ticularly the case on the ebb. 

Table 39, givin the tidal data for lower East River, shows that 

more or less uniform manner by about 3 hours. The current through 
this stretch, however, is practically simultaneous. It follows, there- 
fore, that with regard to local tide, the current becomes earlier from 
Governors Island to Hell Gate. Thus, from Tables 31, 39, and 67 
the slack of the current at station 5 in the entrance to lower East 
River is found to come 1% hours after locd high or low water, while 
in Hell Gate, at  station 68, the slack of the current comes about 1% 
hours before local high or low water. 

the time of tide f rom Governois Island to Hell Gate changes in a 



- 

Flood 
dura- 
tion 

Hours 
7.13 
6.73 
6.63 
6.43 

6.23 
5.58 
5.48 
5.43 

5.92 
5.91 
5. cn 
6.00 

6.13 
6.16 
6.15 
6.13 

7.53 
693 
6.93 
7.03 

6.43 
5.73 
5.83 
5.73 

6.m 
6.53 
6.48 
6.23 

Slack 

__- 
Hours 

% 
2 .a 
270 
260 
2 6 0  

1.90 
1.53 
1.45 
1.42 

1.97 
1.90 
1.92 
1.97 

211 
2.10 
2 0 9  
209 

2 3 0  
240 
2 4 0  
250 

2 3 0  
1.80 
1.80 
1.70 

260 
248 
2 4 5  
2z 

Dbsorva- 
tions 

with- 
Depth 

! h i e  A-notd 
s.35ow.-. 0.40 
s.41ow-. 0.75 
S.4I0W..- 0.40 
8.3iOW..., I 0.60 

Hours 
5.29 
5.69 
5.79 
5.99 

True 
N.4I0E--. 
N.43'E-.. 
N.38'P... 
N . W E - - .  

Knob 
0.55 
1.25 
1.25 
L05 

Pole ..... 
Meter ... 
..-do _ _ _ _ _  
.-.do _ _ _ _  - 

Fed 
7 

N.46'E... 

-________.. 
2 2 8  
2 3 0  
2 0 9  
1.81 

N. 41' E--- 
N.380 E--- 

N.43'E--- 
N. 30' E--. 
N.nO E--- 
N. 41' E--- 

1.92 
1.97 

2 0 3  
2.14 
1.13 
1.08 

S.MOW.-. 
s.41oW ... 
s.420w-.- 
S.420W ... 
s.420w ... 

S.6i0 W--- 

s.2iow'_.. 

_____._____ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _  

0.37 5.49 
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280 6.19 
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Off navy yard--. b p t .  1,1922 _ _ _ _ _  H. C. Denson. 

____do _ _ _ _ _ _ _ _ _ _  Sept. 21-22,lezO R. J. Auld _ _ _ _  

Pole ..... 
Metar.-- 

--.do _ _ _ _ _  
--.do ____. 

Pole..-. 
Meter--- 

---do.. . - 

_____do _ _ _ _ _ _ _ _ _ _  

Aug. 31-Sept. 1, 
1912. 

July 25-30,1912- - 

____.do _ _ _ _ _ _ _ _ _ _  

_____do _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

Ang. 31-Sept. 1, 
1822. 

Aug.27-23,1820-. 

Ang. 31-8ept. 1, 
1912. 

_____do _ _ _ _ _ _ _ _ _  Pole _ _ _ _  
Meter ... _ _  .do-.- - 

__.do.-- - 
_____do.-. _ _ _ _ _  Pole _ _ _ _ _  

Me ter... 
.-.do. - - - 
---do. _ _  - 

____.do. _ _  - _ _ _  - Pole-. _ _ _  
Meter-.. 

__-do- - - - 
---do. _ _  - 

-----do-- - __. - Pole.- _ _ _  
Meter.-. _ _  -do--- - 

__.do.-. - 
do _ _ _ _ _ _ _  ~ Pole _ _ _ _  

Meter--. 
- - .do--- - 
__-do.- - - 

_ _ _  - _ _ _ d o  _ _ _ _  
__.do. _ _  - 
--.do. _ _  - 

R. J. Auld. _ _ _  Pole-. -. 
Meter-.- 
..do--- - _ _  .do-- - - 

11. C. Denson. Pole _ _ _ _ _  
Meter-.- 

--.do _ _ _ _  
.-do--- - 

N.20E--.  2 1 2  
1.82 
2 0 7  
2 1 2  

8.20 w... 
6.50 w--- 
6. 1 I o W - -  
S.llOW-. 

1.73 
1.88 
1.87 
L77 

TABLE 68.--Cunent data for  various depths, Lower East River 
[Referred to times of H W  and LW a t  Fort Hamilton, N.  Y.1 

w 
A 
Q, 

- - 

length 
Of 

obser- 
'ations 

- 

Day8 
H 
% 
H 
H 

1 
1 
1 
1 

3% 
3% 
3% 
3% 

13 

Eg 
tff 
E 
E 

12% 

H 
H 
% 
% 
% 
?4 

- - 
Sta- 
tion 
No. 

_. 

1 

4 

b 

' 11 

12 

13 

14 

- - 

Slack 

- 
Eoura 

LW 
1.40 
2.00 
200 

1.70 
1.88 
2 0 0  
2 0 2  

208 

203 
200 

2 01 
1.97 
1.97 
L99 

1.50 
1.50 
1.50 

1.90 
2 10 
2 0 0  
2 0 0  

1.95 
I. 88 
200 
2 0 2  

2 2 0  

2 0 2  

aso 

Ebb strength 
Ebb 

tion 
dura- 

Direction ,2iy 
Flood strength 

Location 
_ _  
Time 

- 
IIours 
before 
LW 
a90 

70 
1.50 
2 3 0  

0.50 

0.50 
0.58 

0.83 
0.90 
0.98 
0. 90 

1.04 

1.21 
1.08 

1. fa 
1.90 
1.70 
1.70 

1.30 
2 0 0  
1.90 
1.70 

0.55 
0.82 
0.85 
0.23 

a m  

I. m 

Party of- 

E. C. Densou 

R. J. Auld.-. 

H. C. Densor 

____do 

----do--- - _ _ _  

_ _ _ _ d o  _ _ _ _ _ _ _  

R. J. Auld--. 

Date 
Time 
- 
Hours 
before 
HW 

I. 60 
1.60 
2 m  
2 m  

I. 20 
0.62 
2 2 5  
2 2 8  

0.83 

0.93 
1.37 

0.86 
0.73 
Q 71 

a 43 

am 
a IO 
a40 
0.40 

1.70 

1.70 
1.50 
I. 40 
I. 00 

0.30 
0.92 
1.25 
0.79 

I 4 -  -- 

Off Brooklyn ... Sept. 3, 1922 ____. 
9 
22 
35 

7 
12 
30 
48 

7 
10 
25 
40 

7 
10 
25 
40 

7 
10 
24 
38 

7 
9 
23 
36 

7 
13 
33 
53 

OB Qovernws 
Island. 

Sept. 29-30, m N.820 E...] 1.18 

July P24. Aug. 
13-15,1822. 

Midchannel.- 

OB Brook1 yn... 

OB New York- 

Brooklyn Bridg 

July S A u g .  16, 
1922. 

Sept. 2, ISZL... 

16 

18 

19 

22 

23 

27 

28 

29 

35 

36 

a8 

7 
10 
24 
38 

7 
8 
25 
40 

7 
17 
27 

7 
10 
25 
40 

7 
7 

18 
29 

7 
6 

16 
26 

7 
10 
25 
40 

7 
11 
27 
44 

8 
I9 
30 

7 
7 

I8 

7 
8 

21 
a3 

m 

1.70 
1.90 
2 0 0  
2 0 0  

2 15 
2 18 
2 15 
2 12 

2 6 0  
2.50 
2 5 0  

1.50 
0.90 
1.40 
1 . 5 0  

3.00 
3.05 
3.00 

1.80 
1.88 
1.88 
1.87 

1.78 
1.73 
1.87 
1.87 

1.71 
1.70 
1.85 
1.96 

1.70 
1.70 
1.70 

1.90 
1.80 
1.83 
1.67 

2 10 
200 
2 0 0  
200 

3.20 

1.10 
0.70 
LOO 
1.00 

0.80 
0.72 
a m  
a23 

0.90 
1.60 
1.80 

0.40 

1.10 
1. 10 

0.95 

1. 10 

0.80 
0.53 
0.49 

a w  

a 95 a m  

a 52 

am 
a32 

0.23 
0.00 

-a 21 

0.43 

18 

0. gs 

1.25 
0.30 
0.30 

1.05 

1.07 

I. 50 
1.60 

am 
.a68 

1. m 

N.7S0E-.. 0.83 
N. 74' E--- 0.75 
N.600 E--- 1.00 
N. 720 E---' 1.05 I 

6.23 
6.33 
6. 23 
6.23 

6.13 
6.18 
6.18 
6.28 

5.43 
5.43 
5.43 

6.23 
7.83 
7.33 
7.23 

5.63 
5.23 
5. 18 
5.33 

6.00 
5.89 
h.93 
6.02 

6. 15 
6.34 
6.22 
6.25 

6 16 
6.34 
6.29 
6.27 

7.03 
7.03 
6.83 

6.23 
6 2 3  
6.28 
6.38 

6.73 
5. 83 
5.83 
6.83 

-__-_-. 
1.80 
2 10 
1. 90 

1. 17 
1.35 
I. 33 

1.35 

1.30 

I. m 

I. m 

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

1.70 
I. 70 
1.30 

1. 27 
1.07 
1.02 
1.17 

1.52 
1.44 
1. 13 
1. OB 

1.76 
1.69 
1.44 
1.28 

0.80 

0. m am 
0.60 

1.40 
2 10 
203 
1.67 

1.60 
1.60 
1 .60  
1.50 

E 
H 
H 

1 
1 
1 
1 

H 
tff 
w 
w 

:E 

H w 
4% 
4% 

4% 
4% 
4% 
4% 

:ti 

w 
r2 

4% 
4!! 

H 

?4 
?4 
% 
H 
H 
% 

1. 90 

2!m 

2 2 5  
2 3 3  
2 30 
2 37 

1. 90 
1.90 
1. 90 

1.90 
2 70 

2 70 

2 8 0  

230 

1.77 
1.74 
1.78 
1.88 

I.  w 
2 0 4  
2 0 6  
2 0 9  

1. a4 
2 01 
2 11 

2 70 
2 70 
2 6 0  

2 10 
2 0 0  
2 0 8  
2 2 2  

1.80 
1.80 
I. 80 
180 

2 2 0  
2 2 0  

270 

2 2 0  
2 2 0  

220 

6. 18 
&OB 
6 19 
6.19 

6.29 
6. 24 

6. 14 

6.99 
6.99 
6.99 

6.19 
4.59 
5.09 
5.19 

G 79 
7. I9 
7.24 
7. 09 

6.53 
6.49 
6. 40 

6.27 

6. 17 

0.26 
0. 08 

6. 15 

5.39 
5.39 
5.59 

6.19 
G 19 
R 14 
6.04 

6.69 
6.59 
659 
6.59 

(1% 

6.42 

6.08 a m  

a 13 

N.55'E--I 3.87 

* _ - -  298 

::::::::::::I 3.44 3.73 

I 
Off C o r l e a r s  

Hook. 
N.TPE- - l  0.40 
N.WE..b 0.35 _ _ _ _ _ _ _  _.-- 0.35 

N . W E - -  1.61 
N.3I0E.. 1.14 
N.45'E-- 1.35 i 
N . w E . . I  1.30 

_ . _ _ _ _ _ _ _ _ _ I  ai0 
N. 170 w-- 0.35 

N.ZPW--, a35 
N . W W - -  0.34 

s.26ow..J 223 
S . 2 5 0 W . -  2 2 5  
S.WW..I 2 2 5  

OB Brooklyn-- 

_ _ _ _  do 

Off New York- 

Midchannel. _. 

OfI Brooklyn-- 

_ _ _ _  do 

_ _ _  .do-- - _ _  - 

Off New York. 

N. 11' W--l 1.10 
N.g0W--- 1.35 
N.25'WV..I 1.45 

8.14' E-..I 1.82 _ _ _ _ _ _ _ _ _ _ _  1.62 _ _ _ _ _ _ _  _ _ _ _  1.72 _ _ _ _ _ _ _ _ _ _ _  i 



- - 

8ta- 
tion 
NO. 

- 

39 

40 

41 

47 

51 

52 

59 

62 

R. J. Auld _ _ _ _  

Locntion 

~- 

Fed 
Pole ....- 
Meter ... 

---do----- 

Newton Creek. 
True 

I?.5S0E-- 

._____.____- 

.___________ 

_ _ _ _  ~ _ _ _ _ _ _ _  
________._._ _ _ _ - _ _ _ _ _ _ _ _  
N . Z 0 E - -  
N.29'E-. 
N.33'E-. 
N .3 i0E- -  

N.32"E.. _ _ _ _ _ _ _ _ _ _ _ _  
._____._...- 
.___________ 

N.35"E.. 

___.do . .  . - -. -. . 

M idehannel ~ - - - 

Knots 
0.34 
0.35 
0.25 
0.30 

0.41 
0.31 
0.31 

1.55 
1.76 
1.62 

. 1.47 

262 
252 
221 
2 17 

3.64 

OfI Blackwells 
Island. 

True 
s.49ow.. 
_______.__. 
_________.. 
____......_ 

Date 

Knols 
0.29 
0.20 
0.20 
0.25 

-. 
TABLE 68.--Current data for various depths, Lower East River-Continued 

__ .do  .________ 

R. J. Auld _ _ _ _  

II. C. Denson. 

._ .__do _____.._ 

Oct. 14-15, 1920.. 

Oet. 2,1922 -----. 

Aug. 31-Sept. 3, 
1922. 

Sept. 29-29,1920. 

Aug. 4-7, 1922.-. 

. ... do- - - - - ~ -. . 

Aug. 27-28,19?0. 

Sept. l%20, 1920. 

Pole. ___. 
Meter-.- 

- - -do.. __. 
__.do _ _ _ _  - 
Pole _ _ _ _ _  
Meter-.. _ _  -do--- -. 

--- do .-... 
Pole .___. 
Meter-.. 

- - -do ._ - ~ - 
--.do _ _ _ _ _  
Pole _ _ _ _ _  1 
hieter ...I 

__-do _ _ _ _ _  I 
I 

---do ____. 

- 
I I 

s. 340 w.. 
S.33'W.. 
S.32"W-- 
s.33ow.. 

2 11 
232 
237 
222 

67 Eel1 Oats _ _ _ _ _ _ _  Oct 6-7, 1920 ___.I _ _ _ _ _  do,. _ _ _ _ _  _i Pole _ _ _ _ _  7 215 0.50 N. 70' E-- 4.53 6.05 217 1.15 S. 86' W . -  
Meter--. 9 213  0.77 ____.__.____ 4.14 6.03 213 1. 32... ____.____ 

!...do..-.. 22 215 0.85 _ _ _ _ _ _ _ _ _ _ _ _  4.04 5 %  210 1.25 __________.. 

88 ___._do _ _ _ _ _ _ _ _ _ _  Aug .~7,1922.--H.C.Denson.!Pole . . . . .  7 1.90 1.20.-- .  _ _ _ _ _ _ _  ~ 3.85 6.03 1.90 1.65 _____.____.. 
Meter--. 9 210 1.10 _ _ _ _ _ _ _ _ _ _ _ _  4.40 6.00 2 0 7  1.47 _._____..___ .-- do ....- 2'2 215 1.13 __________.. 3.85 G.01 213 1.50 __.._____._. 

-.-do. _ _ _ _  34 210 1.10 ____._ ~ _ _ _ _ _  3.69 6.03 2.10 1.53 ______..____ I 

7 
4 
9 

15 

5 
13 
21 

7 
e 

21 
34 

7 

15 
24 

7 
15 
37 
I 

1 
E 

l e  
26 

7 
IC 
2: 
Q 

7 

Y 

a 

io 
le 

4.31 6.37 1 
1 3.29 

3.49 1 

3.55 6.39 1% 
4.20 6.42 I% 

1% 3.85 
3.49 1% 

€?OUTS 

200 
1.98 
205 
222 

200 
2 10 

225 
238 
240 
240 

1.60 
1.63 
1.55 
1.52 

2 10 
1.93 
1.82 
1. (a 

1.82 
1.82 
1.80 
1.80 

1. 85 
1.93 
1.80 
1.82 

1.85 
208 
205 
202 

Y$ 

I. m 

- 

T i m  

Flood strength 

YOU18 

HW 
-0.05 

0.02 
0.25 
0.03 

1.30 
1.50 
1.80 

1.02 
1. 15 
1.03 
0. 67 

0.45 
0.52 
0.50 
0.43 

1.08 
1.38 
1.33 
1. 13 

0.75 
0.80 
0.97 
0.85 

1.21 
1.20 
1.43 

0.75 
0.82 
0.85 
0.58 

before 

_ _ _ _ _ _  

I 

Direction 

-. - 

i'lood 
iura- 
tion 

Yours 
6. 16 
6.38 
6. 13 
5.93 

6.33 
6.03 
6.13 

5.85 
5.72 
6.76 
6.80 

6.60 
6.62 
6.66 
6.66 

5.95 
6.07 
6.09 
6.03 

6.33 
6.14 
6.16 
6. I6 

6.38 
6.18 

6.28 

6.53 
6.38 
6.33 
6.38 

6.33 

__ 

Slack 

Hours 

2 13 
233 
2 15 
2 12 

2 30 
2 10 
200 

2 07 
207 
2 13 
2 17 

2 17 
222 
2 18 
2 I5  

202 
1.97 
1. 98 
1.93 

2 12 
1.93 
1.93 
1.93 

208 
2 10 
2 07 

2 35 
2.43 
23.5 
2.37 

%% 

220 

Time 

IIours 

1.40 
0.97 
0.55 
0.88 

0. 80 
0.30 
0.00 

0.75 
0.80 
0.72 
0.75 

1.35 
1.92 
1.65 
1.6% 

1.52 
1.43 
1.60 

1.60 
1.50 
1.80 
1.58 

1.62 
1.50 
1.98 

1.75 
1.82 
1.05 
1.23 

"; 

1. 20 

- - - - - - - 

Direction 

__. __ - 

Ebb 

tion 
d w -  

- 

Hoicrs 
6.25 
6. (N 
6.29 
6. *9 

0.09 
6.39 
6.29 

6.57 
0.70 
6.68 
6.Q 

5.82 
5.80 
6.76 
6.76 

6.47 
6. 35 
6. 33 
6.39 

809 
6.28 
6.25 
6.28 

6.04 
6.24 
6. 09 
6.14 

5. 89 
6. (N 
6.09 
6.w 

- - 
sngth 
Of 

h n r -  
,ations 

__ 

Dog8 
1 
1 
1 
1 

M 
% 
M 

3% 

;iJ 
1 
1 
1 
1 

2?4 
2% 
2% 
2% 

2% 
2% 
2% 
2% 

Yi 
1 
1 
1 

1 
1 
1 
I 
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At stations 5, 11? 27, 23, 29, 31, 41, 45, 51, 52, and 56 the current 
observations were carried on for periods of more than two days. 
Taking the data from these stations as constituting the best detsr- 
mined data, we find that trhe flood current in lower East River has 
duration of 6.1 hours, while the ebb current has a duration of 6.3 
hours. This, together with the fact that the velocity of the ebb 
current is the greater, mi be taken to indicate the resence of 
fresh-water flow toward 
observations, to be presendy, do not bear this out. The 
reason for the greater velocity and duration of the ebb current must 
be sought in the diaracter of the tidal movement in the East River. 

An examination of Figure 25 shows that on the assumption of 
hydraulic motion through East River the slope lines would be hor- 
izontal at  about 3.3 hours and 9.3 hours, and that from 3.3 hours to 
9.3 hours, or for a period of 6 hours, the current would be setting 
toward Willets Point, or flooding, while for a eriod of 6.4 hours it 
would be ebbin 
agree ver clossy with the values of 6.1 hours and 6.3 hours derived 

character of the flow through East River that the ebb current has 
the greater duration. 

Since the flow through East River is primarily hydraulic in char- 
acter, Figure 25 shows that the current should be  simultaneous 
throughout the liver, the slack of the current coming when the slo e 

slope lines have their maximum slope. From Figure 35 it is seen 
that the slope lines show a change in direction from ebb to flood a t  
about 9.3 hours and a change from flood to ebb at  about 3.3 hours; 
the maximum slope is shown by the 6-hour line in the one direction 
and by the O-hour line in the other direction. In  this connection 
it is to be recalled that the hours of the slope lines are reckoned from 
the time of transit of the moon over the meridian of Governors 
Island. It follows, therefore, that the slack of tshe current should 
come about 1.6 hours after the time of tide at  Fort Hamilton and the 
strength of the current about 1.6 hours before the time of tide. Table 
67 shows that slack of the current comes 2 houis after the time of tide 
at  Fort Hamilton and the stren tli comes 1.1 hours before the time 

diagram are earlier than observed by about half an hour. Part of this 
discrepancy is to be ascribed to the fact that in the slopeline diagram 
no allowance is made for the momentum of the niovin mass of water, 

water must occur somewhat after the time the water at  both ends 
of East River has attained the same level. 

For 25 of the stations listed in Table 67 subsurface-current obser- 
vations were made with a current meter during the surveys of 1930 
and 1932, and during the 1922 survey the direction of the subsurface 
current was determined at  a number of stations by means of a bifilar 
direction indicator. The results derived from these observations 
with the velocities of the flood and ebb strengths reduced to mean 
values, are given in Table 6s. The observations with the current 
pole at  these stations, which pertain to the current a t  a depth of 7 

per Bay; but the subsu r p  ace-current 

These values deduced from t R e dope-line diagram 

directly H rom the obse.rvations. It is therefore due to the hydraulic 

lines are horizontal and the strength of the current coming when t E e 

of tide. It is to be noted that t f ie times deduced from the slope-line 

for obviously, in consequence of the momentum of t 5 e water, slack 
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feet and which have been given in slightly different form in Table 67, 
are also included for purposes of companson. 

At station 11, near the entrance to lower East River, the observa- 
tions were carried on for about 13 days, and the results may therefore 
be considered relative1 well determined. Table ,68 shows that at  

occurs at  the same time at all depths, so that the flood and ebb dura- 
tions remain constant from the surface to the bottom. The velocities 
of both the flood and ebb strengths decrease from the surface to the 
bottom at the same rate, though it is to be noted that the pole 
velocity a t  the 7-fOOt de th is somewhat less than the meter velocity 
at the 10-foot depth. $he ebb strength from surface to bottom has 
the eater velocity. 

TK features of the subsurface current derived from the qata for 
station 11 a pear to be the characteristic features of the subsurface 

stations of Table 68. Throu hout lower East River, therefore, the 
current is running flood, or ebt, from one end to the other and from 
the surface to the bottom at the same time, and there are none of the 
differences in the vertical distribution of velocity at strength or in the 
duration of the flood and ebb currents found in the Hudson River and 
also in Upper Bay and in the Narrows. 

At st,ations 27 and 29 it will be recalled that, although located in the 
same cross section of the river, the current near the surface at the 
former station shows the greater ebb velocity, while at the latter 
station it was the flood current that had the greater velocity; and for 
the subsurface curkents we find this difference to persist at all four 
depths 

UPPER EAST RIVER 

this station the slack g efore flood, and also the slack before ebb, 

currents in P ower East River, as indicated by the data for the other 

For upper East River there are at hand current observations for 24 
stations, the locations of which are shown on Figure 39. These 
observations may be taken to pertain to the current at a depth of 
about 7 feet. The results derived from these observations, with the 
velocities of the flood and ebb strengths corrected to mean values, are 
given in Table 69. 

The tide in up er East River is about 394 hours later than at  Fort 
Hamilton. App P .yhg this difference to the times given in Table 69, 
it is seen that the easterl current in upper East River attain? .its 

tide. The easterly current here is t erefore the flood current an 
the westerly current the ebb current. This likewise was the case 
in lower East River, so that throughout the whole length of East River 
the current sett' Island Sound is the 

River the time of slack before flood becomes earlier 
to Willets Point b 1% hours, while the time of slack 

before ebb becomes earlier by ha an hour. In consequence of this 
the duration of flood changes from 6 hours a t  Hell Gate to 7.2 hours 
off Willets Point. For upper East River as a whole, therefore, the 
flood current has the greater duration, which reverses the conditions 
found in lower East River. 

f ?!i strength about 5 hours be s ore local h h water and hence on a m 

flood current, wh 9 e the one setting from Long Y sland Sound toward 

i! 

from Upper Bay toward Lo 
is the ebb current. 
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FIG. 3K-Current stntiom, Trppcr East River 



TABLE 69.-C'zcrrent data, Upper East River 
[Referred to times of HW and LW at Fort Hamilton1 

Location Party 01 Date 

- - 
Sts. 
tion 
No. 
- 

1 
2 
3 
4 

5 

6 
7 
8 

9 
10 
11 

12 

13 

14 
15 
16 

17 
18 
19 

m 
21 
22 
33 
24 

Slack 

Hell Gate _ _ _ _ _ _ _ _ _ _  
____do _ _ _ _ _ _  
Off WardsIslaud-.. _ _ _ _  do-- _ _ _ _ _ _ _ _ _ _ _  

Hours UJ 
tcr L 1P 

H. C!. Denson _ _ _ _ _  Aug., 192%- 1.9 
C. H. Davis _ _ _ _ _ _  June 1815.-- 1.3 _ _ _ _ _  do-. _ _ _ _ _ _ _ _ _ _  _____do _ _ _ _ _ _  1.3 
H. Mitchell_______ June, 1857--. 2 3  

OffLawrencePoint. 

____do _ _ _ _ _ _ _ _ _ _ _ _ _  
____do _ _ _ _ _ _ _ _ _ _ _ _ _  
Off Barretto Point- 

____do _ _ _ _ _ _ _ _ _ _ _ _ _  R. J. Auld _ _ _ _ _ _ _ _  
Off Riker Island.-. H. C. Denson _ _ _ _ _  
____do _ _ _ _ _ _ _ _ _ _ _ _ _  J. R: Goldsbor- 

J. R. Goldsbor- Oet., 1846---' 

H. C. Denson _ _ _ _ _  Aug., 192!2--- 
H. Mitchell _ _ _ _ _ _ _  July, 1858.-- 
J. R. Goldsbor- Oct., 1846--- 

oUgh. 

ough. 

ougn. 
Off Hunts Point.-. R. C:. Denson _ _ _ _ _  
_ _ _ _ d o  _ _ _ _ _ _ _ _ _ _ _ _ _  J. R. Goldsbor- 

____do- _ _ _ _ _ _ _ _ _ _ _  I H. C. Denson _ _ _ _ _  I July, 19P---l 
____do- - _ _ _  _ _ _ _ _ _ _ _  ____.do- - _ _ _ _ _ _ _ _ _ _  _____do-  - - _ _ _  
____do _ _ _ _ _ _ _ _ _ _ _ _ _  R. J. Auld _ _ _ _ _ _ _ _  Se t 1920 
Off Willets Point ...I H. C. Denson _ _ _ _ _  I Jub;*l9221-:l 

2 3  

1.9 
2 1  
2 5  

1.5 
1.7 
2 6  

1. 5 

2 0  

4. 7 
1. 1 

0.7 
0.6 
0.8 

ad 

a 4  

-0. 2 
0.3 
0.7 
a 2  

Time 

lofirs be 
or6 HW 

1. 2 
1.5 
2 2  
0.9 

0.6 

0.9 

0.3 

0.9 
1.6 
1.5 

1.8 

0.7 

-1.6 
2.1 
1. 6 

1. 7 
1.8 
1. 7 

1.0 

2.9 
1.4 
1.4 
1.4 

a 9  

Flood strength 

Directlon Velocitj -1- 
. - - -. - - - - - - 
S. 85' E... 
N. 35O E- -  
N. 45' E.. 
N. 60OE.. 

N. 45' E.. 
N. 40' E.. 
6. 30' E... 

8.700 E--- 
N. 70'E.. 
N. 50° E.. 

N. Sao E.. 

Est-.-.-- 

S. 45O E--- 
N. 65' E-- 
_ _ _ _ - _ _ _ - - -  
_ _ _ _ _ _ _ _ _ _ _  _____-_ -_ - -  
S. 65' E--- 

E s t  - - _ _ _ _  
N. 55' E--  
East- _ _ _ _ _  
S. 85" E--- 
N . W E . .  

3.9 
B i  
3. i 
3.2 

2 6  

2 4  
3.1 
1. a 

1.9 
1. 1 
0.5 

1. 1 

1.3 

0.6 
1.0 
2.0 

1.5 
0.0 
1.4 

1.0 

1.2 
1. 2 
1. 0 

a 9  

1 

€€OUT8 
6.0 
6.0 
5.7 
6.3 

G2 

8 2  
6.2 
6.5 

6.8 
6.1 
6.3 

7. 1 

6.2 

5.8 
6.3 
6. S 
6.8 
6.6 
6.9 

7.4 

5.9 

6.7 
7.6 

7. a 

- -- 

Slack 

Pi$ 
1.9 
1.3 
1.0 
2.6 

2 4  

2. 1 
2 3  
3.0 

2 3  
1.8 
3 9  

2 6  

2.2 

41 
1.4 
1. 2 

1.5 
1.2 
1.7 

1.6 

1.5 
1. I 
1. s 

-a 3 

Time 

! o m  bt 
OTP L 1v 

1.6 
1.7 
2 4  
1.5 

a s  
2 0  
1.6 
1.7 

1.6 
1.8 
1.7 

1.6 

1.3 

-0.8 
2.4 
2 4  

1.9 
2.4 
1.8 

1.8 

2.0 
3 5  
2 4  
2 2  

Ebb strength 

Direction I Velocity 

4.6 
2 1  
2 3  

2.4 

2 0  
2 4  
a 6  

a 9 
1.0 
1.0 

1.6 

1. 1 

1.3 
1.5 

1.3 
1. 1 
1.1 

0. s 
0.6 

0.4 

a 5  

a5 
a7 

- - 
Ebb 

imation 

- 
Hours 

6.4 
6.4 
6.7 
6.1 

6.2 

6.2 
6.2 
5.9 

5.6 
6.3 
6.1 

5.3 

6.2 

6.6 
6.1 
5.6 

5.6 
1 8  
5 5  

5.0 

6.5 
5.2 
5.7 
4.8 

- -- 
Length 

tions 

01 ob- 
WVI1- 

- 

mll8 
136 

7$i 

!i 

j i  

2 
5! 

? a  

1 

1 
Y 

% 
1 

1 
1 
1 

l? 4 
l?' 

6 

1 

1 
1 

1116 



154 TIDES AND CURRENTS IN NEW TORK HAIIROR 155 

X . .  M F3 

3904--26t- 1 



156 U. S. COAST A N D  GEODETIC SURVEY 

With the exception of the small stretch west of Lawrence Point, 
the current in upper East River has a velocity much less than in 
lower East River; and whereas in the lower East River the ebb cur- 
rent has the.greater velocity, it is the flood current that has the 
greater velocity in upper East River. 

For station 14 the times of slack and strength of current stand out 
strikingly different from the values at the other stations in upper 
East River. A glance a t  Figure 39 shows that station 14 is located 
at  the entrance to Flushin Bay. This ba is of a relatively re- 

tide. Hence, the time of high and low water in dushing Bay must 
occur but little later than in upper East River, and this IS shown by 
the tidal observations listed in Table 40. But the strength of the 
current in the entrance to Flushing Bay obviously must occur when 
the tide is rising or falling most rapidly-that is, about 3 hours before 
local high or low water-while the slack must come about the times 
of high and low water. In  upper East River pro er the current 

ing above, the current at station 14 should be about 3 hours later 
than in upper East River. The data in Table 69 show the current 
at  station 14 to be 

The fact that 
less than in lower East River is 

strengths can not be accounted for on this ground. If we compare 
the current data for the Harlem River given in Table 65 with the 
data of Table 69, we find that the current in the Harlem is very 
nearly simultaneous with the current in upper Enst River. On t,he 
flood the Harlem is carrying the waters from the Hudson into East 
River, at  which time the current is setting from lower East River 
into upper East River. There should, therefore, be evidence in the 
c m n t  henomena of u er East River of the effect of fresh-water 

on account of the fresh water from the various streams tributary to 
u per East River. This evidence is found in the greater duration of 

We may also expect to find the vertical velocity distribution and the 
relative durations of flood and ebb from surface to bottom showing 
the effects of fresh-water flow, which effects, it is to be recalled, were 
absent in lower East River. 

Subsurface current observations are at  hand for 10 of the stations 
listed in Table 69. These observations were made with the current 
meter at  three depths representing approximately two-tenths, five- 
tenths, and eight-tenths of the depth at  each station. In  addition 
observations at  a depth of 4 feet were made at  station 23. The re- 
sults derived from these observations, with the velocities of the flood 
and ebb strengths corrected to mean values, are given in Table 70. 
For comparison the observations made with the current pole, which 
pertain to the current at a de th of 7 feet, are also included. 

exemplified in the current of the Hudson and were discussed in 
Section XIV. The slack before flood becomes earlier from the 
surface downward, while the slack before ebb occurs about the 

stricted area and therefore t a ere can be but 9 ittle rogression of the 

attains its strength 5 hours before local tide, hence, ' P rom the reason- 

the channel in u per East River; but 
nitudes of the &rations of 

flow bot K on account o P% t e fresh water from the Hudson and also 

t % e flood period and also in the greater velocity of the flood strength. 

The characteristic effects o s fresh-water flow in tidal streams are 



TIDES AND CURRXNTS IN NEW TORIC HARBOR 157 

same time at all depths, this feature causing the duration of flood 
to increase from the surface to the bottom. Furthermore, the velocit 
of the flood strength decreases very slowly with increasing dept 
and .may even increase, while the strength of ebb decreases at  a 
relatively rapid rate. It is to .be noted that in tidal streams like the 
Hudson the ebb current is the one that carries the fresh or nontidal 
water down to the sea; but in u per East River it is the flood current 
that carries the fresh water P roni the Harlem and from its .own 
tributaries out toward the sea. Hence, the effects of fresh-water 
flow enumerated above shoulcl, in upper East River, reverse flood for 
ebb. 

At station 22 the subsurface current observations were carried on 
uninterruptedly for 11 ?..i days. The results of these observations 
may thesefore be considered as relatively well determined. Table 
70 shows that the slack before flood at  this station becomes sonie- 
what later from the surface downward while the slack before ebb 
becomes earlier. Hence, the duration of flood decreases with in- 
creasin de th, while the duration of ebb increases. At the 7-foot 

5.2 hours, while at  the SS-foot depth these become 6.7 hours and 5.7 
hours. 

The vertical distribution of the velocities of the flood and ebb 
strengths at station 22 shows the flood stren th to decrease in veloc- 
ity at  a relatively rapid rate, while the e& strength increases in 
velocity to mid-de th  and then decreases slowly toward the bottom. 

per cent greater than the ebb, but at  the eight-tenths depth the 
ebb strength is only 13 per cent greater. In  upper East River, there- 
fore the effects of fresh-water flow are clear1 evident in the current, 
whiie in lower East River i t  is to be recalled t 9 ie current was free from 
such effects. 

K 

depth t 8 %  e urations of flood and ebb are, respectively, 7.5 hours and 

At the 7-foot dept P 1 the flood strength has a velocity more than 125 

XVI. THE TIDAL MOVEMENT IN THE HARBOR 

The tables in the foregoing sections, which give in detail the results 
of the tidal and current observations in the component waterways 
of New York Harbor, furnish the data for a coniprehensive view of 
the tidal movement, including under this terni both the rise and'fall 
of the tide and the flood and ebb of the current, in the harbor. A t  
any given instant the tidal movenient may be represented in diagrem- 
matic form by an arrow pointing in the direction of the current and 
by the letter R or F to indicate, respectively, a rising or a falling 
tide; but it is obvious that within the compass of a small dia am 

area, in which the times of tide and of current differ as much ag in 
New York Harbor, can give only a generalized view without reference 
to details in the smaller bays and inlets fringing the main waterways 
of the harbor. 

In the present section the tidal movement in New York Harbor 
is represented schematically for each hour of the tide. Since the 
times of both tide and current in the tables of tidal and current data 
have been given with reference to the time of tide at Fort Hamilton, 
it will obvious1 be of advantage to refer the tidal movement to the 
time of tide at  5 ort Hamilton. The current arrows are to be taken 
as representing the general direction of the current near the surface. 

any schematic representation of the tidd movement over a Y arge 
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At the time of low watar at Fort Hamilton, Figure 40 re resents 
the tidal movement in the harbor. Exce ting a few mal P inden- 

ebbing, the water flowing toward Lower Ba 
tion of Lower Bay, the tide over the whoc harbor is fall '  . 
tations like Gowanus Bay, the current t E oughout the harbor is 

the Hudson the.current is very nearly at its strength, whie Y t,he 

And with the a c e  

FIG 40.-*he tidal movement at the time or low water at ~ o r t  Hnmilton 

tide is near low water, which is still 1 hour awa . The Harlem is 
now carryin t-he water from East River towari the Hudson, the 

Upper &st River is bringing the water from Long Island Souhd 
toward Hell Gate, while its level is falling ra idly, bemg now 2 hours 
after high water. Through Hell Gate an8 lower, East River the 
water is flowing toward Upper Bay at very nearly its strength, which 

tide bein be 7 ow mean sea level and about 2 hours from its low water. 
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was passed an hour a 0,  the level of the water being a little below 

bqAt the time of lo water at Fort Hamilton the current in Newark 

Bay arexnow pouring partly into Arthur Kill, but rinc.i all into 
Kdl van K d ,  which is carrying them into Upper gay. ?n 6pper 

mean sea level and fa % ing rapidly. 

Bay has not yet a T tained its strength. The waters from Newark 

FIG. 4l.-Tb tidal movement one hour after low water at Fort Hadton 

Ba the current has passed its strength about half an hour previ- 

and passing on the waters rom the. Hudson River, East River, and 
Ell van Kull into the Narrows. The level of the water in Newark 
Bay, Kill van Ku11, and Upper Bay is still f d h g ,  but rat.her SloWlyJ 
for low water is less than an hour-away. 

B o w  s y, but it is still runnin with a velocity not far  from strength 
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Low water at  Fort Hamilton is coincident with the strength of the 
ebb current in the Narrows. The tidal waters which are flowing 
into Upper Bay through Hudson River, East River, and Kill van 
Kull, together with the nontidal waters from a territory having an 
area of very nearly 15,000 square miles, are now pouring through 
the Narrows into Lower Bay at  the rate of more than three-quarters 

FIG. 42.-The tidal movement two hours alter low wster at Fort Hnmilton 

of a million cubic feet per second. Arthur Kill, too, is flowing toward 
Lower Bay, and from Lower Ba the waters now are assing out to 

Arthur Kill the level of the water is falling slowly, low water being 
half an hour away, but in Lower Bay the water is beginning to rise 
very slowly, the low water here having occurred a few minutes 
before this time. 

sea, although the strength of t K e current has alrea 2 y passed. In 
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One hour later, or one hour after low wa,ter at Fort Hamilton, the 
tidal movement is represented by Figure 41. Through the greater 
'art of the harbor the current is still ebbing, but here and there the 

good is beginning to make itself felt The current in the Hudson is 
now ebbing at its strength, the tide being about low water. For 
the lower half of the stretch from the Battery to  Mount St. Vincent 

FIG. 43.-The tidal movement three hours after low water at Fort Hamilton 

the water is be 'nnin to rise slowly, while in the u per half of this 

a fallin tide is still discharg' into t,he Hudson, but in upper East 

Point and is now setting toward Long Island Sound. The reater 

stretch the leve T %  is sti falling, but very slowly. 1% e Harlem with 

River t Tl e current has turned ?f ood from Old Ferry Point to Willets 

er East River, however, is still ebbing, the water B owing 
part toward Of 33 e Gate, and over the whole of its area the water is falling. 
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In lower East River, 1 hour after low water at Fort Hamilton, 
the tide is still fall ing from Hell Gate as f a r  as the navy yard, but from 
here to the Battery the tide is beginning to rise, low water having 
been passed a few minutes before. Through all of lower East River 
the current is still settin Through Upper 
Bay, Kill van Kull, the f7 arrows, an a Arthur Kill the current is 

toward U per Bay. 

FIG. &.--The tidal movement four hours after loa water at Fort Hamilton 

ebbing, while the tide is risin slowly, but in Newark Ba , while the 
current is also ebbing, the ti f e is stdl falling, low water g e i q  about 
half an hour away. Throughout Lower Bay the tide is rismg and 
over the greater part of its area the current has commenced to 
flood; but in the channel leading from the Narrows the waters of 
the ebbing current from the Hudson and East Rivers and from 
Kill van hull overcome the feeble flood and still set seaward. It is 
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to be noted, however, that on both sides of the main channel leading 
out to the sea the current is flooding. 

Two hours after low water at  Fort Hamilton the tidal and current 
conditions in the harbor are represented in Fi ure 43. In  the Hud- 

an hour before, the current in the Harlem turnez from ebb to flood 
son the tide is rising while the current is eb % ina. Less than half 

FIG. 45.-The tidal movement flve hours after low water at Fort Hamilton 

and now it is carr ing the waters from the Hudson toward East 
River. Near the d udson River entrance to the Harlem the tide has 
commenced to rise, but over the greater part of its area the tide is 
still falling. In  upper East River the tide is still falling but the cur- 
rent is now floodin throughout its length from Hell Gate to Willets 

its entrance off Governors Island, but for the greater part I t  IS stdl 
Point. In  lower d ast &iver the water has commenced flopding a t  
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ebbing, with the water rising from the Battery to Hell Gate. In  
ITpper Bay the current in the main channel is still under control of 
the waters from the Hudson and is ebbing; but through Buttermilk 
Channel it is flooding, the tide over the whole of Up er Bay now 
rising. In  the Narrows similar conditions prevail, the c r  eeper central 
portion ebbing, while in the shallow areas near the shores the flood 
current has begun, the level of the water rising over the whole area. 

FIG. 46.-The tidal movement at the time of high water at Fort Hamilton 

In Kill van Kull at  this time-two hours after low water at Fort 
Hamilton-the tide is rising and the current has begun to flood, the 
turn from ebb to flood having occurred half an hour reviously. In 

whole region, however, now rising. In Arthur Kill the current at 

Newark Bay pro er the current likewise has turne 2 flood, but the 
Hackensack and % assaic Rivers are still ebbing, the tide over the 
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this time is very weak, the upper part continuing a weak ebb current, 
while in the lower part the current has turned to flood less than an 
hour before; the tide throughout the Kill is continuing its rise. 
Over all of Lower Bay the tide is rising, and over nearly all of the bay 
the current is flooding, the only esception being n short stretch of the 
channel leading from the Narrows, where it is ebbing weakly. 

Fro. 47.-The tidal movement one hour after high water at Fort Hamilton 

Fi ure 43 represents the tidal movement in the harbor three hours 

the tide is still below sea level but is now beginning to rise rapidly, 
the current in the Hudson ebbing while in the Harlem it is flooding. 
"hroughout East River the current is flooding, accompanied by a 
rising tide in lower East River and by a fallin tide in upper l3ast 
River. Though Upper Bay, Kill van Kull, #mark Bay, Arthur 

after 91 ow water at  Fort Hamilton. In the Hudson and Harlem Rivers 
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Kill, and Lower Bay 
waterways, with the 
In Upper Ba the main 
Narrows is sti T I ebbing, the current 
is flooding. 

Four hours after low water at Fort Hamilton the current is flooding 
throughout New Pork Harbor, and with the esception of upper East 

FIG. 48.-The tidal movement two hours after high water at Fort Hamilton 

River the tide throughout the harbor is rising. Figure 44 re resents 

the current turns later than in the other waterways,of the harbor, and 
the turn from ebb to flood has just taken place. The level of the 
water in the Hudson has now reached mean sea level and isrising 
very rapidly. In lower East River the tide has been rising for about 

the conditions of the tide and current at this time. In the H udson 
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half an hour, in Hell Gate it is now low water, and in upper East 
River the tide is falling slowly except in the region between Old 
Ferry Point and Willets Point, where the water is at  its low-water 
stand, and at the entrance to Long Island Sound, where the tide has 
be n to rise. 

ggure 45 represents the tidal movement in the harbor five hours 
after low water at Fort Hamilton. The current is still flooding 

FIG. 4Q.-The tidal movement three hours after high water at Fort Hamilton 

through all the waterwaysof the harbor, and the tide now likewise 
is in the same phase over the whole harbor. In u er East River 

now the water is risin all over its area. 
At this time-five % ours after low water at Fort Hamilton-the 

flood current throughout New York Harbor is very nearly at its 

low water comes later than in the other waterways o p% t e harbor, but 
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strength. In the Hudson the stren th  comes latcst, and it is still 

River, andlower East River the current is now running at its full 
strength. In U per Bay the current is running a t  very near1 its 
full strength, wl!ich will come half an hour later; in IC111 van Hull 
the strength occurred one and one-half hours previously, and in 

one and one-half hours away. But t % rough the Harlem, upper East 

FIG. 50.-The tidal'movernent four hours after bigb water at Fort Hamilton 

Newark Bay it occurred somewhat less than an hour previously. 
Through the Narrows the current is ractically at its strength, which 
will come a few minutes later and t R e waters from Lower Ba are 
now pouring in through the harrows at the rate of nearly tLee- 
quarters of a million cubic feet er second. 

time of high water. The current at  this time is still flooding through 
Six hours after low water a t  R. ort Hamilton is coincident with the 
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the whole harbor and, with the a c e  tion of Lower Bay, the tide is 
still rising. I n  the latter waterway t f e  tide is earliest and hi h water 
occurred ti few minutes previously, so that now the level of t K e water 
is falling. The tidal and current conditions in the harbor a t  this 
time are represented in Figure 46. 

One hour after high water at  Fort Hamilton the condition of tide 
and current in the harbor is represented in Figure 47. The current 

ma. 51.-The tldal movement 6ve hours alter high water at Port Hamilton 

is now no longer in the same phase throughout the harbor for about 
a quarter of an hour before this time the current in Kid van Kull 
turned from flood to ebb, and around Sandy Hook too the current 
has turned seawards; but through the other waterwa of the harbor 
the current is still flooding. The tide is rising in the &t and Harlem 
Rivers and in the Hudson above the Harlem, but in the rest of the 
harbor it is falling. 
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Figure 48 represents the tidal and current conditions in the harbor 
two hours after hi h water at Fort Hamilton. The current is running 

reach of Arthur Kill, Harlem River, and the western portion of u 
East River. In Newark Bay and in the entrance from Arthur E< 
in Upper Bay, Hudson River, lower East River, and in upper East 

ebb through all o B Lower Bay, the Narrows, Kill van Kull, the lower 

FIG. 62.-The Mal movement six hours after high wnter at Fort Hamilton 

River from Hell Gate to Old Ferry Point the current is flooding. 
The tide in the harbor is now fallin ever here except in the East 
River from Blackwells Island to Pdtfieb g i n t ,  and in the Harlem 
from the East River as far as Broadwa Bridge. 

Three hours after high water at Fort H amilton the tidal movement 
in the harbor is represented in Figure 49. The tide thro hout the 
harbor, with the exception of upper East River, is now f 3 ling. In 
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the latter waterway the tide is rising ve slowly, being only a few 

running flood, but very weakly, the turn to ebb coming about a 
Through the rest of the harbor, however, 

l i e  current is ebbing, and in Kill van KuU the current is very nearly 

minutes away from high water. In the % udson the current is still 

uarter of an hour later. 

in the harbor at  this time should, there€ore, be very nearly similar 
to the conditions at the time of low water, as represented in Figure 
40, and a comparison of the latter figure with Figure 52 shows that 
with the cweption of the tide in Lower Bay t.he two figures are alike. 
In  Lower Ba at  the time of low water at  port Hamilton the tide has 

h g h  water at  Fort Hamilton the tide in Lower Bay is still falling, 
low water being still about a quarter of an hour awa . The 13 

'ust passed Q ow water and is therefore rising, while six hours after 

diagrams of Fi res 40 to 53, therefore, represent the tida 9 movement 
in New York lY arbor for each hour of the tidal cycle. 

3-26t-12 
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