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PREFACE

Altegether apart from their importance in navigation, tides and
tidal currents enter as important factors into a number of problems
connected with: the harbor.and port of New York. In the mainte-
nance of a channel for the deep-draft vessels of modern commerce,
in harbor improvement, in the disposal of the sewerage of a large
industrial center, and in related problems a knowledge of the rise
and fall of the tide and of the flood and ebb of the current becomes
necessary.

In connection with various projects, tidal and current observations
have been made from time to time in the harbor, and the results of
some of these observations have appeared in various publications.
The greater part of the observational data, however, is still unpub-
lished and, notwithstanding the importance of New York Harbor,
no discussion of the detailed observational material has yet appeared.

In the summer of 1922 a comprehensive current survey was carried
out jointly by the Coast and Geodetic Survey and the United States
Engineer Office, first district, New York. The present publication
e-mbodies the results of this survey and also of previous tidal and
current surveys made at various times. It is intended here to make
available to the mariner, the engineer, the scientist, and 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 pubhcatlon, attention is directed to three
other Coast and Geodetic Survey publications containing tidal and
current data for New York Harbor. These are Tide Tables, Atlantic
Coast, North America; Current Tables, Atlantic Coast, North
America; and Tidal Bench Marks, State of New York.
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TIDES AND CURRENTS IN NEW YORK HARBOR

By H. A. ManuMEeR, Assistant Chief, Division of Tides ‘and ‘Currents, Coast and
Geodetic Survey

I. TIDES, GENERAL CHARACTERISTICS

DEFINITIONS

The tide is the name given to the alternate rising and falling of
the level of the sea whici at most places occurs twice daily. The
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 average, 50 minutes later each day, the tide
at most places likewise comes later each day by 50 minutes, on the
average. The tidal day, like the lunar day, therefore, has an average
length of 24 hours and 50 minutes.

ith respect to the tide. the ‘‘moon’s meridian passage’ has a
special significance. It refers not only to the instant when the moon
is directly above the meridian, but also to the instant when the moon
is directly below the meridian, or 180° distant in longitude. In
this sense there are two meridian passages in a tidal day, and they
are distinguished by being referre(F to as the upper and {ower meri-
dian passages or upper and lower transits. :

The interval between the moon’s meridian passage (upper or lower)
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 is known 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.

In its rising and falling the tide is accompanied by a horizontal
forward and backward movement of the water, called the tidal
current. The two movements—the vertical rise and fall of the tide
and the horizontal forward and backward movement of the tidal
current—are intimately related, forming parts of the same phenome-
non. brought about by the tidal forces of sun and moon.

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 strong current may ac-
company & tide having a very moderate rise and fall, while at another

lace a like rise and fall may be accompanied by a very weak current.
urthermore, the time relations between current and tide vary

1



2 U. S. COAST AND GEODETIC SURVEY

widely from place to place. For the sake of clearness, therefore,
tide should be used to designate 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 includes tides and tidal currents. Unfortunately
no such distinet term exists. For years, however, ‘“the tide” or
“the tides” or.even ‘“flood and ebb’’ have been used in this general
sense, and usually no confusion arises from this usage, since the con-
text indicates the sense intended; but the use of the 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 have precise meanings. They refer not so
much to the height of the water as to the phase of the tide. High
water is the maximum height reached by each rising tide and low
water the minimum height reached by each falling tide.

It is important to note that it is not the absolute height of the
water which is in question, for it is not at all infrequent at many
places to have the low water of one day higher than the high water
of another day. Whatever the height of the water, when the rise
of the tide ceases and the fall is to %egin, the tide is at high water;
and when the fall of the tide ceases and the rise is to begin, the tide
is at low water. The abbreviations HW and LW are frequently
used to designate high and low water, respectively.

In its rising and falling the tide does not move at a uniform rate.
From low water the tide begins rising, very slowly at first, but at a
constantly increasing rate for about three hours, when the rate of
rise is & maximum. The rise then continues at & 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 three hours when it is at a maximum
and then decreasing for a period of three hours till low water is reached.

The rate of rise and fzﬁl and other characteristics of the tide ma;
best be studied by representing the rise and fall graphically. This
may be done by reading the height of the tide at regular intervals
on a fixed vertical stafl graduated to feet and tenths and plotting
these heights to a suitable scale on cross-section paper and drawi
a smooth curve through these points. A more convenient metho
is to make use of an automatic 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 drawn to a suitable scale. Figure 1 shows a tide
curve for Fort Hamilton, N. Y., for July 4, 1922.

In Figure 1 the figures from 0 to 24, increasing from left to right,
represent the hours of the day beginning with midnight. Numbering
the hours consecutively to 24 elimmates all uncertainty as to whether
morning or afternoon is meant and has the further advantage of
great convenience in computation. The figures on the left, increas-
ing upward from 2.0 to 9.0, represent the height of the tide in feet
as referred to a fixed vertical 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 water is known as the “range of tide” or ‘“range.”
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The average difference in the heights of high and low water at any
given 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 square of the distance.
For the solid earth as a whole the distance is obviously to be meas-
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 differences of
attraction give rise to the forces that cause the ocean waters to move

0 2 4 -] 0 2 14 16 18 20
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Fi6. 1.—Tide curve for Fort Hamilton, N. Y., July 4, 1922

2.0-

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 heavenly body varies directly as its mass
and 1nversely as the cube of its distance 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 26,000,000 is to (389)3, or
somewhat less than one half.

When the relative motions of the earth, moon, and sun are intro-
duced into the equations of the tide-producing forces, it is found
that the tide-producing forces of both sun and moon group them-
selves into three classes: (a) Those having a period of approximately
half a day, known as the semidiurnal forces; (b) those having a
Eeriod of approximately one day, known as diurnal forces; (c) those

aving 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 manner, varying with the latitude. But the response

8904—25t——2




4 U. 8. COAST AND GEODETIC SURVEY

of the various seas to these forces is very profoundly modified by
terrestrial features. As a result we find the tides, as they actuall
occur, differing markedly at various places, but apparently Wif:K
no regard to latitude.

The principal tide-producing forces are the semidiurnal forces.
These forces go through two complete cycles in a tidal day, and it
is because of the predominance of these semidaily forces that there
are at most 1places two complete tidal cycles, and therefore two
high and two low waters in a tidal day.

VARIATIONS IN RANGE

The range of the tide at any given place is not constant but varies
from day to day; indeed, it is exceptional to find consecutive ranges
equal. Obviously, changing meteorological conditions will find re-
flection in variations of range, but the principal variations are due
to astronomic causes, being brought about by variations in the posi-
tion of the moon relative to earth and sun.

At times of new moon and full moon the tidal forces of moon and
sun are acting in the same direction. High water then rises higher
and low water falls lower than usual, so that the range of the tide
at such times is greater than the average. The tides at such times
are called ‘“spring tides’’ and the range of the tide is then known as
the “spring range.”

When the moon is in its first and third quarters, the tidal forces
of sun and moon are opposed and the tide does not rise as high 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 as the “neap range.”’

It is to be noted, however, that at most places there is a{)a of a day
or two between the occurrence of spring or neap tides and 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 the moon’s first and third quarters after an interval
of a day or two. This lag in the response of the tide is known as the
“age of phase inequality” or ‘“phase age” and is generally ascribed
to the eﬂ%cts of friction.

The varying distance of the moon from the earth likewise affects
the range of the tide. In its movement around the earth the moon
describes an ellipse in a period of approximately 2734 days. When
the moon is in perigee, or nearest the earth, its tide-producing power
is increased, re.sulting in an increased rise and fall of the tide. These
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-producing power is diminished, the tides at such
times exhibiting a decreaseg rise and fall. These tides are called
““apogean tides’’ and the corresponding range the ‘“apogean range.”

n the response to the moon’s change in position from perigee to
apogee, it is found that, like the response in the case of spring and
neap tides, there is & lag in the occurrence of perigean and apogean
tides. The greatest rise and fall does not come on the day when the
moon is in perigee, but a day or two later. Likewise, the least rise
and fall does not occur on the day of the moon’s apogee, but a day
or two later. This interval varies somewhat from place to })la.ce,
and in some regions it may have a negative value. This lag is

known as the “age of parallax inequality” or “parallax age.”
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The moon does not move in the plane of the Equator, but in an
orbit making an angle with that plane of approximately 2313°.
During the month, therefore, the moon's declination is constantly
changing, and this change in the position of the moon produces a
variation in the consecutive ranges of the tide. When the moon
is on or close to the Equator—that is, when its declination is small—
consecutive ranges do not differ much, morning and afternoon tides
being very much alike. As the declination increases the difference
in consecutive ranges increases, morning and afternoon tides begin-
ning to show decided differences, and at the times of the moon’s
maximum semimonthly declination these differences are very nearl’y
at a maximum. But, like the response to changes in the moon’s
phase and parallax, there is a lag in the response to the change in
declination, this lag heing known as the ‘“age of diurnal inequality”
or “diurnal age.” Like the phase and parallax ages, the diurnal age
varies from place to place, being generally about one day, but in
some places it may have a negative value.

When the moon is on or close to the Equator and the difference
between morning and afternoon tides small, the tides are known as
‘““equatorial tides.” At the times of the moon’s maximum semi-
monthly declination, when the differences hetween morning and after-
noon tides are at a maximum, the tides are called * tropic tides,”
since the moon is then near one of the Tropies.

The three variations in the range of the tide noted ahove are ex-
hibited by the tide the world over, but not everywhere to the same
degree. In many regions the variation from neaps to springs is the
principal variation; in certain regions it is the variation from apogee
to perigee that is the principal variation; and in other regions it is
the variation from equatorial to tropic tides that is the predominant
variation.

The month of the moon’s phases (the synodical month) is approx-
imately 2914 days in length; the month of the moon’s distance (the
anomalistic month) is approximately 2724 days in length; the month
of the moon’s declination (the tropic month) is approximately 2714
days in length. It follows, therefore, that very considerable varia-
tion in the range of tide occurs during a year due to the changing
relations of the three variations to each other.

DIURNAL INEQUALITY

The difference between morning and afternoon tides due to the
declination of the moon is known as diurnal inequality, and where
the diurnal inequality is considerable the rise and fall of the tide is
affected to a very marked degree both in time and in height. Figure
2 represents graphically the differences in the tide at San Francisco
on October 18 and 24, 1922. On the former date the moon was over
the Equator, while on the latter date the moon was at its maximum
south declination for the month. The upper diagram thus represents
the equatorial tide for San Francisco, while the lower diagram rep-
resents the tropic tide.

It will be noted that on October 18 the morning and afternoon
tides show very close resemblance. In both cases the rise from low
water to high water and the fall from high water to low water took
place in approximately six hours. The heights to which the two
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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 occurred. The characteristics of the
rise and fall of the tide on that day differ markedly from those on
the 18th, when equatorial tides occurred, these differences pertaining
both to the time and the height. Instead of an approximately equal
duration of rise and of fall of six hours, both morning and afternoon,
as was the case on the 18th, we now have the morning rise occupying
less time than the afternoon rise and the morning fall more time
than the evening fall. Even more striking are the differences in
extent ‘of rise and tfall of morning and afternoon tides. The tide
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Fiu. 2—Tidce curves, San Francisco, Calif., October 15 and 24, 1922

curve shows that there was a difference of a foot in the two high
waters of the 24th and a difference of almost 3 feet in the low waters.

Definite names have been given to each of the two high and two
low waters of a tidal day. Ot the high waters, the higher is called
the “higher high water” and the lower the ‘‘lower high water.”
Likewise, of the two low waters of any tidal day the lower is called
“]ower low water” and the higher * higher low water.” )

The diurnal inequality may be related directly to the ratio of the
tides brought about, respectively, by the diurnal and semidiurnal
tide-producing forces. 'I%Ose bodies of water which offer relatively
little response to tlie diurnal forces will exhibit but little diurnal
inequality, while those bodies which offer relatively considerable
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response to these diurnal forces will exhibit considerable diurnal
inequality. On the Atlantic coast of the United States there is
relatively little diurnal inequality, while on the Pacific coast there
is considerable inequality.

It is obvious that with increasing diurnal inequality the lower
high water and higher low water tend to become equal and merge.

hen this occurs, there is but one high and one low water in a tidal
day instead of two. This occurs frequently at Galveston, Tex., and
at a number of other places.

TYPES OF TIDE

From place to place the characteristics of the rise and fall of the
tide generally differ in one or more respects; but according to the
predominating features the various kinds of tide may be grouped
under three types, namely, semidiurnal, diurnal, and mixed. Instead
of semidiurnal and diurnal the terms semidaily and daily are fre-
quently used.

The semidiurnal type of tide is one in which two high and two low
waters occur each tidal day with but little diurnal inequality; that is,
morning and afternoon tides resemble each other closely. = Figure 1
may be taken as representing this type of tide and this is the type
found on the Atlantic coast of the United States.

In the diurnal type of tide but one high and one low water oceur
in a tidal day. Do-Son, French Indo-China, may be cited as a
place where the tide is always of the daily type; but it is to be noted
that there are not many such places. When the moon’s declination
is zero, the diurnal tidaf forces tend to vanish and there are generally
two high and two low waters during the day at such times. Galves-
ton, Tex., and Manila, P. I., may be mentioned as ports at which
the tide is frequently diurnal, while St. Michael, Alaska, may be
cited as a port at which the tide is largely diurnal.

The mixed type of tide is one in which two high and two low waters
occur during the tidal day but which exhibits marked diurnal ine-

uality. Several forms may occur under this type. In one form
the diurnal inequality is exhibited principally by the high waters;
in another form it is the low waters which exhibit the greater ine-
quality; or the diurnal inequality may be features ot both high
waters and low waters.

It is to be noted that when the tide at any given place is assigned
to any particular type, it refers to the characteristics of the predomi-
nating tide at that place. At the time of the moon’s maximum
semimonthly declination the semidiurnal type exhibits more or less
diurnal inequality and thus approaches the mixed type; and when
the moon is on or near the Kquator the diurnal inequality of the
mixed type is at a minimum, the tide at such times resembling the
seridiurnal typé. It is the characteristics of the predominating
tide that determine the type of tide at any given place. With
the aid of harmonic constants the type of tide may be defined by
definite ratios of the 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; and it is due to the variation in this relation that makes
possible the various forms of the mixed type of tide,
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HARMONIC CONSTANTS

Since the tide is periodic in character. it may be regarded as the
resultant of a number of simple harmonic movements. In other
words, if & be the height of the tide, reckoned from sea level, then for
any time {, we may write h=A cos (at+a) 4B cos (bt+8)+ . . ..
In the above formula each term represents a constituent of the tide
which is defined by its a.mdplitude or semirange, s, B, etc., by an
angular speed, a, b, etc., and by an angle of constant value, «, 8, etc.,
which determines the relation of time of maximum height to the time
of beginning of observation.

We may also regard the matter from another viewpoint and suppose
the moon and sun as tide-producing bodies to be replaced by a number
of hypothetical tide-producing bodies, each of which moves around
the earth in the plane of the equator in a circular orbit with the earth
as center. With the further assumption that each of these hypo-
thetical tide-producing bodies gives rise to a simple tide, the high
water of which occurs a certain number of hours after its upper
meridian passage and the low water the same number of hours after
its lower meridian passage, the oscillation produced by each of these
simple tides may be written in the form k=4 cos (at+a) as above.
The great advantage of so regarding the tide is that it permits the
complicated movements of sun and moon relative to the earth to be
replaced by a number of simple movements.

ach of the simple tides into which the tide of nature is resolved is
called a component tide or simply a component. The amplitudes or
semiranges of the component tides, together with 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 constants.

The periods of revolution of the hypothetical tidal bodies or the
speeds of the various component tides are computed from astronomi-
cal data and depend only on the relative movements of sun, moon,
and earth. These periods being independent of local conditions are
therefore the same for all places on the surface of the earth; what.
remains to be determined for the various simple constituent tides is
their epochs and amplitudes which vary from ’Iplace to place accord-
ing to the type, time and range of the tide. The mathematical pro-
cess by which these epochs and amplitudes are disentangled from
tidal observations is known as the harmonic analysis.

The number of simple constituent tides is theoretically large, but
most of them are of such small magnitude that they may for all prac-
tical purposes be disregarded. In the prediction of tides it is neces-
sary to take account of 20 to 30, but the characteristics of the tide
at any place may be determined easily from the 5 principal ones.

It i1s obvious that the ({)rinci al lunar tidal component will be one
which gives two high and two low waters in a tidal day of 24 hours
and 50 minutes, or more exacty in 24.84 hours. Its speed per solar
hour, therefore, is %3—;51()— =28°.98. This component has been given
the symbol M,. Likewise, the principal solar tidal component is one
that gives two high and two low waters in a solar day of 24 hours.

. 2%360° _
Its angular speed per hour is therefore —5;—-=30°.00. The sym-

bol for this principal solar component is S,.
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Since the moon’s distance from the earth is not constant, being
less than the average at perigee and greater at apogee, the period
from one perigee to another being on the average 27.55 days, we must
introduce another hypothetical tidal body, so that at perigee its high
water will correspond with the M, high water, and at apogee its low
water will correspond with the M, high water. In other words, the
tidal component which is to take account of the moon’s perigean
movement myst-, in a period of 13.78 days, lose 180° on M,, or at the
rate of %-‘:;8078= 13°.06 per day. Its hourly speed, therefore, is

[+]
28°.98 — 132 406=28°.44. This component has been given the sym-
bol N..

The moon’s change in declination is taken account of by two com-
ponents denoted by the symbols K, and O,. The speeds of these are
determined by the following considerations: The average period from
one maximum declination to another is a half tropic month, or 13.66
days. The speeds of these two components should, therefore, be
such that when the moon is at its maximum declination they shall
both be at a maximum, and when the mcon is on the equator they
shall neutralize each other; that is, in a period of 13.66 days K,
shall gain on O, one full revolution. The difference in their hourly

o]
speeds, therefore, is ;,—4—?26103—%= 1°.098. The mean of the speeds of

these two components must be that of theoa.pparent diurnal move-

ment of the moon about the earth, or %?%4= 14°49. The speeds

-

are therefore derived from the equations L‘:,l-o'=14°,49 and

K,—0,=1°.098, from which K,=15°04 and O,=13°.94.

It is customary to designate the amplitude of any component by
the symbol of the component and the epoch by the symbol with a
degree mark added. Thus M, stands for the amplitude of the M,
tide and M°, for the epoch of this tide. The five components enu-
merated above are the principal ones. Between 20 and 30 com-
ponents permit the prediction of the time and height of the tide at
any given place with considerable precision. '

rom the harmonic constants the characteristics of the tide at any
‘place can be very readily determined.! The five principal constants
alone permit the approximate determination of the tidal characteris-
tics very easily. Thus, approximately, the mean range is 2M., spring
tange 2(M,+S.), neap range 2(M,—S.), perigean range 2(M,+N.,),
apogean range 2(M,—N,), diurnal inequalit,z at time of tropic tides

2(K,+0,), high water lunitidal interval 2—1;% The various ages of

the tide can likewise be readily determined. Approximately, the
ages in hours are: Phase a%e, S,° —M,°; parallax age, 2(M,°—N,°);
diurnal age, K°,—0°,. The type of tide, too, may be determined

from the harmonic constants through the ratio ﬁ—‘i—g‘ Where this

2 2

d'l §nee R. A. Harris, Manual of Tides, Part IXI (U. 8. Coast and Geodetic Survey Report for 1804, Appen-
«dIX 7).
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ratio is less than 0.25, the tide is of the semidiurnal type; where
the ratio is between 0.25 and 1.25, the tide is of the mixed type;
and where the ratio is over 1.25, the tide is of the diurnal type.

The periods of the various component tides, like the periods of the
tide-producing forces, group themselves into three classes. The
tides in the first class have periods of approximately half a day and
are known as semidiurnal components; the periods of the tides in
the second class are approximately one day, and these tides are known
as diurnal tides; 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 the effects of decreased depth, the tides are modified
and another class of simple tides is introduced having periods of less
th(ii.n half a day, and these are known as shallow-water component
tides.

The class to which any component tide belongs is generally indi-
cated by the subseript used in the notation for tﬁ: component tides,
the subscript giving the number of periods in a day. With long-
period tides genemle no subscript is used: with semidiurnal tides
the subscript is 2; with diurnal tides the subscript is 1. and with shal-
low-water tides the subseript is 3, 4, or more. Thus Sa represents a
solar annual component, P, a solar diurnal component, M, a lunar
semidiurnal component, S, a solar shallow-water component with
a period of one-quarter of a day, and M, a lunar shallow-water com-
ponent with a period of one-sixth of a day.

TIDAL DATUM PLANES

Tidal planes of reference form the basis of all rational datum planes
used in practical or scientific work. The advantage of the datum
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.

The principal tidal plane is that of mean sca level, which may
be defined as the plane about which the tide oscillates, or as the
surface the sea would assume when undisturbed by the rise and fall
of the tide. At any given place this plane may be determined by
deriving the mean height of the tide. This is perhaps best done by
adding the hourly height-s of the tide over a period of a year or more
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 other meteorological
conditions.

The plane of mean sea level must be carefully distinguished from
the plane of half-tide level or, as it is frequently called, mean-tide
leve-ll.) This latter plane is one determined as the half sum of the
high and low waters. It is therefore the plane that lies halfway
between the planes of mean low water and mean high water. The
plane of half-tide level does not, at most places on the open coast,
differ by more than about a tenth of a foot from the plane of mean
sea level, and where this difference is known the plane of mean sea
level may be determined from that of half-tide level. Like all of
the tidal planes, the plane of half-tide level should be determined by
observations covering a period of a year or more.

For many purposes the plane of mean low water is important.
This plane at any given place is determined as the average of all the
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low waters durin% a period of a year or more. Where the diurnal
inequality in the low waters is small, as on the Atlantic coast of the
United States, this plane is frequently spoken of as the ‘‘low-water
plane,” or ‘‘the plane of low water’; but strictly it should be called
the plane of mean low water.

ere the tides exhibit considerable diurnal inequality in the low
waters, as on the Pacific coast of the United States, the lower low
waters may fall considerably below the plane of mean low water.
In such places the plane of mean lower low water is preferable for
most purposes. This plane is determined as the average of all the
lower low waters over a period of a year or more. Where the tide
is frequently diurnal, the single low water of the day is taken as the
lower low water. .

The plane of mean high water is determined as the average of all
the higlh waters over & period of a year or more. Where the diurnal
inequality in the high waters is small; this plane is frequently spoken
of as ‘“the plane of high water’ or “the high-water plane.” This
usage may on occasion lead to confusion, and the denomination of
this plane as the plane of mean high water is therefore preferable.

In localities of considerable diurnal inequality in the high waters
the higher high waters frequently rise considerably above the plane
of mean high water. A higher Fla.no, is therefore of importance for
many purposes, and the plane of higher high water is preferred. This
plane 1s determined as the average-of all the higher high waters for
a period of a year or more. Where the tide is frequently diurnal,
the single high water of the day is taken as the higher high water.

The tidal planes described above are the principal ones and the
ones most generally used. Other planes, however, are sometimes
used. Where a very low plane is desired, the plane of mean spring
low water is sometimes used, its name indicating that it is deter-
mined as the mean of thelow-waters occurring at spring tides. Another
plane sometimes used, which is of interest because based on harmonie
constants, is known as the harmonic tide plane and for any given
place is determined as M, +8,+ K, + O, below mean sea level.

MEAN VALUES

Since the rise and fall of the tide varies from day to day, chiefly
in accordance with the changing positions of sun and moon relative
to the earth, any tidal quantities determined directly from a short
series of tidal observations must be corrected to a mean value. The
principal variations are those connected with the moon’s phase,
parallax, and declination, the periods of which are approximately
2913 days, 2715 days, and 2714 days, respectively.

In a period of 29 days, therefore, the phase variation will have
almost completed a full cycle while the other variations will have
gone through a full eycle and but very little more. Hence, for tidal
quantities varying largely with the phase variation, tidal observa-
tions covering 29 days, or multiples, constitute a satisfactory period
for determining these quantities. Such are the lunitidal intervals,
the mean range, mean high water, and mean low water. For quan-
tities varying largely with the declination of the moon, as, for example,
higher high water and lower low water, 27 days, or multiples, con-
stitute the more satisfactory period.
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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 27-day
periods may differ very considerably. This is due to the fact that
these periods are not exact synodic periods for the different varia-
tions, and to the further fact that variations having periods greater
than a month are not taken into account. Furthermore, meteoro-
logical conditions, which change from month to month, leave their
impress on the tides. For accurate results the direct determination
of the tidal datum planes and other 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
to a mean value.

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

II. TIDAL CURRENTS, GENERAL CHARACTERISTICS
DEFINITIONS

Tidal currents are the horizontal movements of the water that
accompany the rising and falling of the tide. The horizontal move-
ment of the tidal current and the vertical movement of the tide are
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.

It is the periodicity of the tidal current that chiefly distinguishes
it from other kinds of currents, which are known by the general
name of nontidal currents. These latter currents are brought about
by causes that are independent of the tides, such as winds, fresh-
water run-off, and differences in density and temperature. Currents
of this class do not exhibit the periodicity of tidal currents.

Tidal and nontidal currents occur together in the open sea and in
inshore tidal waters, the actual current experienced at any point
being the resultant of the two classes of currents. In some places
tidal currents predominate and in others nontidal currents predomi-
nate. Tidal currents generally attain considerable velocity in narrow
entrances to bays, in constricted parts of rivers, and in passages from
one body of water to another. Klong 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

In the entrance to a bay or river and, in general, where a restricted
width oceurs the tidal current is of the rectilinear or reversing type;
that is, the flood current runs in one direction for a period of about
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



TIDES AND CURRENTS IN NEW YORE HARBOR 13

the ebb current the one that sets seaward or downstream. The
change from flood to ebb gives rise to a period of slack water durin

which the velocity of the current is zero.  An example of this type o

current is shown 1n Figure 3, which represents the velocity and direc-
tion of the current as observed in the Hudson River off Fort Wash-
ington on July 22, 1922,

n Figure 3 the upper curve represents the velocity of the current
in knots, flood being plotted above the axis of X and ebb below the
axis. The velocity curve represents approximately the form of the
cosine curve. The maximum velocity of the ﬂoog current is called
the strength of flood and the maximum ebb velocity the strength of
ebb. The knot is the unit generally used for measuring the velocity
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.

Knote

1N N
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F16. 3.—Velocity and direction curves for the current, Hudson River, July 22, 1922

The lower curve of Figure 3 is the direction curve of the current,
the direction being g;iven in degrees, north being 0°, east 90°, south
180°, and west 270°. The directions are magnetic and represent
the direction of the current as derived from %ﬁ)urlv observations.
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 opposite direction during the period
of slack water. For the ebb period the direction curve likewise shows
the current to have been running in approximately the same direction
with an abrupt change of about 180° during slack.

ROTARY TIDAL CURRENTS

Offshore the tidal currents are generally not of the rectilinear or
versing type. Instead of flowing in the 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 offshore change direction continually.
Such currents are therefore called rotary currents. An example of
this type of current is shown in Figure 4, which represents the velocity
and dyi,rect-ion of the current at the heginning of each hour of the after-
noon on SeFtember 24,1919, at Nantucket Shoals Light Vessel, sta-
tioned off the coast of Massachusetts.

True
North

2 Midnmight

12 Noon

Scale of Knots
L 1 1 1 1 1 | ]
00 02 04 06 08 10 12 14

F1G6. 4.—Rotary current, Nantucket Shoals Light Vessel, afternoon of September 24, 1019

The current is seen to have 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
aﬁain by Waﬁ' of west. In a period of about 12 hours it is seen that
the current has veered completely round the compass.

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.
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define a somewhat irregular ellipse. If a number of observations are
averaged, eliminating accidental errors and temporary meteorological
disturbances, the regularity of the curve is considerably increased.
The average period of the cycle is, from a considerable number of
observations, found to be 12k 25m In other words, the current day,
like the tidal day, is 24* 50 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
again to greatest current does not give rise to a period of slack water.

hen 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 thus related to each other in the same way as slack
and strength of the rectilinear current, a minimum velocity following
2 maximum velocity by an interval of about three hours and bein
followed in turn by another maximum after a further interval o
three hours.

VARIATIONS IN STRENGTH OF CURRENT

Tidal currents exhibit changes in the strength of the current that
correspond closely with the changes in range exhibited 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 accompanied
by strong currents and apogean tides by weak currents; and when
the moon has considerable variation, the currents, like the tides, are
characterized by diurnal inequality.

As related to the moon's changing phases, the variation in the
strength of the current from day to day i1s approximately proportional
to the corresponding change in the range of the tide. The moon’s
changing distance lﬁiewise brings about changes in the velocity of
the strength of the current which is approximately proportional to
the corresponding change in the range of the tide; but in regard to
the moon’s changing declination, tide and current do not respond
alike, the diurnn.lg variation in the tide at any place being generally
greater than the diurnal variation in the current.

The relations subsisting between the changes in the velocity of the
current at any given place and the range of the tide at that place
may be derived from general considerations of a theoretical nature.
Variations in the current that involve semidiurnal components will
approximate corresponding changes in the range of the tide; but for
variations involving diurnal components the variation in the 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 strength of current
bear a constant and simple relation to the times of high and low
waters. In a progressive wave the time of slack water comes, theo-
retically, exactly midway between high and low water and the time
of strength at high and low water; in a stationary wave slack comes
at the times of high and low water, while the strength of current
comes midway between high and low water.
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The progressive-wave movement and the stationary-wave move-
ment are the two principal types of tidal movements. A progressive
wave is one whose crest advances, so that in any body of water that
sustains this type of tidal movement the times of high and low water
progress from one end to the other. A stationary wave is one that
oscillates about an axis, high water occurring over the whole area on
one side of this axis at the same instant that low water occurs over
the whole area on the other side of the axis.

The tidal movements of coastal waters are rarely of simple wave
form; nevertheless, it is very convenient in the study 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 Atlantic coast, the
relation between the time of current and the time of tide is very
nearly constant. This is brought out in Figure 5, which represents.
the tidal and current curves iIn 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 eastern shore of the Narrows.
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F16. 5—~Tide and current curves, New York Harbor, October 9, 1919

The diagrams of Figure 5 were drawn by plotting the heights of
the tide and the velocities of the current to the same time scale and
to such velocity and height, scales as will make the maximum ordi-
nates of the two curves approximately equal. The time axis or axis of
X represents the line of zero velocity ?or the currents and of mean
sea level for the tide, the velocity of the current being plotted in ac-
cordance with the scale of knots on the left, while the height of the
tide reckoned from mean sea level was plotted in accordance with the
scale in feet on the right.

From Figure 5 it 1s 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 time 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 strength of ebb occurred about 0.6 hour after
the time of low water, both morning and afternoon; slack before
flood occurred 2.2 hours before high water: strength of flood 0.4
hour after high water; slack before ebb 3.0 hours before low water.
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In this connection, however, it is to be noted that the time relations
between the various phases of tide and 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 the United States. This 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 half as
great as that in the tide. This brings about differences in the corre-
spondingI features of tide and current as between morning and after-
noon. However, in such cases it is frequently possible to refer the
current at a given place to the tide at some other place with com-
parable diurnal inequality.

EFFECT OF NONTIDAL CURRENT
The tidal current is subject to the disturbing influence of nontidal

currents which affect the regularity of its occurrence as regards time,
velocity, and direction. In the case of the rectilinear current the

/AN

u

¥16. 6.—Eflect of nontidal 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 unequal and to change the
times of slack water but to leave unchanged the times of flood and
ebb strengths. This is evident from a consideration of Figure 6
which represents a simple rectilinear tidal current, the time axis of
which is the line A B, flood velocities being plotted above the line
and ebb velocities below.

When unaffected by nontidal currents, the periods of flood and
ebb are, in general, equal as represented in the diagram, and slack
water occurs regularly three hours and six minutes after the times of
flood and ebb strengths. But if we assume a steady nontidal current
introduced which has, in the direction of the tidal current, a velocitﬂ
component represented by the line C'D, it is evident that the strengt
of ebb will be increased by an amount equal to CD, while the flood
strength will be decreased by the same amount. The current con-
ditions may now be completely represented by drawing, as a new
agli;, the line EF parallel to AB and distant from it the length of

O.bviously, if the velocity of the nontidal current exceeds that of
the tidal current at the time of strength, the tidal current will be
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completely masked and the resultant current will set at all times 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 @0 and the
current will be flowing at all times in the ebb direction. There will
be no slack waters; but at periods 6 hours 12 minutes apart there will
oceur minimum and maximum veloeities represented, respectively,
by the lines RS and T'T.

Insofar as the effect of the nontidal current on the direction of the
tidal current is concerned, it is only necessary to remark that the
resultant current will set in a direction which at any time is the
resultant of the tidal and nontidal currents at that time. This
resultant direction and also the resultant velocity may be deter-
mined either graphically by the parallelogram of velocities or by the
usual trigonometrie computations.

VELOCITY OF TIDAL CURRENTS AND PROGRESSION OF THE TIDE

In the tidal movement of the water it is necessary to distinguish
clearly hetween the velocity of the current and the progression or
rate of advance of the tide. In the former case reference is made to
the actual speed of w moving particle, while in the latter case the
reference is to the rate of advance of the tide phase or the velocity
of propagation of wave motion, which generally is many times greater
than the velocity of the current.

It is to be noted that there is no necessary relationship between
the velocity of the tidal current at any place and the rate of advance
of the tide at that place. In other words, if the rate 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 movement. In a
progressive wave the tide moves approximately in accordance with
the formula 7=+/gd in which 7 is the rate of advance of the tide, ¢
the acceleration of gravity, and d the depth of the waterway. In
stationary-wave movement, since high or low water occurs at very
nearly the same time over a considerable area, the rate of advance 1s
theoretically very great; but actually there is always some progression
present, and this reduces the theoretical velocity considerably.

The velocity of the current, or the actual speed with which the
particles of water are moving past any fixed point, depends on the
volume of water that must pass the given point and the cross-section
of the channel at that point. The velocity of the current is thus
independent of the rate of advance of the tide.

DISTANCE TRAVELED BY A PARTICLE IN A TIDAL CYCLE

In a rectilinear current the distance traveled by the water particles
or by any object floating in the water is obviously equal to theproduct
of the time by the average velocity during this interval of time. To
determine the average velocity of the tidal current for any desired
interval several methods may be used.

If the curve of the tidal current has been plotted, the average
velocity may be derived as the mean of a number of measurements
of the 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 the mean ordinate of the curve
by use of the planimeter. For a full tidal cycle of flood or ebb,
however, since the current curve generally approximates the cosine
curve, the simplest method consists in making use of the well-known
ratio of the mean ordinate of the cosine curve to the maximum ordi-
nate which is 2+, or 0.6366.

The latter method has another advantage in that the velocity of
the tidal current is almost invariably specified by its velocity at
the time of strength, which corresponds to the maximum ordinate
of the cosine curve; hence, the average velocity of the tidal current
for a flood or ebb cycle is given immediately as the })roduc-t of the
strength of the current by 0.6366. And though this method is
only approximate, since the curve of the current may deviate more
or less from the cosine curve, in general the results will be sufficiently
accurate for all practical purposes. For a normal flood or ebb period
of 6.2 hours the distance a tidal current with & velocity at strength of
1 knot will carry a floating object is. in nautical miles, 0.6366 6.2 =
3.95, or 24,000 feet.

DURATION OF SLACK

In the change of direction of flow from flood to ebb, and vice versa,
the tidal current goes through a period of slack water or zero velocity.
Obviously, this period of slack is but momentary, and graphically iv
is represented. by the instant when the current curve cuts the zero
line of velocities. For a brief period each side of slack water, how-
ever, the current is very weak, and in ordinary usage “ slack water”
denotes not only the instant of zero velocity but also the period of
weak current. The question is therefore frequently raised, How
long does slack water last? ) .

o give slack water in its ordinary usage a definite meaning, we
may define it to be the period during which the velocity of the cur-
rent is less than one-tenth of a knot. Velocities less than one-tenth
of a knot may generally be disregarded for practical purposes, and
such velocities are, moreover, difficult to measure either with float
or with current meter. For any given current it 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 current—the stronger the current the less the duration of slack—
and from the equation of the sine curve we may easily compute the
duration of slagk water for currents of various strengths. For the
normal flood or ebb cycle of 6% 12.6® we may write the equation of
the current curve y =4 sin 0.4831¢, in which 4 is the velocity of the
current in knots at time of strength, 0.4831 the angular velocity in
degrees per minute, and ¢ is the time in minutes from the instant of
zero velocity. Setting ¥=0.1 and solving for ¢ (this value of ¢ giving
half the duration of slack) we get for the %ura,tion of slack the follow-
ing values: For a current with a strength of 1 knot, slack water is 24
minutes; for currents of 2 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 knots, 24 minutes.
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HARMONIC CONSTANTS

The tidal current, like the tide, may be regarded as the resultant
of a number of simple harmonic movements, each of the form y=
Acos (at+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 may also be used in the prediction 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
harbor, if we denote the various components of the tide by primes
and of the currents by double primes, we have

M’,: 8, N, K2 O i=mM"",: 8.8",: 2, N"";: B, K'’,: 0,0",

where the small italic -letters represent, respectively, the angular
sPeed of the corresponding components. This shows at once that
the diurnal inequality in the currents should be approximately half
that in the tide.

MEAN VALUES

In the nonharmonic analysis of current observationsit is customary
to 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 determined 1s in effect
reduced to approximate mean value, since the changes in the tidal
current from da{' to day may be taken to agproximate the correspond-
ing changes in the tide; but the velocity of the current as determined
from a short series of observations must be reduced to a mean value.

In the ordinary tidal movement of the progressive or stationary
wave types the change in the strength of the current from day to day
may be taken approximately the same as the variation in the range
of the tide. Hence, the velocity of the current from a short series of
observations may be corrected to a mean value by multiplying by a
factor equal 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 nontidal currents
must first be eliminated and the factor applied to the tidal current
alone. This may be done by taking the strengths of the tidal cur-
rent as the half sum of the flood and ebb strengths for the period in
question. )

In some places the current, while exhibiting the characteristic
features of the tidal current, is in reality a hydraulic current due to
differences in head at 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 sweeping through these waterways are
not tidal currents in the true sense, but hydraulic currents. The
velocities of such currents vary as the square root of the head, and
hence in reducing the velocities of such currents to a mean value the
factor to be used is the square root of the factor used for ordinary
tidal currents.
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III. THE HARBOR OF NEW YORK
COMPONENT PARTS

Most harbors are situated on a tidal river or bay, the harbor proper
comprising a portion of the bay orriver. New York Harbor differs
in this respect from other harbors in that it consists of a number of
bays and rivers that communicate with on2 another, thus forming a
system of intercommunicating tidal waterways. And in another
hydrographic respect does New York Harbor differ from other har-
bors; its communication with the sea is through two independent
passageways many miles apart. Figure 7 shows that the ocean tide
comes to New York Harbor both from the south through Lower Bay
and from the east, more than a hundred miles away, through Long
Island Sound.

The number of waterways that make up the harbor of New York
depends on the limits assigned to the harbor. For the purposes of
this publication New York Harbor will be taken to comprise the
following waterways: (1) Lower Bay (including Raritan and Sandy
Hook Bays), (2) the Narrows, (3) Upper Bay, (4) Newark Bay,
(5) Arthur Kill, (6) Kill Van Kull, (7) East River, (8) Hudson River
(as far as Mount St. Vincent), (9) Harlem River.

These waterways are all included within the legally constituted

ort of New York. The relations of the component parts of the
ﬁarbor to each other are shown in Figure 8.

LOWER BAY

Into Lower Bay the ocean tide sweeps past the gateways of Sandy
Hook and Coney Island. If we define the eastern limit of Lower
Bay by a line running from the eastern point of Coney Island to the
point where Sandy Hook turns west, the entrance to the bay has a
width of 8 statute miles. From this eastern limit Lower Bay ex-
tends to the Narrows on the north and to the mouth of Raritan
River on the west, including thus Gravesend Bay, Raritan Bay, and
Sandy Hook Bay. Within these limits Lower Bay covers an area
of 118 square statute miles.

Through the bar extending across the entrance to Lower Bay a
number of wide and deep channels give access to the bay and to the
waterways connecting with it. Ambrose Channel, which leads into
the Narrows, is the principal entrance to New York Harbor and has
been dredged to a width of 2,000 feet and to a depth of 4214 feet
below mean sea level. At its western end Lower Bay shallows con-
siderably, but near its northern end, west of Coney Island, where it
leads into the Narrows, the channel shows depths of over 100 feet.
For the whole extent of its area within the limits assigned above
iLowier Bay has an average depth of 20 feet, reckoned from mean sea
evel.

At its northeastern end the tide from Lower Bay passes northward
through the Narrows, while at its western end the tide is carried
westward into Raritan River and northward into Arthur Kill.
Through the Raritan River, Lower Bay receives the drainage waters
from an area of about 1,100 square miles, while from the Narrows
and Arthur Kill there drains mnto Lower Bay the waters from a
territory having an area of 14,700 square miles.
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Ti5. 7,—New York Harbor, showing the twg entrances {rom the acean
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THE NARROWS

The Narrows is a short strait leading from Lower Bay into Upper
Bay. It is a little more than 3 statute miles long, with a width of
1 mile at its southern end and 2 miles at its northern end. At its
southern end where it meets Lower Bay the channel shows depths

Mt. SL.Vinemt }

Statute Miles
S

Lower Bay

Fi1i. 8,~New York Harbor, showing 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 swingE toward the western shore and continues parallel to
it into Upper Bay. The area of 434 square miles which the Narrows
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i:omf)rises has an average depth of 49 feet, reckoned from mean sea
evel.,

It is through the channel of the Narrows that the greater part of
the commerce of New York Harbor passes, and it is through the
same channel that the drainage waters of a region approximately
14,500 square miles in area find their way tothesea. For the tides,
too, the Narrows is the principal channel to the highways of New
%’ork Harbor, affording a deep and commodious passage from Lower

ay.

¥ UPPER BAY

From the Narrows the tide progresses into Upper Bay, a sheet of
water a little more than 4 miles long and about 334 miles wide,
having an area of 1414 square miles.” The main channel through
Upper Bay, leading from the Narrows to the mouth of the Hudson,
has a width of about half a mile with depths of 60 feet or more.
The western part of the bay is occupied by extensive flats with
depths of 8 feet or less, reckoned from mean sea level.

hree 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 bay at the entrance to the East River. Bedloes Island
and Ellis Island are situated near the west shore of the bay, and it is
on Bedloes Island that the colossal bronze Statue of Liberty stands,
the tip of the torch more than 300 feet above sea level.

From Upper Bay three tidal highways radiate—to the west Kill
Van Kull lgads into Newark Bay, to the northeast East River leads
into Long Island Sound, and to t¥1e 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 1414 square miles covered by Upper Bay is 25 feet, reckoned
from mean sea level.

NEWARK BAY AND THE KILLS

Newark Bay lies to the west of Upper Bay from which it is sepa-
rated by a narrow tongue of land, less than 1,200 yards wide in some
Fla,ces, on which the city of Bayonne, N. J., is located. It has a
ength of about 6 miles and an average width of a little more than a
mile, comprising an area somewhat in excess of 8 square miles.

Two straits—Arthur Kill and Kill Van Kull—lead the tide into
Newark Bay. From the south Arthur Kill brings the tide from the
western endy of Lower Bay and from the east Kill Van Kull carries the
tide from Upper Bay. thur Kill has a length measured along its
channel of 13 miles and covers an area of 414 square miles with an
average depth of 1734 feet. Kill Van Kull 1s shorter than Arthur
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 square mile with an
average depth, reckoned from mean sea level, of 28 feet. Being short-
er, wider, and deeper, Kill Van Kull is the principal tidal inlet into
Newark Bay.

Two rivers of considerable size—the Hackensack and the Pas-
saic—empty into Newark Bay at 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 the
Passaic each carry the tide upstream a distance of about 15 miles.
The greater part of Newark Bay is shoal, but a channel obtained partl
by dredging leads through the bay to the entrance of the Hackensac
and Passalc Rivers. Kor the 8 square miles comprising its area
Newark Bay has an average depth of 9 feet.

EAST RIVER

From Upper Bay East River carries the tide northeastward.
Parenthetically, it may be remarked that East River is strictly not a
river but a strait connecting Upper Bay and Long Island Sound, so
that East River is subject not only to the tide coming northeastward.
from Upper Bay but also to the tide moving southwestward from
Long Island Sound.

From the extreme tip of Manhattan Island on the southwest to
Throgs Neck on the northeast East River has a length of 16 miles,
but it is not at all uniform in its hydrci%raphic features throughout
this length. Hell Gate, which divides Kast River almost exactly in
half, may be taken as separating the waterway into two parts possess-
ing different characteristics. Lower East River, lying southwestward
of Hell Gate, is a relatively narrow and deep waterway, comprisin,
an area of 4 square miles with an average depth of 38 feet. Eastwar
of Hell Gate the river widens and Upper East River covers an area of
934 square miles with an average depth of 25 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 part of Wards Island that the name
Hell Gate is applied. While the Dutch words “Helle Gat,” from
which its name is derived, have a totally different meaning than the
English “Hell Gate,” the Anglicised form was considered an appro-
priate designation, especially in the early days when the reefs of rock
in the main passage, together with the swift currents and tortuous
channel, rengered navigation dangerous at times. Since 1851 a
considerable amount of rock has been 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 stopped by the dam at Troy.
For a distance of 90 miles above its mouth the %iudson has a deep
and unobstructed channel navigable for large vessels. Further
upstream the depth lessens, but even for the last 30 miles there is a
channel 12 feet deeg. The river also serves as a highway for the
traffic of the New York 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 York Harbor. For this distance
the river has a width of very nearly a mile and covers an area of 1414
square miles, with an average depth, reckoned from mean sea level,
of 3215 feet.

It 1s the Hudson River that brings the greater part of the drainage
waters into New York Harbor. Of the 14,500 square miles of terri-
tory that drain into the sea through the Narrows the Hudson River
contributes over 13,400 square miles, or more than 90 per cent. Com-
putations based on river gaugings and rainfall bring out the fact that,
on the average, about 26,000 cu%ic feet of fresh or nontidal water pass
through the Narrows each second, of which the Hudson contributes
24,000 cubic feet. In other words, from the territory it drains, the
Hudson pours each day into New York Harbor a volume of water
equal to 2,000,000,000 cubic feet.

HARLEM RIVER

Harlem River is the narrow tidal waterway that joins the Hudson
with the East River and makes an island of Manhattan by cutting it
off from the mainland to thenorth. Like East River, Harlem River is
a strait and not a true river. Its 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
IGitt-e,lt.he prineipal channel lying between Manhattan and Wards

sland.

Originally the Hudson River outlet of the Harlem was a tortuous
narrow channel through a tidal marsh known as Spuyten Duyvil
Creek, the designation “Harlem River” being applied to the rest of
the waterway leading into East River. In 1895 a ship canal was
completed through the tidal marsh, and now the Harlem is a con-
tinuous waterway from the East River to the Hudson, the channel -
having a length of 73{ miles. It covers an area of three-quarters of
a square mile, with an average depth of 16 feet.

New York Harbor thus forms a system of waterways consisting of
3 bays, 5 straits, and 1 tidal river, through all of which the tide
sweeps. From the ocean the tide enters the harbor through two
inlets many miles apart, and this, together with the fact that the
waterways of New ’gork Harbor are intercommunicating, gives rise
to the considerable variety in the rise and fall of the tide and in the
flood and ebb of the current.

IV. THE TIDE AT FORT HAMILTON
INTRODUCTORY

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 gauge. The heights on the paper record are
connected with a ﬁxe§ zero by readings made on a fixed staff, these
comparative readings being made several times weekly.

On December 5, 1920, the wharf on which the tide house was lo-
cated was destroyed by fire. On the reestablishment of the wharf
early in 1921 the United States Engineer Office, War Department,
installed a Gurley printing gauge which records directly the height
of the tide at 15-minute intervals. For the years 1921 and 1922 the
data for Fort Hamilton are from the records of the United States
Engineer Office.

are 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 the staff. In this way

the zero of the staff was kept at a constant elevation throughout the

eriod of observation. For the tides of New York Harbor, Fort
amilton will be taken as the standard station.

THE TIME OF TIDE

The lunitidal intervals at Fort Hamilton, 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 positions of sun and moon relative to the earth;
but changes in wind and weather also cause variations in the luni-
tidal intervals. However, when undisturbed by wind or other un-
usual meteorological conditions, it is only infrequently that these in-
telivals at Fort Hamilton vary by as much as one hour from the mean
values.

The change in lunitidal intervals from day to day throughout a
‘summer month is shown by the seventh and eighth columns of Table
1, which list the high-water and low-water intervals for the first 29
days of June, 1919. It is to be noted, however, that for convenience
in computation the moon’s transits across the meridian of Green-
wich are taken, the necessary correction to refer these intervals to
the local meridian being made to the average values determined for
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 the seventh and eighth columns
are likewise inclosed in parentheses.

8904—251——3
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TasLe 1.—High and low waters, Fort Hamilion, June, 1919

28

gy (MM MEHDG GRAOHDONL ! RENDHOIOMNO NOENE—OOHON WRLOSNOSH | WO ODD
= T Mdsddddidid MY dddidid | Tl Bl iddid ey AR E Sl ! Sudurduieig
w < H SIS e GiG G
m B RG : !
! !
T
& g EERWVVO INNOO BAEARHNONEY FOANCOHHDWSD VLEINMNRR | FOCVIHHOOOT POR=ONND
m ﬂﬁ.&km:w& I i divicid T ddidd A AdinidSd | S S S S SSSES
H 4
|
i Y I ASRDHRID ~NOBDANIMD | AmOFHNHONNN RAERVXCRWNO OUWNHOMMBO | MO~ HO
) To.m m34&4&4&434. o fful i | i dddddedd SdS A A iedd SeledAedededesod 1 eScdodededdedd
+© | i
A T
] g5 LIONOD 00T ORBRANARS CERBEAHMHAN CATOLNBNA | HOANDSEMNRO NRNEE=T DO
e LSS 16l BBNENSHLING NRONBRSSS B X BLHHS | LS ASHASS HFbE A S S
=] EE K~ ! H gog
H :
= - T y
o Wm Wmow\.w..mwiwamﬂm&ﬂ.low ErFaBeBed | NSoBnErTo? WRoRWTEeE aBuSrfofo | Ro@r~-Cn&w ]
8% | HB | §=UgTSgAgr Zrigeidadeld | dddddgegadd Sg-gHgRgeg Hd-dred-ge | dndodage el
=
x 4 oo ! T
.m.m 5 ER0Bal [wBa8 BT nBafind WB-RaR~Dwd wBvwS+T+Rr | CofobuloRn BB~ |wvo
e ] ="y S NN NI M tEN B ofodad . N A A N R N A P P N N N N N N T N N3
He QEFENE 1SErE FErgRErgeE SZHGirdsry NENERENEN | EeErEmNl NSy BN 2
|
7
Jd = ..u.o IHNHONMO0Y COWHOOOON | HOOMONGWND VENNNWRNOW BNNPOI-ED | FOONIVDG on
o o g CcddddSuSE SEFETINNG | NéNSErd e CddddSdddd SOSFSFSSE | SSSddeds | a'r
g R ) | ] e
o Ll ' [l
- ’
e o EP—CWo IHRWA NONRMOO®MNND MOANE~ORIOS OHOPOOB | COCOHB NN DOWODNWN | *P
-] Sl [ . M . . ' ' : s 0
m m m &S ._6&.&& B Sidiur WowBdddSsdd ﬁam.m.mﬂmG.a:m&._ HesdSSul Sy Wl -
] ] «®
r 1
=
| Wm WMMQNJMM;..S..UM FOHNEONARG | VNBONYWOAH NROOARMONIOD HEMOMNIONG | OHXNONSW | |
NN P I o M 1
g | AE | §TETRYRACEN] SFogddedgd | S d-ddy Sddencddd Naedegddegd | S dadeg
@ 0 !
H o8 nMo.Mlm “MMMM £M74432924 NBNNORHDO ~OEIDBNRD | ONGWOHDINEY PHOHD WD
E | g | §ofdgd [Sdog Sdeidddvger Sgednduges SFdldgdne | Sh-deldrigdy Pudangey
! H
B - : :
mmMmmm 5 n\.wMM,A.mo.. .\Mgmﬁmanlﬂs 1008 o@nTFuEnl-BE ofnRoRofeR ©F~ I8~FNo
Gl g ? 3 2o : : i Mgt H 1 : '
SEESEE | § Fgrney codrdldgddsd 1S rd Hdddudddel dddgngoidaid ded 1Sl
SEE98 p o2 22z oo a8Etd gy
e — T T T T T T aaT IR —
I [ H R B H [ T
" “ “ “ “ " “ “ 1 L] 1] 1 L] 1 1 1 1 1] 1 1 T
[ | T H | R [ [ A
A [ [ B [ [ A
Voo | S Voo S T [ [ S A vl
© A | T o [ T R T R [
- ! H “ " " “ " " [ ] ] 1 1 1 1 [ ] 1 ] ] [ "
s A A A bl b 28
[ Vo [ A
A I | Vo R T [ [ R g
Pl I A HE [ Vo | um
A A HE R R H [
I N R S S P [ R
1 1 [ 1 1 ] 1 1 1 1 1 1 1 } 1 1 . 1 1 1 1
Pt R S ] HE [ T N | . S ]
@ 4 B3 o
s wa g ¥8 €528 8§ I8 S5 KK

is
d
ion

M

ermine

L

to da
aria

Y.

tervals as det

The v

m

e values for these

ag

small, the aver

y
from a month of observations should not differ much from the values

Since the variation in the lunitidal intervals from da;
as determined from a considerable period of time.

relativel



TIDES AND CURRENTS IN NEW YORK HARBOR 29

from month to month through two years—1893 and 1922, 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-day group for the month of February
when it has but 28 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: Monthly means for 1893 and 1922

High-water inter- | Low-water inter-
vals
Month
1803 1922 1893 1922

Hours Hours Hour» Hours
JAUATY e cemmmmm—m———- 7.73 7.7 1.680 . LN
February... - 7.80 7.67 1.60 1.66
7.60 7.63 1.63 1.52
7.62 7.57 1.58 1.62
7.64 7.62 1.58 167
7.7 7.60 1.70 1.59
7.80 7.62 164 1.5¢
R - 7.68 7.69 171 1.69
September. ______ oo 7.70 7.75 167 1.66
OCtODeT. o oo oo et e mm e emam e —————— .4 7.60 171 1.58
November_.... ———- .77 7.80 173 1.71
December. 7.81 7.7 171 1.78
BUMS . e ncrecmmeeccemmcameammae—aan 93. 40 92,13 19. 86 19.63
Means. - 7.7 7.68 1.66 1.64

As determined from a year of observations, the lunitidal intervals
give a close approximation to the mean values determined from a
eriod of & number of years. The variation in the high-water and
ow-water lunitidal intervals from year to year is shown in Table 3
under the headings HWI and LWI, respectively, the intervals being
iven in hours and decimals. For the years 1893 to 1912, inclusive,
the values are from monthly groups, including every day of the
month; from 1913 to 1922, inclusive, the values are for monthly
groups covering the first 29 days of each month.

TaBLE 3.—Lunitidal intervals, Fort Hamilion: Annual means from 1898 to 1922

Year HWI | LWI Year HWI | LWI Year HWI { LWI
Hours Hours | Hours Hours | Hours

1.65 66 1.63 7.62 1.56

1.69 1.66 7.56 1.51

1.61 1.69 7.58 1,54

1.58 1.72 7.57 1.59

1.57 1.68 7.62 1.62

1.62 1.68 7.61 1.62

1.68 1.68 7.67 1.66

1.73 1.66 7.60 1.65

A 1.70 1.62 7.7 L72

1902, oo 7.70, 1.68 1.60 7.68 1.64

Sums. .| 77.11 | 16.51 ) 16.60 76. 35 16.11

Means....| 7.71 1.85 Means....| 7.70 1.66 7.64 1.61

If we take a direct mean of the 30 years tabulated in: Table 3, we
derive for the high-water lunitidal interval 7.68 hours and for the
low-water interval 1.64 hours. The values for any one year differ but
little from these mean values. For the high-water intervals the
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greatest deviation in the one direction is represented by 0.09 hour, or
5.4 minutes, in 1900 and again in 1921, and in the other direction by
0.12 hour, or 7.2 minutes, in 1914 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 approximately 19 years all of the more important of
the moon’s motions will have gone through complete cycles. It is
therefore customary to regard the values of tidal constants derived
from a 19-year series as constituting mean values. The observations
from 1893 to 1922 permit two overlapping 19-year groups to he made
—1893 to 1911 and 1904 to 1922—the period overlapping being 8
years, 1904 to 1911. TFrom the first 19-year group we derive the high-
water interval to be 7.71 hours and the low-water interval 1.66 hours.
From the second 19-year group these intervals are, respectively, 7.67
hours and 1.64 hours. There appears thus to have been a change in
the time of the tide at Fort Hamilton during the past 30 years. This
agparent. change is likewise shown by the means of the 10-year groups
of Table 3 and may be ascribed to the deepening of the channels
leading from the sea. For the mean values of the Iunitidal 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.

DURATION OF RISE AND FALL

From the mean high and low water intervals at Fort Hamilton of
7.67 hours and 1.64 hours 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
hours (half the tidal day of 24.84 hours) the duration of fall is 6.39
hours. For individual tides the periods of rise and fall are obviously
subject to somewhat greater variation than the lunitidal intervals.
In general, however, when undisturbed by wind or weather, these
periods at Fort Hamilton do not vary much from their mean values,
as shown by the fifth and sixth columns of Table 1, which give the
consecutive periods of rise and fall for a typical month.

From Ta.bll)e. 2 we may derive the mean durations of rise and fall
for each month of 1893 and 1922. These values are given in Table 4
following:

TaBLk 4.—Duration of rise and fall, Fort Hamilton: Monthly means for 1893
and 1922

Jan. | Feb. | Mar.{ Apr. | May | June | July | Aug. [ Sept. |-Oct. | Nov.| Dec. | Means

Rise........._. 6.13]6.20| 507 [6.04 | 6.06 | 6.01 ; 6.05) 597 | 6.03 | 6.03 | 6.04 | 6.10 6.05
ngall ___________ 6.291622|645(6.35|6.36] 641 |637|645(6.39;46.39/63S)4532 6.37
1922:
Rise_.......__. 6.08 | 6.01 | 611 (6.05] 595|601 608|600 600|6.02;6.00]|801 6.04
Fall_____.____. 6.34 | 6.41 | 6.31 | 6.37 | 6,47 | 6.41 | 6.34 | 6.42 | 6.33 | 6.40 | 6.33 | 6.41 6.38

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 6.38, and from the third
%rou 6.03 and 6.39. The differences between these means are small,

ut they indicate a gradual chanﬁe in the relative durations of rise and
fall. If, as before, we group the whole series of observations into
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two overlapping 19-year groups, we derive for the first group (1893
to 1911) a duration of rise of 6.05 hours and a duration of fall of 6.37
hours. From the second group (1904 to 1922) we derive, respectively,
6.03 hours and 6.39 hours, and these latter values will be taken as the
best determined means for the durations of rise and fall.

MEAN SEA LEVEL

The plane of mean sea level may be defined as the plane about
which the tide oscillates or as the surface the sea would assume when
undisturbed by the mse 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 averaging over a considerable period of time the hourly
heights of the tide, as read on a fixed tide staff the zero of which has
been connected with the bench mark by spirit levels. This is also
accomplished by reading the hourly heights from a tide gauge which
is connected with a fixed staff by com%a.rative readings.

For how long a period must the hourly heights of the tide be
averaged to give a good determination of mean sea level? This
question can best be answered by examining the results derived from
observations of varying periods. Obviously, mean sea level de-
termined from tidal observations extending over one day may be in
error several feet, due to varying meteorological conditions. But
even apart from the effects of wind and weather, it is to be borne in
mind that the so-called long period tides, brought about by the tidal
forces having periods of half a month or more, introduce a variation
in sea level from day to day. ¥

The variation in sea level from day to day is shown in Table 5 for
the month of June, 1919, a typical summer month. In this table
the values of sea level were derived by averaging the 24 hourly
heights of each day which are recorded in feet and tenths and refer
to the fixed tide staff to which all the observations at Fort Hamilton
are referred.

TABLE 5.—Daily sea level on staff, Fort Hamilton, June, 1919

Date Feet Date Feet Date Feet

63.23
6.32

It will be observed that even in a summer month when meteor-
ological conditions do not vary greatly, sea level may vary by as
much as 0.9 foot. Table 5 also brings out the fact that mean sea
level determined from three consecutive 10-day groups during a
month when weather conditions were relatively uniform may differ
from each other by 0.2 foot.



32 U. S. COAST AND GEODETIC SURVEY

Not only is sea level determined from one day of observations sub-
ject to serious error, but even when determined from observations
coverin% a ’Feriod of & month it may not be free from considerable
error. 1n Table 6 the heights of sea level on the tide staff as deter-
mined from the first 29 days of cach month for the years 1893, 1902,
1911, and 1920 are given.

TaBLE 6.—Monihly sea level on staff, Fort Hamilton, for 1893, 1902, 1911, and 1920

Year Jan. | Feb. ! Mar. | Apr. | May | June { July | Aug. | Sept.| Oct. [ Nov.| Dec. | Means
5.66|5.27 | 5.73]5.97(6.03{6.17 | 593 |6.18)6.01 | 6.12| 589 | 5.42 5. 86
5.68|5.81|6.00]607]506(610(6.25)|6.30(6.30|6.34|86.34|6.08 6.12
5.60596]5.66;6.02|605)|630604|6196.466.45|5.77 | 5.8 6.03
5.75] 595 5.52|6.80 | 6.31 | 6.46 | 6.19 | 6.34 | 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 covering a period of a month is subject to
‘considerable variation from month to month. Between the greatest
and least values of the monthly means for the four years used in the
table the difference is 1.19 feet, and within the period of any one of
these years the monthly means may differ by as much as 0.9 foot.
Even the mean values determined from 12 months of observations
show differences from year to year, as evidenced by the last column
of Table 6. This fact 1s brought out by Table 7, in which the yearly
values of sea level from 1893 to 1922 are given.

TaBLE 7.—Sea level on staff, For? Hamilton: Annual means 1893 to 1922

Year Feet Year Feet Year Feet
5,86 8,05 5. 80
5.80 5.90 6.03
5.83 5,86 6.08
5.91 5.97 6.04
5,98 5,92 6.07
6.00 5. 89 6.05
5.99 6.02 6.22
5.85 6.08 6.15
6.08 6.03 6.17
6.12 5.85 6.07
2111 1 | R — 50. 52 Sum. ceemmmeeee 59. 57 60. 78
Mean ..:oocmmmanea-. 5.95 Mean. ceoecumemonens 5.96 6.08

A glance at Table 7 shows that sea level from 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. Dividing the observations into 10-year groups,
there is a difference of 0.13 foot between the first and last of 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 may be taken as the best determined
value for sea level at Fort Hamilton, referred to the tide staff used
in the observations.

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

Chm:fes in meteorological conditions are reflected by changes in
sea level, and since meteorological conditions vary from year to year
the variation in the height of sea level brought out by ﬂble 7 must
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 maximum 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.
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F1a. 9—Annual variation in sea level at Fort Hamilton, by 10-year periods

1t appears, therefore, that sea level varies from day to day, from
month to month, and from year to year. Strong winds or sudden
changes in atmospheric pressure may bring about very considerable
variations in sea ﬁ,evel from day to day. e variations from year
to year are undoubtedly due to variations in meteorological condi-
tions, but whether these possess any periodicity is not yet evident.
The variation in sea levef from month to month, however, exhibits
very considerable periodicity. A glance at Table 6 brings out the
fact that sea level 1s lowest in winter months, with & minimum gen-
erally 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~
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parison we may divide the observations into three groups of 10 years
and derive the average monthly heights of sea level for each of these
groups. Figure 9 gives the results in diagrammatic form.

The three curves of Figure 9 exhibit 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 groups—1893 to 1911 and 1904 to 1922—and derive the average
monthly means of these two groups these means will furnish the best
data for determining the annual variation. 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 beginning of
September, the difference being 0.62 foot. The curve also indicates a
secondary maximum and minimum in June and July, which is evidence
that there are several periods involved. This is brought out by the
harmonic constants as will be seen later.
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F16. 10.—Annual variation in sea level, Fort Hamilton, from 30 years of ohservations

THE PLANES OF HIGH WATER

The height to which high water rises varies from day to day,
principally in accordance with the varying positions of the moon
relative to earth and sun. At times of new and full moon, when the
so-called spring tides occur, high water rises higher than usual; and
when the moon is in its first and thHird quarters the rise of high water
is less than usual. Likewise at the times when the moon is in perigee
high water rises higher than the average, while at the times of the
moon’s apogee the rise is lower than the average. Changes in the
moon's declination also bring about a difference in the heights 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, perigean high water, apogean
high water, higher high water, lower ’I;l%h water, mean high water,
or some arbitrary storm high water. e term “high-water plane’”
by itself is not precise, for it does not indicate what high-water plane
is referred to.

Of all the high-water planes, the one most easily determined is the
plane of mea.n%ligh water. This plane is determined as the average
of all the high waters over a consicﬁara.ble period of time. The height
to which high water rises varies from day to day; for a typical summer
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month the daily variation in the height of high water is shown in the
ninth column of Table 1. When determined from a month of obser-
vations, the plane of high water can not be considered other than
approximate, even though undisturbed by storms during this period.

uring any one year the monthly means of high water may differ
from each other by as much as a foot. The monthly means for four
years—1893, 1902, 1911, and 1920—areshown in Table 8. The means
are for the first 29 days of each month.

‘TABLE 8.—Monthly mean high water on staff, Fort Hamilton, for 1893, 1902, 1911,

and 1920
Year Jan. | Feb. | Mar.| Apr. | May | June | July i Aug. | Sept. | Oct. | Nov. | Dec. | Means
Feel | Fect | Feet | Feet | Feet | Feet | Feet | Feet | Feet | Feet | Feet | Feel | Feet
1898 el 7.81 | 7.42 | 7.93 | 8.22 | 8.2¢ | 8.31 | 8.07 | 8.35 [ 8.25 | 8.34 | 8.10 | 7.66 8.06
02 . 7. 810 18.50184¢(834)847 (864870871 )873)865)84 8.47
oL 7.87 {8.18 17,92 |8.3¢ | 8.31 |86418.35!847|867|8.65]805)|8.15 8,30
1920 ... 8.11{830{7.93|873|8.71|8382 &61[8.72|8.67 8.69 | 853 [ 8.48 8.53
! |

Between the greatest and least values of the monthly means for the
four years given in Table 8 the difference is 1.40 feet, and even the
mean values 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 1893
to 1922 is shown in Table 9.

TABLE 9.—Mean high waler on staff, Fort Hamilton: Annual means, 1893 to 1922

Year Feet Year Feet Year Feet
8. 06 8.42 815
8.10 8.2 8.27
8.03 8,23 8.34
8.15 8.31 8,33
8.23 8.27 8.38
8.26 8.21 8.40
8.27 8.33 8. 56
8.17 838 8. 53
8.39 8.30 8. 55
8. 47 8,12 8.47

82.13 82.86 83.98
8.21 8.29 8.40

Table 9 shows that the iplane of high water varies from one year to the
next by as much as 0.22 foot. Several factors conspire to bring about
this variation. One of these obviously is the change in sea level
from year to year, for it is about the plane of sea level that the tide
oscillates. Thisvariation in the plane of high water may be eliminated
by referring the height of high water to sea level, which may be
done by sui)tract.ing the values of Table 7 from the corresponding-
values of Table 9. The results are shown in Table 10.

3904—251—4
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TaBLE 10.—Mean high waler above sea level, Fort Hamilion: Annual means, 1893

to 1922
Year Feet Year Feet Year Feet

220 2,37 2,25
2.20 2.39 2,24
2.20 2.37 2.26
2.24 2,34 2.29
2,25 2.35 2.31 -
2.26 2.32 2.35
2,28 2.31 2,34
2.32 2.30 2.88
2.31 227 2.38
2.35 2.27 2,40

22.61 Sum.._ ... 23.20 Sum.___.____.__._. 23.20
2.26 Mean. ... 233 Mean..._.._..._.. 2.32

The height of high water above sea level in Table 10 shows a gradual
increase till 1904, after which it decreases to 1914 and then begins to
increase again. This periodic change, which is seen to occupy a
period of about 20 years, is due to the variation in the longitude oi') the
moon’s node. This brings about a change in the inclination of the
lunar orbit to the plane of the earth’s equator which varies from 18°.3
to 28°.6, the average period of this variation being 18.6 years. The
tidal forces are less than the average at the time of maximum incli-
nation, and hence the rise of the tide is less than average at such
times. Similarly, the tidal forces are greater than the average when
the lunar orbit Kas its minimum inclination, and at such times the
rise of the tide is greater than the average.

Corrections to reduce the rise of high water to a mean value have
been computed.* If we apply these corrections to the annual means
in Table 10, we derive the oﬁowing values given in Table 11:

TasLe 11.—High water above sea level, Fort Hamilton: Annual means corrected
for longitude of moon’s node

Year Feet | Year Feet Year Feet
2.26 2.30 2.32
2.26 2.32 2.30
2.26 2.31 2.31
2.30 2.29 2.32
2.29 2.32 2.32
2.28 2.32 2.34
2.28 2.33 2.30
2.29 2.34 2.33
2.26 2.32 2.31
2.29 2.33 2.33

22,77 23.18 23.18
2.2 2.32 2.32

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 years the variation in
the plane of high water from year to year is well within the limits of
error, and the means for the last two 10-year periods agree to the
second decimal place. In view of this agreement, the difference of
0.04 foot in the mean of the first 10-year period must be regarded as

1 See R. A. Harris’s Manual of Tides, Part III, U. S. Coast and Geodetic 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 19 years—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 it
higher in summer and lower in winter, we may e:j{)ect to find a like
variation in the height to which high water rises. glance at Table 8
bears this out, anf in Figure 11 the annual variation in mean high
water, as it appears from the mean of the two 19-year groups of
observations—1893 to 1911 and 1904 to 1922—is shown in diagram-
matie form.

The annual variation in the plane of high water resembles closely
that exhibited by the plane of mean sea level, as a comparison of
Figures 10 and 11 shows. High water is lowest about the middle of
Feiurua.ry and highest about the beginning of September, the difference
being 0.66 foot. This compares with a difference of 0.62 foot for sea
level 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 Figure 11. We may therefore conclude that the
annual variation in the height of high water is due directly to this
variation in the plane of mean sea level.
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F16. 11.—Annual variation in high water at Fort Hamilton.

The plane of mean high water being the average height of all the
high waters, it follows that we may determine tidal high-water planes
above and below the plane of mean high water. The planes of sprin
high water and neap high waters are such planes. The plane o
spring high water is determined as the average over a considerable
period of time of all the high waters that come at the time of the
spring tides, and these tides, it is to be recalled, are the ones that oceur
a little after the times when the moon is full or new. The lag in the
occurrence of spring tides with reference to new or full moon is known
as the phase age of the tide, and the 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 determining the heights of the spring high waters it is cus-
tomary to take the two consecutive hig% waters which fall nearest
the time given by adding the phase age of the tide to the times of
new and full moon. This gives for any month four heights for the
sprinlg high water for that month. These heights, too, it is to be
recalled, are affected by the moon’s parallax, declination, and any
accidental meteorological conditions. It is therefore obvious that
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the heights of the spring high waters, as determined from a month
of observations, may differ considerably 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 plane of spring high water is 2.73 feet above the
plane of mean sea level.

From the fact that the plane of mean high water exhibits the
same annual variations as that of mean sea level we may conclude
that the plane of spring high water will do likewise, and a study of
the montﬁly values for this plane brings this out. We may therefore
accept this conclusion without detailed consideration.

The plane of spring high water may also be derived from the
harmonic constants by means of the formulae developed by Harris.
When harmonic constants are at hand, this method is much less
time-consuming than the method of direct tabulation, but the results
from the harmonic constants generally differ somewhat from the
results of direct tabulation. For Fort Hamilton there are at hand
harmonic analyses for the years 1900 and 1904. From the 1900
analysis the plane of spring high water is 2.71 feet above mean sea
levelyand from the 1904 analysis it is likewise 2.71 feet. This com-
Ea.res with 2.73 feet derived from the direct tabulation of the spring

igh waters from 1893 to 1909, and we may therefore take the plane
of spring high water at Fort Hamilton as 2.72 feet above mean sea
leve]l). 8n the average, therefore, the rise of spring high water above
mean sea level is 17 per cent greater than that of mean high water.

If in the preceding paragraphs relating to spring high water we
substitute for new and Ii?ull moon the moon's first and third quarters,
we derive the plane of neap high water. From direct tabulation 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 1.86 feet, which
we may take as the height of the plane of neap high water above
mean sea level. With respect to mean sea level, therefore, the rise
of neap high water is on the average 20 per cent less than that of
mean high water.

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
apogean high water. Perigean and apogean tides come about a day
after the corresponding positions of the moon. The direct tabulation
of the perigean high waters for the years 1893 to 1909 gives the plane
of perigean high water as 2.97 feet above mean sea level, while the
harmonic constants for 1900 and 1904 give, through Harris’s formulae*
2.70 feet. The discrepancy between the two being considerable,
it appears best to take a weighted mean, although it is difficult to
assign other than arbitrary weights. Giving the result from the
direct tabulation a weight twice that assigned to the result from the
harmonic constants, we derive for the plane of perigean high water
a height of 2.88 feet above mean sea level. For the plane of apogean

# Manual of Tides, Part IIT, U. 8. Coast and Geodetic Survey, Report for 1884, p. 144,
4 Ibid, 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, while the harmonic constants for 1900
and 1904 give 1.8S feet above. The mean of the two gives for the
plane of apogean high water 1.87 feet above mean sea level. With
respect to mean sea level, the rise of perigean high water is, on the
average, 24 per cent greater and the rise of apogean tides 19 per cent
less than that of mean high water. _

The fperiodic fortnightly change in the moon’s declination gives
rise to four tidal high water planes, namely, the planes of higher high
water, lower high water, tropic higher high water, and tropic lower
high water. Since these datum planes depend on the moon’s declina-
tion, they are called declinational planes. Of the two high waters of
each day the average height of the higher over a considerable period
of time determines the plane of higher high water, while the average
height of the lower determines the plane of lower high water. The
planes of tropic higher high and lower high water are determined,
respectively, as the average heights of the higllller high and lower high
waters that occur at times of tropic tides; that is, the tides coming
at the times of the moon’s semimonthly maximum declination.

On the Atlantic coast the declinational datum planes are of
relatively minor imlportanc.e, since the diurnal inequality in the height
of the tides is small. Like other high water planes, the declinational
planes exhibit annual variations, and when determined from observa-
tions extending over a period of a month or even a’ year must be
reduced to & 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 high water as lying 2.65 feet above mean sea level. The plane of
lower high water, it is ogvious, lies as much below the plane of mean
high water as the plane of higher high water is above. Hence, the
plane of lower high 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 the direct
tabulations of -17 years of observations—1893 to 1909—and the
results from the harmonic analyses for two years, 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 is 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 the harmonic constants give 1.67 feet.
The mean of the two gives 1.71 feet, or a rise for the tropic lower high
water of 26 per cent less than mean high water.

Another high-water plane which is of importance is that of extreme
or storm high water. This is not strictly a tidal datum plane, for the
highest tides are generally due to storms. Itis to be noted, however,
that in raising the height of the water the effect of storms at times of
spring or perigean tides, when the height of the water is above the
average, will be greater than at times of neap or apogean tide. Hence,
the datum plane of extreme high water must be somewhat arbitrarily
defined. Any high water that is a certain adopted percentage above
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mean high water may be defined as an extreme high water, but it
appears best to adopt a different basis of definition. Here we shall
apply the term extreme high water to the highest tide of each month.

he plane of extreme high water under this definition will, therefore,
for anygiven year, be determined as the average of the 12 highest tides,
one for each month. At first thought it might appear as i%this plane
would exhibit very considerable variation from year to year, since but
12 heights enter into the determination of this plane for any year. A
glance at Table 12, however, shows that this is not the case. For 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.

TasLe 12.—Egireme high water above mean sea level, Fort Hamilion: Annual
means and highest

Aver s - Aver- . Aver-

Year age Highest Year age Highest Yéar age Highest
Feet Date Feet Feel Date Feet Feet Date | Feet
1803._ 3.92| Aug. 4| 50 1803_._.. 4,28 | Oct. 10 5.5 1913 ___. .96 | Dec. -5, 1
1804 .| 420| Dec. 27| 5.0 1904 ____ 413! Mar. 1| 47 1914 ____ 4.25| Feb. 14125.1
1895.._.1 3.78|Jan. 26| 4.6 1905 ... 4.00)Jan. 25] 5.0 1915..._. 4.22 | Jan. 13 {249
1808....| 4.08| Oct. 12} 5.4 1906_____ 421 | Feb. 9| 48 1916._... .99 | June 16| 45
1897 .| 4.08| Oct. . 25| 5.2 1907__._. 3.90 | Dec. 2| 45 1917__._. 402 | Oct. 24| 5.2
1898._..1 4.18| Oct. 19| 5.0 1008, ... 4.13 | Apr. 30| 5.1 1918.____ 428 | Apr. 11| 6.1
1809._..f 402| Feb. 8| 51 1909 ____ 4.2 | Dec. 26| 5.2 1919____. 30 ov. 8| b5.&
1000._..| 3.91| Dec. 4| 4.6 1910_____ 4.17 | Feb. 12| 4.8 1920._._. 4.42 | Feb. 5| 5.7
1901...( 4.17 | Nov. 24| 5.9 1913 ____ 3.92) Nov. 7| 4.7 1921 ___. 421} Nov. 20| 50
1902....] 440 | Apr. 8| 53 1912_____ 4.01 | Apr. 2145 |[[1922._... 4.27 | Jan. 20| 6.2
Sums.{ 40.69 |- caae- 51.1 |l Sums...| 41.02 48,8 | Sums._..| 41,92 52.3

eans| 4.07 Jaoecaamaa- 5.11 || Means..| 410 [.coaan__. 4,88 || Means..| 419 5.23
1 8ame height on Nov. 24. 3 Same height on Deec. 7." $ Same height on Feb, 2.

As determined for periods of 10 years, the plane of extreme high
water shows relatively little variation, but it is interesting to note
that as in the case of the plane of mean high water an increased
elevation is shown for the last 10-year group over the first 10-year
group. If, for the best determined plane of extreme high water, we
adopt the mean of the 30 years of observations, we. derive a value
of 4.12 feet above mean sea level. This means that the rise of
extreme high water as defined above is 78 per cent greater than that
of mean high water.

THE PLANES OF LOW WATER

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 go into details of definitions and methods
of determination of these datum planes. The plane of mean low
water is the most important of the low-water planes. This plane
exhibits variations from day to d;ﬁl and from month to month
much as the plane of high water. e variation from year to year
is shown in Table 13.
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TasLe 13.—Low waler on siaff, Fort Hamilton: Annual means 1893 to 1922
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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, part of the variation is
to be ascribed to the variation in sea level from year to year. By
referring the plane of low water to that of sea level, the variations
due to changes of sea level will be eliminated. This may be done
by subtractin% the values of Table 13 from the corresponding values

of Table 7. The results are shown below in Table 14.
TaABLE 14.—Low water below sea level, Fort Hamilton: Annual means 1893 lo 1922
Year Feet Year Feet Year Feet
2,99 2,46 2.33
2,98 2.45 234
229 244 2.37
231 242 2,40
2,33 2.43 2,42
2,34 2.41 2,42
2.34 2.36 .45
2.37 2.37 32.49
3 41 2,37 2.48
2.4 2,36 2,50
2. 40 24,07 BUM. oo ecemmemea 24,90
234 2.41 Mean. - cceveeem e 242

The annual means of Table 14 exhibit, from year to year, the
variation found in the high waters in Table 10; namely, a regular
increase and decrease over a fperiod of about 20 years. In 1894 the
plane of low water was 2.28 feet below sea level. For the following
nine years the plane fell to an increasingly lower level, reaching in
1903 its minimum value, after which it began rising again. This

eriodic change in the fall of low water, like the corresponding change
in the rise o? high water, is brought about by the variation of the
longitude of the moon’s node, the period of which is 18.6 years. To
determine, therefore, whether there has been any change in the plane
of mean low water, it is necessary to correct the a.nnualgvalues for the
variation in the longitude of the moon's node. Tabular values for
this correction may be found in Harris’s Manual of Tides.? Correcting
the values of Table 14 to a mean value we derive the figures shown
below in Table 15.

s Part IIT, Coast and Geodetic Survey Report for 1304, p. 247.
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TaBLE 15.—Low water below sea level, Fort Hamilion: Annual means corrected
Jor longitude of moon’s node

Year Feet Year Feet Year Feet
2.35 2.39 2,40
2.35 2,38 2,41
2. 36 2,37 2, 42
2.38 2,37 2.4
2,37 2. 40 2.43
2.36 2, 41 241
234 2,38 2.41
2.34 2,41 2. 44
2.36 2.43 2,41
2.38 2.43 2.43

23. 59 Sum..o. e 23.97 24, 20
2.3 Mean__._____...__ 2. 40 242

As in the case of the plane of mean high water, a change in the level
of the plane of mean low water appears to have occurred. The
difference of 0.06 foot in the mean of the last 10-year %roup over that
of the first 10-year group must be taken to indicate a lowering of the
plane of mean low water by approximately that amount. Taking

g; Jan. Feb. Mar Apr. May Jdune July Aug. Sept Oct. Nov. Dec.
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Fig. 12.—Annual variation in low water at Fort Hamilton

the last 19 years—1904 to 1922—the plane of mean low water is:
determined as 2.41 feet below the plane of mean sea level.

The plane of mean high water for the same period was determined.
to be 2.32 feet above the plane of mean sea level. We therefore find.
that high water and low water are not symmetrical with respect to
mean sea level, the fall of low water being 0.09 foot greater than the:
rise of high water. This difference is to %e ascribed to the fact that
the tide curve is not a symmetrical curve, being made up of a number:
of simple cosine curves some of which have fixed phase relations with.
regard to each other.

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 12 with Figures 10 and 11 shows that the annual variation in
the plane of mean low water resembles closely the variation in the-
planes of mean sea level and mean high water. Low water is lowest
about the middle of February and highest about the beginning of’
September, the difference being 0.64 foot. This compares with a
diﬁerence of 0.62 foot for sea level and 0.66 foot for high water..
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The secondary maximum and minimum in June and July, shown by
Figures 10 and 11, are also shown in Figure 12.

or the determination of the other tidal 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. Thesé results and the derived means are shown in Table 16.
For comparison the plane of mean low water is included.

TaBLE 16.—Low waler planes, Fort Hamilion: Disiance below mean sea level

Direct Har-
Datum plane tabula- | monic Mean
tion | constants

Fect Feet Feet

Mean low Water o cmeme e cmmeme—mmme A m——————— 241\ ... 2.41
Spring low water_ 2.8 2,81 2.83

eap low water__.. 1,96 L84 1. 90
Perigean low water. 2.98 2.80 2,89
Apogean low water_. 1.98 1.98 1.98
Lower low water !_. 264 |oceameeo 2. 64
Higher low water i__._. 2.18 2.18
Tropic lower Jow water. ... e immmececcccmmeeoee 2,64 ... 2,64
Tropic higher low water...______ . aaaae - 202 | 202

allThese values are derived from three years of direct tabulation (1904, 1921, and 1922}, corrected to a mean
value.

In consonance with the definition of extreme high waier, we may
define an extreme low water as the lowest low water of amonth. 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 1893 to 1922.

TaABLE 17.—Extreme low water below mean sea level, Fort Hamilton: Annual means
and lowest, 1893 to 1922

Aver- - Aver- Aver-

Year age Lowest Year age Lowest Year age Lowest
Feet Date Feet Feet Date Feet Feet
3.85 | Feb. 211150 3.04 | Jan. 13| 53 | 1913..... 6.0
3.88 | Feb. 16 | 4.9 3.98 | Feb. 5.6 - 6.3
4,14 | Feb. 8| 6.0 3.93 | Feb. 18 | 5.4 8.1
3.91| Feb. 11 [ 57 3.96 | Mar. 11 | 5.6 5.7
3.81 ( Dec. 25| 4.7 3.06{ Oct. 8| 4.9 5.0
3.92 | Feb. 16 | 5.9 422 | Feb. 2| 6.5 4.9
3.81 | Feb, 11| 5.9 3.76 | Feb. 25| 5.4 5.2
4,18 | Jan. 26| 5.8 3.92 | Dec. 16 | 6.0 4.8
3.71 (| Feb. 5| 6.0 3.92| Mar. 16| 54 4.9
3.75| Feb. 3| 4.9 418 ( Jan. 6[26.3 4.7

Sums_| 38.96 53.8 Sums.__| 39.80 56. 4 52.6

Means! 3.90 5.38 Means.| 3.98 5,04 | 5,26

1 Same height Mar. 16. ? Same height Feb. 22,

The plane of extreme low water determined from 10-year groups
shows relatively little variation. If we adopt as the best determi-
nation of this plane the average of the 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 period 1893 to 1922 the highest tide observed was 6.1 feet
above sea level, while the lowest tide observed was 6.5 feet below sea
level. As regards time of occurrence, Table 12 shows that the
highest tide of the. year generally occurs in December, while the
lowest tide generally comes in February. The monthly distribution
of the highest and lowest tides for the years 1893 to 1922 is shown
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 highést and lowest tides, 1893 to 1922

Highest tides Lowest tides
Month

Number | Per cent | Number | Per cent
34 1.7 74 25.0

b 16,7 12 40,0

1 3.3 414 15.0

339 1.7 0 0.0

0 0.0 0 0.0

1 3.3 0 0.0

0 0.0 0 0.0

1 3.3 0 0.0

0 0.0 0 0.0

5 16.7 1 3.3

415 15.0 0 0.0

513 18,3 5 16.7

30 100.0 30 100.0

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 exa.ct%y halfway between the
planes of mean high and mean low water. If the rise of mean high
water above sea level were exactly equal to the fall of mean low water
below sea level, the planes of half-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
hali-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 high and
mean low water. In fact, the curve of annual variation for the
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 planes of half-tide level and mean sea level are frequently used
as if there were no difference between the two; but for the sake of
clearness the two must be distinguished.

THE RANGE OF THE TIDE

The extent of rise and fall of the tide or the range of the tide varies
from day to day, principally in accordance with the positions of sun
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and moon relative-to the earth. Spring tides and perigean tides
bring relatively large ranges; while nea.f tides and apogean tides brin%
relatively small ranges of the tide. In fact, the various ranges o
the tide may be classified in a manner similar to the datum planes.
‘We thus have mean range, s}l()ring Tange, neap range, perigean range,
.apoiea.n range, and several kinds of tropic ranges.

The variation in the range of the tide 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 in Table 13, or by adding the values
-of Table 10 to the corresponding values of Table 14. Theresults are
given below in Table 19.

TaBLe 19.—Range of tide, Fort Hamilton: Annual means 1893 to 1922
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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 Years, which brings about greater ranges
when the inclination of the lunar orbit is small, and smaller ranges
when the inclination islarge. The corrected mean range for each year
is obtained by multiplying the mean range as directly obtained from
the tabulations by factors to take account of the variation in the
longitude of the moon’s node. The corrected mean range may also
be obtained by adding the values of Table 11 to the corresponding
values of Table 15. ’%he results are shown below in Table 20.

TABLE 20.—Mean range of tide, Fort Hamilion: Annual means corrected for
longitude of moon's node

Year Feet Year Feet
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The means of the 10-year groups bring out clearly an augmented
rise and fall of the tide for the last decade of 0.10 foot. This Increase
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was found reflected in a rise of 0.04 foot in the plane of mean high
water and in a lowering by 0.06 foot of the plane of mean low water.
Manifestly this increase in the range of the tide is to be ascribed to
the deepening of the channels leadin% from the sea into the Narrows,
especia 37 the improvement of Ambrose Channel, which, hetween
1901 and 1914, was dredged to a width of 2,000 feet and to a depth
at mean low water of 40 feet. If for the mean range of the tide at
Fort Hamilton we adopt the value determined by the last 19 years
of observations, we derive 4.73 feet.

Each of the various ranges of the tide is easily determined as the
distance between the corresponding datum planes discussed in the
previous sections. The designations given to a number of these
ranges are self-evident; as, for example, the mean, spring, neap,
Ii‘erigean, and apogean ranges. Some, however, require definition.

hus, the great diurnal range is the distance between the mean
higher high water and mean lower low water, the small diurnal range
is the distance between mean lower high water and mean higher low
water, the great tropic range is the distance between tropic higher
high water and tropic lower low water, the small tropic range is the
distance between tropic lower high water and tropic higher low
water, the extreme range is the distance between extreme high water
and extreme low water, the greatest range is the distance between
the hi%hest observed high water and the lowest observed low water.

In Table 21 the various ranges for the tide at Fort Hamilton are
given. .
TasLe 21.—Tidal ranges, Fort Hamilton, N. Y.

Feet Feet
Mean range. - .o ocoooeoooooo__- 4. 73 | Small diurnal range___________ 4. 17
Springrange_________________. 5. 55 | Great tropicrange_______._____ 5. 34
Neaprange_________________. 3.76 | Small tropicrange___._________ 3.78
Perigean range . . __._._______ 5.77 | Extremerange. __________.____ 8. 03
Apogeanrange_ ______________. 3.85 | Greatestrange_______________ 12,6
Great diurnalrange___._______. 5.29

HARMONIC CONSTANTS

Harmonic analyses of the hourly ordinates of the tide at Fort
Hamilton have been made for two years—1900 and 1904. The
length of the series used in each case was 369 days, beginning with
the first of January, the analysis being carried out i the usual
manner with the effects of other components eliminated, as explained
in the Manual of Tides® The results from these two years are
shown in Table 22 below. Several of the lesser components were
derived, not from analysis, but by inference from other components.
Such inferred values are inclosed in parentheses. The formula used
for inferring the amplitudes and epochs are given in the Manual of
Tides.” -In Table 22 the amplitudes of the components are given in
the column headed H and the amplitudes in the column headed «.

¢ Part II, Coast and Geodetic Survey Report for 1897. 7 Ibid., p. 554.
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TaBLE 22.—Harmonic constants, Fort Hamilton

1900 1904 1900 1904
Component Component

Degrees Feet | Degrees
(105.6) | (0.018) | (108. 5)
03. 3. 104.0

Degrees | Feet | Degrees
(95.6) | 0.031 87.1

2021 [oocneecoofemrmmae || S ool 0. 140. 8
333.4 0. 030 345.3 (248.5%) | 0.110 156.9
35.8 0. 053 34.9 (234.1) | 0.043 197.2
_________ 0.013 80.1 (193.8) | 0.061 235.2
203. 9 0. 406 204. 5 (206.2) | 0.095 202.7
(186.5) | (0.086) | (138.3) (96.0) | (0. 006) (96.7)
08. 1 0. 167 08.9 cmee-aa-e| 0.046 298.3
(108. 1) | (0.010) | (109.1) 0.303 132.0
102.7 0. 085 100. 1 0.133 105. 6

To determine the nature of the annual variation in sea level at
Fort Hamilton, the monthly means of sea level on staff from 1893 to
1920 were divided into two 14-year groups—namely, 1893 to 1906
and 1907 to 1920—and analyzed harmonically for the following com-
ponents: Sa, Ssa (or Sa,), Sa,, Sa, and Sa,; that is, components hav-
ing periods respectively of a year, a half year, four months, three
months, and two months. The results of these analyses are given
below in Table 23.

TaBLE 23.—Harmonic constanis, Fort Hamillon, derived from annual variation
of seq level

1893-1906 1807-1920
Component —— g
H [ H K
Feet Degrees Feet Degrees
0. 309 135. 1 0. 281 135.8
0.113 78.7 0. 085 72.5
0.043 120.3 0.033 158.1
0.053 721 0. 005 119.5
0.052 143.3 0. 053 140.8

The amplitudes of the components in Table 23 are small, and
hence the agreement between the amplitudes and epochs of the two
groups can not be expected to be as close as in the case of com-
ponents with larger amplitudes. Nevertheless, with the exception
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
Haniilton. And it is of interest to note that the components, Sa,
and Sa,, for which no provision is made in tide-predicting machines,
have amplitudes as 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
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factors. To determine this the annual variation in barometric
Bfessure at New York City was subjected to the harmonic analysis.

onthly 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 York City, derived from annual variation
of baromelric pressure

1893-1906 1907-1920

Component
H K H K

Inches | Degrees | Inches | Degrees
0.060 254.6' 0.056 248.9

0.014 22.3 0.010 332.6
0.008 205. 7 0.017 194. 9
0.018 185.8 0. 009 9.1
0.009 323.3 0. 004 320. 8-

If the annual variation in sea level were due wholly to the variation
in local barometric pressure, and if, further, the tidal basin in the
vicinity of Fort Hamilton be considered as a negative water
barometer, we should expect the corresponding terms of Tables 23
and 24 to bear the following relations to each other: The amplitudes.
in Table 23 in feet approximately equal to the amplitudes of the
corresponding terms in Table 24 in inches, and the epochs of the
constants in %‘a.ble 24 greater by 180° than the corresponding epochs.
in Table 23. It is obvious, however, that the sea Plevel variation
at any point is due, not to local barometric changes, but rather to
the variations in the local pressure gradients. Hence, it is not
-sufl_iprising to find the relations of the constants in the two tables.
differing from the simple relations derived from the above
assumptions. However, the 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 pressure.

The ages of the tide are most easily derived from the harmonic
constants. The formulae for the various ages are as follows:

Phase age,inhours.__._____.___._._.._._____ =0, 984 (8,° —M,")
Parallax age, inhours.__.___________________ =1, 837 (M,° —N,°)
Diurnal age, inhours___._.________________ =0. 911 (K,°—0,°)

The phase age of the tide is the interval by which spring tides
follow full or new moon, and thus likewise the interval by which
neap tide follows the moon’s first and third quarters. From the
above formulae, substituting the values of the harmonic constants
from Table 22, we derive for the phase age of the tide at Fort
Hamilton, 26.5 hours.

The parallax age of the tide is the interval by which perigean and
apogean tides follow, respectively, the corresponding positions of the
moon. From the harmonic constants of Table 22 we derive for the
parallax 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 maximum north or south dechination.
From the harmonic constants of Table 22 we derive for the diurnal
age of the tide at Fort Hamilton, 4.6 - hours.
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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 inequality in the heights of high or low water
is small, the tide here is of the semidaily type; but from the harmonic
constants alone the type of the tide may be inferred, the ratio of
K,+0, to M,+8, furnishing the criterion. As stated before, where
the ratio is less than 0.25, the tide is of the semidiurnal type. For
Fort Hamilton, from the constants of Table 22, the ratio is 0.19.

Another characteristic which may be determined from the harmonic
constants is the order of occurrence of the tides. The formulae for
that are somewhat involved,® and hence need not be reproduced
here. These formulae show that at Fort Hamilton the order of the
tides is as follows: Higher high water, lower low water, lower high
water, higher low water.

EFFECTS OF WIND AND WEATHER

The average rise of extreme high water at Fort Hamilton above
mean sea level was found to be 4.12 feet. That this rise is due not
alone to tidal causes is evident from the following considerations.
The average rise of high water iz 2.32 feet; at times of spring tide this
is increased 17 per cent, at times of perigean tides it is increased 24
per cent, and tropic higher high water shhows an increase of 16 per
cent. Hence, the rise of the tide at the time of a tropic higher high
water that occurs when the moon is full or new and at the same time
is also in perigee should be 17 + 24 4- 16 = 57 per cent greater than the
average, or 3.64 feet. This, however, is about half a foot less than
the average extreme high water, and we may therefore conclude that
these extreme high waters are brought about by wind and weather.

For the extreme low water the average fall below mean sea level
was found to be 3.91 feet, while the fall of mean low water is 2.41
feet. From Table 16 we find that spring tides fall 17 per cent
below mean low water, perigean tides 20 per cent below, and tropic
lower low water 10 per cent below. Hence, the greatest fall below
mean sea level due to tidal causes would occur with the tropic lower
low water that came when the moon was full or new and also in
perigee. At such times the low water should be 17+ 20+ 10=47

er cent lower than mean low water, or 3.54 feet helow mean sea
evel. The average extreme low water, however, falls very nearly
half a foot below this; 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.

By noting the weather that prevailed on the days during which
the {i,ghest and lowest tides of the various years occurred, as listed
in Tables 12 and 17, we find that the highest high waters generall
came with northwesterly winds. Furthermore, the highest hi
waters almost invariably came with a falling barometer, while the
lowest low waters came with a rising barometer.

It is important to note that the extreme tides due to wind and
weather are brought about not by an augmented rise or fall of high
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.

8 See Manual of Tides, Part IT, Coast and Geodetic 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.

The highest high water at Fort Hamilton for the period 1893 to
1922 occurred on April 11, 1918, when the tide rose 6.1 feet above
mean sea level, or 3.8 feet above the average high water. Insofar as
the true or astronomic tide for that day was concerned, it should
have been 3.6 feet above sea level, or 50 per cent greater than the
average, due to the fact that on April 10 the moon was new and also
in perigee. High water should have risen 7.9 feet from the previous
low water and fallen 7.0 feet to the succeeding low water. The tide
gauge record for Fort Hamilton shows that the high water on April
11 rose 7.1 feet from the previous low water and fell 6.8 feet to the
succeeding low water. The exceptional height of the tide, therefore,
on that day can not be ascribed to an exceptional rise of high water.
If we derive the height of sea level for the day in question, we find
that it was 2.4 feet above its mean level. From April 6 sea level
gradually rose until the 11th, from which day it fell until the 14th,
when it attained its mean value again.

The lowest low water at Fort Hamilton for the period 1893 to 1922
occurred on February 2, 1908, when low water fell 6.5 feet below
mean sea level, or 4.1 feet below mean low water. The true or
astronomic tide on that day should have fallen 3.3 feet below mean
sea level, or 37 per cent more than the average, due to the fact that
on February 1 the moon was in perigee and on the 2d the moon was
new. The tide in question should 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
the tide to have fallen 6.8 feet from the previous high water and
then to have risen 6.2 feet to the succeeding high water. The actual
rise and fall, therefore, agrees closely with that derived from compu-
tation, and hence the abnormal depth to which low water fell must
be Iooked for in an unusual subsidence of sea level. If we derive sea
%eve% for February 2, 1908, we find that it was 2.8 feet below its mean
evel.

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 ex-
treme tides in question appearing to be accounted for wholly by the
change in sea level. It is evident, however, that with rapidly varyin
meteorological conditions changes in sea level between the times o
high and low water must bring about changes in the range of tide.
In other words, while extreme tides are due fo the effect of wind and
weather on sea level, rapidly changing weather conditions will be
reflected not only in change of sea leve% but also in a disturbance of
the range of the tide.

Aparf from the effects on the height of the tide, wind and weather
brin%labout irregularities in the times of high and low water, disturb-
ing the regularity of rise and fall. An example of this is brought out
in Figure 13, the upper curve of which represents the mean rise and
fall of the tide for Fort Hamilton, while the lower curve represents
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 time, they are referred to the
time of the moon’s transit over the meridian of Fort Hamilton, zero
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hours being the instant of the moon’s upper meridian passage. For
the lower curve zero hours correspond to 11:10 a. m. on December
13, 1917.

Considering, first, the time of tide, it is seen that for the first six
hours the two tide curves agree very closely. From that time on the
increasing velocity of the wind on December 13, 1917, is reflected in
a disturbed condition of the tide, the high water being retarded by
an hour and the following low water by four hours. This very con-
siderable disturbance in the time of low water was evidently caused
by a rapid rise of sea level between 122 and 15" (11 p. m. December
13 and 2 a. m. December 14, 1917). The weather record shows heavy
northwesterly winds for the early hours of December 14 between 2
and 4 a. m., a wind velocity of 88 miles per hour being recorded.
With less violent winds for the remainder of the day, the following
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F1G. 13.—Mean and storm tide curves, Fort Hamilton

high and low waters are seen to be much less disturbed in time. The
change in time of tide brought about a marked change in the dura-
tions of rise and fall. The average duration of rise at Fort Hamilton
is 6.03 hours and of fall 6.39 hours. The first rise shown by the tide
curve for December 13 to 14, 1917, occupied a period of 6.9 hours.
This was followed by a fall of 9.1 hours, t{’len a 11se of but 2.9 hours,
then a fall of 4.3 hours.

In regard to the height of the tide, it is to be noted that the zero,
line of ﬁeights for each of the tide curves represents mean sea level.
A glance at the lower curve shows a very considerable elevation for
sea level for the first half of the curve and a subsidence for the second
half. For December 13, 1917, sea level stood 1 foot above its mean’
height, on the 14th it was 0.1 foot below its mean height, and on the
15th it was 1.3 feet below. Coincident with this rapid shifting in the
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hei(fht of sea level we find wide variations in the heights of ‘the tide
and consequently in the range of the tide. Beginning with the first
low water shown in the curve, the undisturbed tidge 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, followed by a rise of 4.0 feet and a fall
of 6.7 feet.
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 principal features of the tide at Fort Hamilton
assembled in one table, and this is done in Table 25.

TasLE 25.—Tidal data, Fort Hamilion, N. Y.
TIME RELATIONS

High-water interval . ________ ... hours._ 7. 67
Low-water interval e do.___. 1.64
Duration of rise._._ . .. do.___ 6.03
Duration of fall e do._.. 6.39
Phase age._ . e do._.__ 26.5
Parallax age_ . .. e do..__ 30.9
Diurnal age_ . e do.... 4.6
Sequence of tides is HHW to LLW.
RANGES

Mean range. - oo e e e feet._. 4.73
Great diurnal range._ . .. . ammmm———een do.___ 5.29
Small diurnal renge.. - - o o e e emamm——— e do.... 4.17
Great tropic range__ _ __ .o do.___ 5.34
Small tropic range. . - do.___ 38.73
Spring range._ .. o e e m—————— e do.... 5.55

AP TADNEER . o e e e ————————— do.___ 3.76
Perigean range_ _ _ _ e do._._. 5.77
Apogean range. ... ce————— do____ 3.85
Extreme range__ . e ameecemas do__._ 803
Greatest range_________ e do.___12. 6
Spring range—Imean range . - - o o o e e e 1.17

€8P range—~IMean YANZE _ _ . oo m e 0.79
Perigean range-——mean range .. .o cemmmceoe 1.22
Apogean range—Jean TANEE . e o oo e cne e ———— e 0. 81
Great diurnal range—+—mean range. .. ..o e 1.12
Qreat tropic range-+-meanrange . o mceeen 1. 13

HEIGHT RELATIONS

Mean high water above mean sea level ._________.
Mean higher high water above mean sea level.
Mean lower high water above mean sea level__
Tropic higher high water above mean sea level
Tropic lower high water above sea level___
Spring high water above mean sea level__.
Neap high water above mean sea level._._
Perigean high water above mean sea level_._
Apogean high water above meansealevel _____________________
Extreme high water above mean sealevel . __________._____.___
Highest high water above mean sea level__________._________.___
Mean low water below mean sea level . . ___.________________._.__
Mean lower low water below mean sea level________________.____
Mean higher low water below mean sealevel . _____________..___
Tropic lower low water below mean sealevel . __________________
Tropic higher low water below mean sea level ___________________
Spring low water below mean sea level ._______________________._
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Neap low water below mean sea level . ___ .. ___.__ feet__ 1. 90
Perigean low water below mean sea level . ____________________ do__.. 289
Apogean low water below mean sealevel ____________________._ do___._ 108
Extreme low water below mean sea level . _________ . ___________ do____ 3.91
Lowest low water below meansealevel . . ____________________ do_.._ 6.5

Half-tide level below mean sea level ________ o . ... do____ 0.05

V. THE TIDE IN LOWER BAY

In connection with various operations tides have been observed in
Lower Bay at a number of places at various times. The stations at
which the observations have been carried on for periods of sufficient
length to determine with reasonable accuracy the time and other
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 an automatic tide gauge
was installed, from the records of which tabulations for the following
series are at hand: (a) 1876 to 1881, () 1887 to 1888, (¢) 1890 to 1892,
Each of these series with the exception of (¢) begins on the 1st of Jan-
uary and runs through to December 31. Series %c) 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 longi-
tude of the moon’s node. It is to be noted, too, that for the range the
results for the years from 1887 through 1892 are at hand.

TaBLE 26.—Lunitidal intervals and m]\‘;'a% range of tide, Station A, Sandy Hook,

Series Length HWIL LWI Range

In view of the difficulties encountered in the operation of tide gauges
in the earlier years, we may consider the variations in the lunitidal
intervals derived from the three series of observations as coming
within the allowable limits of error. For the best determined values
we may therefore take the weighted means, but for the mean range
of the tide it is difficult to reconcile the values for the series 1876 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
%eritid brought about by the continual northward growth of Sandy

ook,

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 analyses likewise give evidence of the decrease in the range of
the tidefor the later years. From the six years—1876 to 1881—the
amplitude of M, is 2.250 feet, while from the two years—1887 to
1888—the amplitude is 2.188 feet. For the best determined range,
therefore, the results from the series 1887 to 1892 will be taken, which
give a value of 4.68 feet.
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In Table 27 are given the harmonic constants for station A. In
deriving the mean values of these constants the results from the series
1887 to 1888 were given the same weight as those from the series 1876
to 1881. The values inclosed in parentheses have been derived not
by analysis, but by inference from the values of the principal com-
ponents.

TaBLE 27.—Harmonic constants, Station A, Sandy Hook, N. J.

Component H K Component H X Component H [
Feet Degrees Degrees Feel Degrees
0. MN (104) (184) (0. 025) (246)
0.333 102 98 (0. 016) (231)
0.123 243 (105) 0. 068 228
0.110 105 0. 098 199
0. 016 119 110 (0. 005) (273)
2.219 218 1 (95) 0.254 143
0. 028 336 (246 0.101

0. 054 353 222
0. 503 201 246 |

From the harmonic constants given in Table 27, various charac-
teristics of the tide have been determined. These are given in Table
28, in which are included also for the sake of completeness the luni-
tidal intervals and the mean range of the tide, as determined from
direct tabulation of the high and low waters.

TaBLE 28.—Tidal data, Station A, Sandy Hook, N. J.

High water interval ______ . _______ . hours.. 7.5%
Low water interval __________________ L _______ do.___ 148
Mean range_ .. __ . feet__ 4. 68
Spring range _ _ _ - do____ b.57
Neap range_ . . oo do.... 3.69
Great diurnal range_ __ . ... do..-. 5.09
Phase age_ _ _ s hours__ 28.0
Parallax age - - - e do_.-. 30.7
Diurnal age . - - - o o e do_... 3.1
Sequence of tides is HHW to LLW. _

Spring range < Mean TaNEe . o oo memmmemaa 119
Neap range = mean range . - e eceeaias 0.79
Great diurnal range —+ mean range. - ________________o_u_-- 1. 09

Between 1876 and 1884 the highest tide at 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 the tide gauge was swept
away by the storm. The lowest tide between 1876 and 1884 occur-
ted on January 23, 1828, when low water {ell 3.3 feet below mean low
water, or 5.6 feet below mean sea level. Between 1887 and 1891 the
highest tide occurred on September 10, 1889, high water rising 6.2
feet above mean sea level. During this same period the lowest tide
occurred in 1890 on January 22, when low water fell 5.4 feet below
mean sea level. The greatest range observed at Sandy Hook is
therefore 11.8 feet, which compares with 12.6 feet at Fort Hamilton
between the years 1893 to 1922.

For station B, about a mile and a half north of station A, there are
at hand the results of two years of observations, 1921 and 1922, made
by the United States Engineer office. The direct results from these
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observations have been reduced to mean values and are given in
‘Table 29 below.

TaBLE 29.—Tidal data, Station B, Sandy Hook, N. J.

High water interval_____ . ______________ L L_.- hours__ 7. 59
Low water interval ___ ____________ e oe_ do____ 1. 50
Mean Range_ . _______________.._____ e feet__ 4. 66
Great diurnal range_ - __ . ____ e ae. do__._ 5.20
Small diurnal range._ . _ . eaoas do-.... 412

The values of Table 29 agree very closely with those of Table 28.
These values show that the tide at Sandy Hook resembles closely the
tide at Fort Hamilton. As compared with the latter, the tide at
Sandy Hook is five minutes earlier for the high waters and nine
minutes earlier for the low waters and has a range 115 per cent less
than that of Fort Hamilton. .

It is to be noted that, in general, the direct difference between the
lunitidal intervals at two stations does not give the difference in time
of tide at the two stations. Only if the two stations have the same
longitude does the direct difference of the intervals give the difference
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 24.84
hours, the time taken for the moon to travel 1° of longitude is 24.84
+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 longitudes in degrees of the two stations. If both stations are
in west longitude, the above correction may be added to the interval
of the station having the greater longitude, and 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
are given on Table 30. With the exception of station A, the intervals
and ranges given have been reduced to mean values by comparison
with simultaneous observations at some stations like Fort Hamilton
or Sandy Hook. For the sake of completeness the data for stations
A and B are also included.

TasLe 30.—Tidal data, Lower Bay

Iig":;tv'ggl Observations
- i Dura- Mesn
Station Locality tion range
High | Low | ofrise .
water | water Year Length
Hours | Hours | Hours | Feet
Sandy Hook, N.J.__...._. 7.59 148 . 11 4,68 | 1876-1892 | 12 years.
do___ .. ... 7.59 1.50 6.00 4. 66 1921-22 2 years.
Romer Shoal Light, N. Y 7.48 1.37 6.11 4.83 1922 3 months.
Port Monmouth, N. J.__. 7.8 | L78| 575| 4.65| 1886 | 4 days.
Conaskonk Point, N. J______.__.. 7.57 163 5. 94 5.02 1886 Do.
Keyport, N. J..._....__ 7.52 1.55 547 4.98 1870 14 days.
South Amboy, N.J_________. it 1.83 5. 92 5.07 1886 10 days.

.| Perth Amboy, N. J_._______. 7.95 1.89 8. 06 5.28 1873 1 month.
Red Bank, N. Y _________________ 7.40 1.43 597 522 1886 Do.
Great Kills, N. Y____ .| 7.50 1.53 597 5.07 1886 5 days.
New Dorp Beach, N. -] 7.55 1.62 5.93 4.82 1919 3 days.
Gravesend Bay, N. Y | 7.52 1.60 5.92 4.64 | 188687 | 3 months.

..... Q0 i} 7,67 1.48 6.19 4.53 | 1881-86 | 1 month.
Norton Point, N. Y. ... 7.45 1.23 6 22 4.87 1919 2 days.
Coney Island, N. Y_______._______ 7.65| 133 682 402 1908 1 month.

..... doo_ oo ..| 750 118 6.35 4.82 1920 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 energy
of the tide in a smaller volume, and thus gives a greater rise and f&ﬁl.

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 O have ranges
greater than 4.8 feet; the range at station D is 4.63 feet against 4.82
eet 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 impressed with a force deflecting them to the
right in the Northern Hemisphere and to the left in the Southern

emisphere. On the rising tide the water moving into Lower and
Raritan Bays is deflected to the right or northern shore. Hence,
high water bere 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 from Tables 25 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 determining the various ranges at any of the stations
listed in Table 30. Apart from the range and lunitidal intervals the
tide in Lower Bay is much like that at Fort Hamilton, and the features
of the tide at the latter place may be taken as characterizing the tide
also in Lower Bay. :

V. THE TIDE IN THE NARROWS AND UPPER BAY

On Figure 15 are shown the stations at which tidal observations
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 & period
of 33 years, from 1847 to 1879, an automatic tide gauge being used
from 1853; but because of the difficulties encountered in the opera-
tion of tide gauges in the earlier years this series does not lend itself
to a detailed discussion of the tidal data. From these observations
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
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G. The results from the tabulations of the high and low waters at
the various stations in the Narrows and Upper Bay are given in
Table 31. With the exception of stations A and F (Fort Hamilton
and Governors Island), the lunitidal intervals and ranges given in
the table have been corrected to mean values by comparison with
simultaneous observations at some near-by standard station, generally
Fort Hamilton, Governors Island, or Sandy Hook.

TasLE 31.—T4dal data, The Narrows and Upper Bay

Lunitidal in-
tervals Dura- Observations

: tion | Mean
Station Locality e | L gs‘e range
ig] oW by

water | water Year Length
Hours | Hours | Hours | Feel

Fort Hamilton, N, ¥ .. occammmaae 7.67 1.64 6.03 4,73 | 1904-1922 | 19 years.

Staten Island, N. Y__ | 77 1.67 6. 10 4.48 1886 10 days.

Bay Ridge, N. Y.__._ - 79 1.90 6.01 4.53 1886 3 days.

_| Staten Island, N. Y.. | 8.07 2,07 6.00 4.34 | 1917-1918 | 7 months.
Brooklyn, N. Y o coccommeeeae 8.07 2,13 5. 94 4.40 | 1856-1865 | 10 years.
Governors Island, N. Y .oooo.co._ 8.10 2,25 5.85 4.45 | 1860-1879 | 19 years,
The Battery, N. ¥ oo 8.3 2.19 6,04 4,43 | 1921-1922 | 2 years.

do. 811 2,11 6. 00 4.52 | 1918-1919 | 1 year.
T Jersey City, NoJoooceecmecmamaee 8.02 2.13 5.89 4,45 1871 3 days.

Table 31 gives for the difference in time of tide between Fort
Hamilton and the mouth of the Hudson (stations A and H) 0.44
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 6 nautical miles, the water-
way between these points having an average depth of 26 feet,
reckoned from mean sea level. In the formula %or the rate of advance
of a progressive wave, r=./gh, if we substitute the depth above,
we determine r to be 17.1 miles per hour. Hence, if the tidal move-
ment through the Narrows and Upper Bay is of the progressive-
wave type, the distance of 6 miles sﬁould, from the above value of r
be traversed in 0.35 hour. This approximates 0.44 hour given by
the tide, and we may therefore conclude that through the Narrows
and Upper Bay the tidal movement is of the progressive-wave type.

Table 31 gives in the Narrows a greater range for the eastern shore
than for the western shore. This, obviously, was to be expected,
as arising from the deflecting force of the earth’s rotation. The
effect of the diverging shore lines in the Narrows is seen in the de-
creased range of tide in the upper portion of the Narrows, decreasing
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 approximately 4.4 feet.
The duration of rise changes but little throdgﬁout the Narrows and
U}Bf)er Bay.

he harmonic constants for Fort Hamilton have already been given
in Table 22, For Governors Island and the Battery (stations F 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—1876 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 components and not by direct analysis.
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TaBLE 32.—Harmonic constants, stations F and G, Upper Bay

Station F : Station F :
Station G . Station G
(G&\;«la;gggs (the Battery) Componcat (Gltxggfl‘s (the Battery)
Component !
H . H K H x H S

Degrees | Feel Degrees

Degrees Feet | Degrees
(107.3) (&018) (105. 8) 1

5 37.9

(102.3) | (0.005) | (106.8)

(257.1) | (D.003) } (259.0)
049 66. 9

248.9 0. 077 b AT T R RS 0.
104.0 0.011 205.4 257.1 0. 418 259.0
8BL1 2.112 284 || S ee e 0. 043 8.6
_________ 0.033 198.4 cemaee---| 0.005 185.9
332.4 0. 055 333.3 183.1 | (0.025) | (259.0)
§9.1 0.071 8.8 186.0 | (0.015) | (245.3)
_________ 0.012 85.6 217.4 | 10.051) | (207.8)

241.0 | (0.094) | (216.1)
(103.4) | (0.007) | (105. %)
127.0 0. 169 108.7
47.4 0.136 92.3

From the harmonic constants above various tidal characteristics
may be determined. It is to be noted, however, that ranges deter-
mined from harmonic constants are invariably smaller than those
determined from high and low waters. Hence, for Table 33 the
ranges as derived directly from the harmonic constants have heen
increased by a factor which is the ratio of the mean range determined
from high and low waters to the mean range determined from har-
monic consfants. This factor is but little greater than unity; for
Governors Island it is 1.008 and for the Battery it is 1.015. Table
33 gives the tidal data derived from the harmonie constants with the
ranges modified as noted above. For the sake of comparison the
results for Fort Hamilton are also included.

TaBLE 33.—Tidal data from harmonic constants, slations A, F, and G, the
Narrows, and Upper Bay

Station A | Station F | Station G+

(Fort |(Governors| (the Bat-

Hamilton) | Island) tery)

B I o feet__- 473 4,45 4. 43
Great diurnal range. --do_._. 5.20 4,87 4. 86
Small diurnal range. _do-__. 4.17 4,03 4,00
Great tropic range._. --do___. 534 4,96 4,93
Small tropic range. o .. do_._. 3.73 3. 66 3.58
BPring range . - e mem—aea do..._ 5.56 5.34 5.31
Neap range. ... .do____ 3.76 3.47 3. 48
Perigean range. - -d 5. 77 5.35 5.38
gean range._- 3. 85 3.82 3. 65

Phase age..—...- 26.5 25,6 25,2

Parallax age__ 30.9 37.8 36.7

Diurnalage.. ... 4.6 1.8 0.0
Bequenceis HHW to LLW _ e oot
Spring range-+-mean range..__- - 1.17 1.20 1.20
Neap range-+mMean TANZEe — — - oo e oo oo oo oo canamr e m e e memmmm e 0.79 0.78 0.78
Perigean range+TMean TaNge._ . .- oo omcmamaaan 1.22 1.20 1.21
Apogean r +TNEAN PADEO . - e mm e mmm— e 0.81 0.86 0.82
Great diurpal range-+mean range I - 112 1.09 1.10
Qreat tropic range+mean ranNge - - oo ceen oo cccecae e e 1.13 .11 111
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The data of Table 33 show a very close resemblance between tide
at stations F and G and but little difference hetween the tide at
these two stations and station A. It is of interest to note that with
the exception of the perigean range at station G the various tidal
ranges decrease from Kort 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 determining 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 1878 the highest tide at Govern-
ors Island occurred on September 17, 1876, when high water stood
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 22, 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 Iﬁriod is therefore 11.4 feet.
This compares with 11.8 feet at Sandy Hook for the period 1876 to
1891 and 12.6 feet at Fort Hamilton for the period 1893 to 1922.

VII. THE TIDE IN THE KILLS AND NEWARK BAY

The stations at which tidal observations have heen made in
Arthur Kill are shown on Figure 16. At no station in this waterway
have observations heen mage for more than a month. To derive
mean values, therefore, the observations 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.

TaBLE 34.—Tidal data, Arthur Kill

Lunitidal in-

tervals Dura- Mean Observations
Station Locality tl(r)ir;e 91 range
HWI | LWI Year Length
Hours | Hours | Hours | Feel
Perth Amboy, N.J____.___._.__. 7.95 1.89 6.06 5,28 1873 1 month.
- i 7.87 1.73 6. 14 5.11 1920 2 months.
...| Tottenville, N. Y _ 7.93 170 6.23 4,98 1:56 1 month,
.-| Rossville, N. Y ____ ... 8.02 2.02 6.00 5.12 | 1866-1886 | 213 days.
...| Carteret, N.J_.__.._.____..__._. 8.38 2,37 6.01 5.18 1856 1 day.
-..| Near Pralls Creek, N.Y__.__.__.| &352 2.42 6.10 525 1856 Do.
.| Elizabeth, N.J__ . ... 8.22 2.45 5.77 5.00 | 1855-1886 | 20 days.
..... do .| 847 2,33 .14 4.99 1620 2 days.

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 high and low water lunitidal inter-
vals at the southern end 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 for high water and 0.60 hour for low water, or a mean difference
of 0.52 hour in the time of tide at the two ends of Arthur Kill.

3904—25+ 5
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The length of Arthur Kill, measured along the channel, is about
1114 nautical miles, and its average depth 1s 1715 feet. Hence, if
the tidal movement through Arthur Kill is of the progressive-wave
type—that is, progressing in accordance with the formula r= gh—
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 appears
to be very nearly the same, namely, 5.1 feet. The duration o the
rise likewise appears to be very nearly the same throughout the Kill,
approximating 6.1 hours.

KILL VAN KULL

For Kill Van Kull there are at hand observations at six stations,
the locations of these being shown on Figure 17. In this waterway,
as 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 ranges have been corrected to mean
values by comparison with simultaneous observations at some
standard tidal station.

TaBLE 35.—Tidal data, Kill Van Kull

Lunitidal in-
) tervals Dure- | aean Observations
Station Locality tlgil;e of range
HWI | LWI Year Length
Hours | Hours | Hours | Feel
Port Richmond, N. Y ._....__.. 8,36 2.52 5,84 4,49 1 1885-86 | 6 days.
Bergen Point, N, J___...._.__.. 8.35 213 6.22| 4.64 1919 9 days.
Port Richmond, N. Y. ._._..... 838 L87| 651 4.48 1856 214 days.
.-| West New Brighton, N.Y____._| 820 213 6. 07 4.48 1919 2 days.
New Brighton, N. Y__...._.._._ 8.03 1.87 6.16 | 4.48 1919 7 days.
Constable Hook, N.J.______..._ 812 1.95 8.17 4. 50 1886 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 by about one-third of
an hour. With a mean depth of 28 feet for Kill Van Kull, a progres-
sive wave would require 0.15 hour to traverse this waterway, which has
a length of ap%liommatel? 234 nautical miles. The tidal movement
through this Kill, therefore, appears to be net altogether of the
progressive-wave type. :

As regards the range of the tide for Kill 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 range than on the southern shore. 1If this is due to the
deflecting force of the earths rotation, the current must be flowing
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.

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-
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vious tables, lunitidal intervals and ranges have been corrected to
mean values by comparison with simultaneous observations at some
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%bimd‘frd tidal station like Sandy Hook, Fort Hamilton, or Governors
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TaBLE 36.—T'idal data, Newark Bay

Lunitidal in- .
tervals Dura- Mean Observations
Station Locality tlgjx;e of range
HWI | LWI Year Length
. Hours | Hours | Hours | Feet
Mariners Harbor, N. Y_________ 8,45 2,46 5.99 4,76 1920 3 months.
Shooters Island, N. Y._.________ 8.32 2,43 5,89 4,50 1901 214 months.
.| Bergen Point Light, N.J_______| &70 2, 57 6.13 4,41 1856 1 day.
Off Bayonne, N. J_____..____._. 8.40 1.83 6. 57 4,42 1872 7 days.
Port Newark, N.J__________.__ 8.58 2,841 «5.74 4.73 1919 5 months.
Off Newark, N. J__.____________ 8.54 2.71 5.83 4.93 1871-72 3 months.
: Greenville, N.J_____._.________ 8,70 3.00 5.70 4,58 1920 4 days.
-.-| Hackensack River, N.J | 8.48 3.25 5.23 4.58 1886 3 days,
Passaic River, N.J_____________ 8.85 3.33 5.52 4.73 1920 2 days.

Into Newark Bay the tide from Kijll 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, respectively. The distance from the mouth to station I
in the Passaic I_)River is 614 miles. With a mean depth of 9 feet in
Newark Bay, a g‘rogressive wave would require 0.56 hour to traverse
this distance. Irom the intervals above we find a difference in the
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
mouth and head of Newark Bay, derived in the preceding paragraph,
is a little more than twice as great for the low water as for the high
water. That the difference for low water should be greater than for
high water follows from the fact that the rate of advance depends on
the depth. Because of the shallowness of the bay the depth at the
time of high water is greater by a very considerable percentage than
at the time of low water. For %ewar Bay, as a whole, we may take
the range of tide as approximately 434 feet. The average depth of
the bay from mean sea level is 9 feet; at the time of high water the
average depth may therefore be taken as approximately 1114 feet,
while at low water we may take it as 634 feet. If, now, we regard
high water and low water as distinct phases traveling upstream in
accordance with the formula r»=+/g#, the rate of advance of high
water will be to that of low water as 4/111{ is to 4/63{; or as 1.3
isto 1. 'This does not agree well with the ratio of the rates of advance
derived above from the observations and goes to show that shallow
water and other factors enter into the problem.
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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 nautical miles. The stations at which tidal
observations have been made in this stretch are shown in Figure 19,
and the data derived from these observations are given in Table 37.
For each station listed in this T'able the intervals and mean range have
been reduced to a mean value by comparison with simultaneous
observations at some standard tidal station like Fort Hamilton or
Governors Island.

TasLe 37—T1idal data, Hudson River

Lunitidal in-
tervals Dure- | 3zean Observations
Station Locality tion of
rise | TAVEe
HWI | LWI Year Length
) Hours | Hours | Hours | Feet
Ao The Battery, N. Y______.._....- 8,11 211 6.00 4.52 1918-19 1 year.
Bo .. Jersey City, N. J e 8.02 2.13 5.89 4.45 1871 8 days
C o 819 218| 6.0l 4.30 1860 4 days,
8,12 2,28 5.84 4,31 1886 1 month
8,33 2.4 5.93 4,52 1854 16 days
8.28 2.33 5. 95 4.26 1874 18 days
7.92 2,10 5.82 4.56 1855 15d
8.28 2.30 5.98 4.16 1919 314 months
8,23 2.17 6. 06 4.31 1876 1
8.28 2.35 5.93 4,13 1872 2 ds;
8.77 2.86 5.92 3.99 1885 22 days
8.27 2.48 5.7 4.11 1871 2 days
- 8.43 2,62 581 48 1855 13 days.
M_______. Fort Lee, NoJ.cveoearoucnnj 852 3.37 5.16 3.83 1837 5 days.
Nooo Tubby Hook, N. Y _._ ..o | 8.57 8.13 5.4 3.96 1 month.
[+ U, Spuyten Duyvi, N.Y___.._...- 9.21 3.08 6.15 3.62 | 1910-22 21£ years.
Pt verdale, N, Y ooceoooracamcannn 9,10 3.3 5.87 3.86 10 days.

In the use of lunitidal intervals for determining the difference
in time of tide between two stations the correction to be applied is
0.07 hour for each degree of difference in longitude. But, since
the Hudson River runs in an approximately north and south direction,
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 taking the difference of the lunitidal intervals,

Table 37 shows that with the exception of Spuyten Duyvil (station
O) the tide becomes later in going up the Hudson in a fairly uniform
manner. At stations A and H the time of tide may be considered
as well determined, bein,% based on recent observations, in the one
case covering a period of a year and in the other a period of 3}4
months. The difference in time of tide between the two stations 1s
0.17 hour for the high water and 0.19 hour for the low water, or &
mean difference of 0.18 hour. The distance between stations A and H
is 33/ miles, and 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=-+/gh, the time required to traverse this distance
of 334 miles is 0.19 hour. The agreement between the observed and
calculated values is thus very close, and the tidal movement imme-
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diately above the mouth of the Hudson is therefore of the progressive-
wave type.

For puyten Duyvil (station O) the time of tide is undoubtedly
affected Ii)y its location at the mouth of the Harlem. The apparent
retrogression in the time of tide from Spuyten Duyvil to Riverdale
(stations O 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 average duration of rise is 6.0 hours, the duration
of fall is 6.4 hours, while at Riverdale the duration of rise and fall
are, respectively, 5.9 and 6.5 hours. The data of Table 37 show, too,
that in the earlier 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 Spuyten Duyvil the duration of rise gives evidence of the dis-
turbing effect of the Harlem River. The period of 6.15 hours for
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 high-
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 934 miles and the mean depth of the waterway 32
feet. From the formula r=+/gk, the time required 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.
y-"i‘he 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 fairly uniform
manner with the exception of Spuyten Duyvil, where the range is
less than at the stations above am{) below it. There can be no question
as to the accuracy of the value for the range at Spuyten Duywvil,
since it is based on observations covering a period of more than two

ears. It is evident, therefore, that this decreased range at Spuyten
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 shord 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 ranges 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 caleulation, from theoretical con-
siderations, of the difference in range on the two banks. It will,

3904—251—6




68 U. 8. COAST AND GEODETIC SURVEY

therefore, be of advantage to compare the observed and calculated
differences of range. '

DIFFERENCE IN RANGE ON THE TWO BANKS OF A STREAM

If v is the velocity with which a unit mass of water is moving, the
deflecting force of the earth’s rotation which acts on this unit mass
is 2 wwv sin ¢, where w is the angular velocity of the earth’s rotation
and ¢ is the latitude. This force acts to the right in the Northern
Hemisphere and to the left in the Southern Hemisphere. The trans-
verse slope assumed by the surface of the water in response to this

2 wwsin ¢

force is » 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

the two banks of the tidal waterway will be-2-2-2.0 510 ¢

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 knots and d in nautical miles, the formula for the differ-
ence in ra,nge on the opposite banks of a tidal stream, expressed in
g . 3vdsing i '

eet, is ————, approximately.

At its mouth the Hudson has a width of three-quarters of a nautical
mile, and the velocity of the current at time of strength is about 114
knots. For latitude 40° 42’ the sine of the latitude is 0.65, and the
value of ¢ is 32.16 feet per second. Hence, the difference in range
between the Battery and Jersey City should be, from the above for-
mula, 0.07 foot, with the east bank of the stream showing the greater
range. From Table 37 it isfound that the range of the tide at 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 exactly with the calculated
difference. If we adopt for the range of the tide at Jersey City the
mean of the ranges at stations A to I, we derive 4.46 feet, or 0.06 foot
less 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 times one still meets with the erroneous
assumption that it is only bodies moving in a north and south direc-
tion that 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.

s where d is

HARLEM RIVER

The stations at which observations have been made in the Harlem
River are shown on Figure 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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TaBrLE 38.—T'idal data, Harlem River

Lunitidal in- :
tervals Durs | yroan Observations
Station Locality tl;)ix;e of [ ran o
HWI | LWIX Yoar Length
Hours | Hours | Hours | Feel
Spuyten Duyvil, N. Y____._.... 9.21 3.06 6.15| 3.62 ! 1019-1922 [ 214 vears.
Off Seaman Ave.......... 9.66 3.56 6.10 3.66 1919 1 day.
| Broadway Bridge..._____. 9.16 3.60 5.5 3.96 1886 113 days.
-----do. 9. 61 3.7l 5,90 3.74 1919 1 day.
Two hundred and seventh 9.81 3.81 6.00 3.90 1919 1 day.
Street Bridge.
Off Morris Heights ... ..._. 5.80 5.07 4,13 1856 114 days.
Sherman Creek... ... 3,01 8.00 4.21 1919 1 day.
North of High Bridge.. 3.01 8.05 4. 49 1919 1 day.
H High Bridge.......__.. 3.8 6,60 5.84 18%6 214 days.
I South of High Bridge. . __..___.. 4,01 8.00 4,59 1919 1 day.
R o —- 5.67 5.30 4. 45 1856 ig day.
K. - North of Central Brid 3.06 6.25 +. 98 1019 1 day.
Lo SR ; |, Y 4,01 8.10 4.86 1919 1 day.
M........ South of Central Bridge 411 6.10 4.90 1919 1 day.
T Y 401 600 495| 19190 |1day.
.| Madison Avenue Bridge.-. 4,11 6.00 5.00 1919 1 day.
Willis Avenue Bridge..__. 3.73 6.33 4.96 | 1921-1922 | 2 years.
[ 1 T, 3,96 6.25 5.27 1918 1day.
RandallsIsland. . ccecmmcaean 3.63 8. 56 524 1388 4 days.
Port Morris ..ol . 5.61 6.20 8.80 1919 1 day.
Easit ({ne hundred and tenth | 10.25 3.73 8.52 4.98 | 1856-57 | 2 months.
reet,
Little Hell Gate. . . -eceo.- 0.79 3.51 6.28 4.74 1849 12 days

For the Harlem River the greatest difference in longitude between
any two points is less than 0.2 of a degree. Hence, the difference in
time of tide between any two points in the Harlem may be derived
directly by taking the difference 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 along the channel is 514 nautical miles,
and the depth of the waterway measured from mean sea level is 16
feet. The time required for a progressive wave to traverse .this
distance is 0.56 hour. From Tabll)e 38 the difference in time of tide
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 difference
between the calculated and observed values is relatively large and
indicates that the tidal movement through the Harlem is not of the
sin’ill)}e progressive-wave type. )

e range of the tide increases in a fairly uniform manner from
the Hudson River end to the East River end. At Spuyten Duyvil
the range is 3.6 feet, while at Willis Avenue Bridge it is 5.0 feet.
This increase in range of tide shows that the tidal movement through
the Harlem is not o? the progressive-wave type, for the hydro%raphic
features of the Harlem are relatively uniform throughout its ength_.
and if the tidal movement were of the progressive-wave type, a gradual
decrease in the range of tide would be expected from the Hudson to
the East River.

In Table 38 the values for stations C, E, H, J, and S stand out
strikingly different from the values at stations near 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 opening 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 Bronx Kill is a shallow waterway that does not
allow free movement for the Harlem River tide; and it 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 Bridge, the channel to the east of Randalls Island
being much deeper than Bronx Kill.

For the greater part of the Harlem the duration of rise is slightly
less than that of fall. From Spuyten Duyvil to Madison Avenue
Bridge (stations A and O) the duration of rise is about 6.1 hours and
the duration of fall 6.3 hours. Near 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 movement
differs from that in the Hudson and is not of the progressive-wave
ty{)e. As the discussion of the tidal movement through East River
will 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 bodies of water, and that the movement of the water is
largely hydraulic.

IX. THE TIDE IN EAST RIVER

East River connects Upper Bay on the west with Long Island
Sound on the east. The tufe in Upper Bay has a range of about 414

feet, the lunitidal intervals being approximately 8 hours for the high

water and 2 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 being 11 hours for the high water and 5 hours for the low

water. East River, therefore, derives its tide from two bodies of

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 gives
to the tidal movement in East River a character much less uniform
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 groups,
the first covering the stretch of the East River from the Battery
through Hell Gate, and the second covering the stretch from Hell
Gate to Willets Point. This procedure ma,ygbe justified, too, by the
fact that Hell Gate divides East River into two_very nearly equal

arts having different hydrographic features—lower East River
eing a relatively narrow and deep waterway, while upper East River
is wider and shallower. -

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 simultaneous observations at
some standard tidal station like Governors Island or Fort Hamilton.
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TaBLE 39.—Tidal data, lower East River

Lunitidal in- .
tervals Dura- Mean Observations
Station Locality _ tlgil;eof range
HWI | LWI Year Length
Hours | Hours | Hours | Feel
Qovernors Island_______.___...__ 8.10 225 5,85 4,45 | 1860-79 | 19 years.
The Battery...... 823 2,19 6. 04 4,43 1921-22 2 years.
Navy Yard Basin. &80 2,70 6.10 4,10 1869 2 months.
[V P o [+ M 8.95 2.80 6.15 4.16 1855 5 months.
..... A0 9,08 2.97 6. 06 3.93 ' 1885 16 days.
..... o [ SO B /] 277 5.98 4.12 18980 1 month.
Corlears Hook - .. ... ...__ 9,33 2.78 8.55 4.01 1886 5 days
South of Williamsburg Bri 9.02 3.29 5.73 4,02 1837 3 days
North of Williamsburg Bridg 9. 41 2.68 6.74 4,00 1920 2 months
(i 1 9.33 2,92 6.41| 4.00 1921-22 2 years.
South of Bellevue Hospital....._ 9.28 2.97 6.31 4,18 1875 12 days.
Off Bellavue Hospital ._... 9. 40 3.20 6.20 4 42 1885 8 days.
Greenpoint...._._.._.___.. 9.35 3.17 6.18 4.43 1855 21: months.
Newtown Creek._ ._____ 9. 86 3.15 6.71 4,07 1915 13§ months.
..... s [ e B X 3.61 6.03 3.95 1857 6 days.
9.92 3.39 6. 53 4.16 1915 214 months.
9.70 3.48 6.28 4.61 1913 1 month.
Hunters Point __ Q.72 3.31 6.41 4,14 1886 5 days.
‘West of Belmon 9.77 3.33 6. 44 4,11 21 days.
Belmont Island 9. 58 3.12 6.46 4.28 | 1921-22 | 2 years.
0.88 3.43 6.45 4,53 1888 5 days.
9.95 3.80 6.15 4.91 1885 10 days.
8,98 3.08 5.90 5.29 1848 20 days.
9.73 3.37 6.36 4.75 1868 2 days.
10.10 3.87 6.23 4,90 1886 5 days.
| 10.27 4.15 6.12 4,73 1857 1 month.
9. 87 3.43 6. 44 4.74 1868 4 days.
9.683 3.47 6.18 4.75 1875 9 days.
9.96 3.80 6.18 4,81 1920-22 2% years.
9.17 3.40 5.77 3.94 1845 9 days.
9.90 3.62 8.28 4,80 1868 21 days.
8.87 3.12 5.75 4,82 1848 23 days.
10.08 3.43 8. 66 4.77 1868 2 days.
11.27 5. 58 5. 69 5.64 1857 14 days
9.97 3.65 6.32 5.11 1866 5 days.
5.01 6. 05 5.63 | 1885-86 | 20 days.
5.73 5.82 6.03 1857 1 month
5.52 5.83 6.07 1868 17 days.
4.62 5. 96 5. 51 1875 9 days.
5.68 4,78 5.54 | 1020-22 | 244 vears,

From the Battery to Hell Gate the greatest difference in longitude
between any two points in the East River is about one-tenth of a
degree. The difference in time of tide between any two points in
East River may therefore be derived directly by taking the difference
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 are quite well determined. These points
are station H (north of Williamsburg Bridge), station R (Belmont
Island), and station W (south of Horns Hook). From Governors
Island these stations are distant, respectively, 3, 414, and 634 miles.
Between the Battery and each of these stations the time of tide
becomes later by approximately a quarter of an hour for each mile,
but through Hell Gate the time of tide changes at 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 0.85 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 614 miles,
the waterway between these two points having an average depth of
38 feet, reckoned from mean sea level. For a progressive wave to
traverse this distance the formula »=+/gh gives 0.31 hour as the
time required. The difference in time of tide from Table 39 for this
stretch 1s 1.7 hours. Hence, as regards time of tide through lower
East River, the tidal movement is not of the progressive-wave type.

Through the stretch of the East River under consideration the
times of high and low water are not retarded by the same amounts,
and this causes the durations of rise and fall to vary through this
streteh of the river. At the Battery the duration of rise is about 6
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F16. 22—T1de curve, Hell Gate, East River

hours and the duration of fall 6.4 hours. Going upstream the
duration of rise increases so that at 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 nearly 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 eglua,l. Through Hell Gate
the time of low water changes more rapidly 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 fallis 7.6 hours. The character-
jstic 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 at station H being 0.36 foot less than at Governors Island.
From here the range increases in going upstream in a somewhat
uniform manner as far as Hell Gate and rapidly through Hell Gate.
From station H to station W, a distance of 314 miles, the rate of
increase is 0.2 foot per mile. For the mile separating stations W
and Ff the difference in range is 0.7 foot. W{)th regard to range,
therefore, as well as in regard to time, the tide in the 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 perigean ranges—we
may assume that these ranges at any station of Table 39 have the
same ratios to the mean range at that station as at Governors Island
or at the Battery, given in Table 33.

FEET HELL
3 GATE

GOVERNORS
. ISLAND /
— LINE OF MEAN HIGH WATER

MEAN SEA LEVEL

- LINE OF MEAN LOW waTep

3- NAUTICAL MILES
] 1 2 3 &

FIG. 23.—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, the line representing the elevation of any given
tidal datum plane along the channel will not be a straight line.
Figure 23 shows the mean high-water and mean low-water lines
through lower East River as derived from the data for stations A,
H, W, 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 line of low water
in such a strait is a curved line convex toward the surface has con-
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siderable practical importance. In the deepening of such a water-
way a considerable saving in excavation may be made; 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 the ends of the
waterway.
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"Fi6, 24.—Tide statious. upper East River
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UPPER EAST RIVER

The stations at which tidal observations have been made in upper
East River are shown in Figure 24, and the data derived from these
obgervations are given in Table 40. In this table the lunitidal
intervals and ranges have been corrected to mean values by com-



TIDES AND CURRENTS IN NEW YORK HARBOR 75

Farison with simultaneous observations at a standard tidal station
ike Governors Island or Fort Hamilton.

TABLE 40.—Tidal data, upper East River

Lunitidal in-
tervals Dura- Mean Ohservations
Station Locality tl?ige of | Ange
HWI | LWI Year Length
Hours | Hours | Hours | Feet
Ao . Wards Island_ . .._....... .| 10.46 5. 68 4,78 5.54 | 1020-1022 | 21, years.
B Southeast of Lawrence Po | 940 3.84 5. 56 5.56 1848 5 days.
C do . - .| 11.05 5.33 572 627 1886 Do.
Do Wards Island....._....._.. .| 10.51 5. 56 4.95 6.35 1845 1 day.
B Little Hell Gate__.._..._____..._ 9.79 3.51 6.28 4.74 1849 11 days.
Lawrence Point 1. 40 5.75 5,65 6.55 1868 17 days.
Port Morris 11. 81 5. 61 6.20 6.80 1919 1 day.
! . 5. 86 5.73 6.33 | 1921-22 | 2 years.
5. 80 6.11 B.84 1886 4 days.
5.10 5.23 6. 27 1847 14 months.
5.01 5.65 6.06 1883 4 days.
5 44 5.68 5.49 1887 2 days.
6.84 4.87 6.85 1883 3 days.
8.17 5,68 7.21 1886 5 days.
6. 04 5.68 6.64 1922 2 months.
5.88 5.848 7.13 1013 1 month.
5.61 5.83 6.76 1885 2 days.
5.78 6.13 7.41 5 days
5. 54 5,45 7.11 | 1856-1886 | 3 days.
5.22 5.28 6. 96 1847 2 montbs.
567 | 650 7.10 | 1920-1922 | 2 years.
1122 5. 75 5,47 6, 99 1836 1 month.
11. 36 5.27 6.03 7.17 | 1891-1894 | 214 years.

From station A (Wards Island) the tide becomes later in goin
eastward as far as station K (College Point). In this stretch o
3% miles high water becomes later by one and one-fourth hours
and low water later by one-third hour. For the stretch of 314
miles from College Point to Willets Point high water becomes earlier
by very nearly half an hour and low water becomes earlier by three-
fourths of an hour. With regard to time of tide, therefore, the 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, the period of rise being about five and one-half hours and the
period of fall about seven hours. Throughout this stretch the tide
curve representing the rise and fall of the tide is much like that in
the eastern entrance to Hell Gate, shown in Figure 22.

The range of the tide increases in a fairly uniform manner through
upper East River from 5.5 feet in Hell Gate to 7.2 feet at Willets
Point. The latter figure likewise represents the range of the tide
in the western part of Long Island Sound.

Table 40 shows the range at Willets Point to be somewhat larger
than the range at Throgs Neck. If this is due to the deflectin
force of the earth’s rotation, the current must be setting eastwar
through upper East River at the time of high water at Willets Point
and westward at the time of low water. However, the current
observations. made at Willets Point show that at the time of high

L4

water the current is setting westerly at very nearly its strength. e
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reater range at Willets Point is therefore not due to the deflecting
orce of the earth’s rotation. It is to be noted that the range of the
tide in upper East River increasesin going eastward, and that Willets
Point is ?arther east than Throgs Neck, and hence the greater range
at the former point is to be ascribed to its more easterly position.
For station R (Willets Point) there are at hand the results of
harmonic analyses for two series, each a year in length. The first
series begins July 1, 1891, and the second series begins January 1,
1894. The mean results of the two series are given in Table 41.
Values inclosed in parentheses have been derived by inference from
the principal components and not by direct analysis.

TaBLE 41.—Harmonic constants, station R (Willets Point), East River

Component H & Component H £ Component H ®
Degrees Degrees
(103. 6) 304.2
118.9 (279.8)
359.0 149.7
2.8 (88.1)
166.3 133.5
328.6 (165. 0)
210.6 (180. 3)
83.8 (352. 4)

From 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.

TasLe 42.—T'idal data, station R (Willets Point), East River

High water interval ______________ . ... hours-. 11 30
Low water interval ___________ . ______.__ do-_._ 5.27
Meanrange_ - e feet_. 7.17
Spring range______ . ____________________. do____ 854
Neaprange. - . iaaea do.._. 5.68
Great diurnal range_ ___ ________________________ do____. 7.69
Great tropicrange_ . . ______________________ do.__._ 821
Phaseage_ .- ______________________ hours_. 23.4
Parallaxage.. - - - ... do__.. 448
Diurnalage____ . _______ do.___—28.1
Sequence of tides is HHW to LLW.

Spring range <+ mean range._ . __ oo 119
Neap range — mean range . ceoomaoaaan - 079
Great diurnal range +— mean range______ .. ______.______ 107
Great tropic range — mean range._ ..o oo 1. 15

Comparing the data of Table 42 with the data of Tables 28 and 33,
itfwill be seen that the ratios of the various ranges to mean range are
ractically the same at Sandy Hook, Fort %Iamilton, Governors
sland, the Battery, and Willets Point. Throughout New York
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; great tropic range, 1.12.

It is of interest to note ﬁiat the data of Tables 28, 33, and 42 show
that the phase age and diurnal age of the tide decrease from Sandy
Hook to Willets Point, while the parallax age increases. The
sequence of the tide at all five stations is from higher high water to
lower low water.
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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 open to the tides of Upfper Bay and also to the
tides of Long Island gound. It has therefore been custom to
ascribe the peculiar characteristics of the tidal movement in HKast
River to the interference of two tide waves—the one entering from
Upper Bay and the other from Long Island Sound.

owever, the mechanism of the tidal movement in East River
can best be understood by regarding the phenomena from the hy-
draulic point of view; that is, we may regard the changing heigzt
FEET
b
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Fi16. 25.—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 is higher than in
Long Island Sound, and part of the time it is lower. In other words,
we may regard East River as a channel through which the water
flows from the body ha.vix’llghtempora.rily the higher level to the one
having the lower level. e height of the water at any point in
East River is therefore due to the relative elevations of the water
at 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 heights
will represent the slope of the water surface in the river, and thus.
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the height of the water at those times. These slope lines will then
germit. the time and range of the tide throughout the river to be

etermined, since the time and height of the high water at any place
will be represented by the highest point in the slope lines passin
that place, while the time and height of the low water will be indicate
by the lowest point in the slope lines.

In Fi%re 25 the simultaneous heights of the water at the two ends
of East River are represented for each hour of the tidal rise and fall,
time being reckoned from the instant of the moon’s passage over
the meridian of Governors Island. On the vertical line to.the left
the hourly height of the tide at Governors Island is plotted, while
on the ve.rtica,% line to the right the hourly height of the tide at
Willets Point is plotted. In both cases the heights are measured
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 the indicated heights
apply, hours and heights being placed to the left of each vertical line
for the rising tide and to the right for the falling tide. The slope
lines—the lines joining simultaneous heights—are drawn full when
the slope is from 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, then the slope
lines of Figure 25 should indicate the approximate high water and
low water lunitidal 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 approximately one-fifth the distance hetween
Governors Island and Willets Point. Taking a point on the diagram
of Figure 25 one-fifth the distance between the two vertical Lines,
it is seen that the highest slope line passing that point is approximately
the 9.5 line, and hence the high water interval at this point should
be about 9.50 hours. Table 39 1gives the observed value as 9.33
hours. At this point likewise the lowest slope line is the 3-hour line,
and Table 39 gives from observations 2.92 hours. Finally, the slope
line diagram gives the height of high water at this point as 1.9 feet
above mean sea level and low water as 2.0 feet below mean sea level,
or a range of 3.9 feet. The observed value from Table 39 is 4.1 feet.

The slope-line diagram of Figure 25 shows immediately that high
water in the river is defined by a curve concave toward the surface
and low water by a line convex toward the surface. It shows further
that for about one-fourth the distance between Governors Island
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 that the low water line in the river is not a straight line but a
curved line convex toward the surface likewise was indicated by
observations.

It is obvious that the simple hydraulic considerations upon which
Figure 25 is based can 1%ive only a first approximation to the tidal
conditions existing in the East River. e slope lines are drawn
as if the channel from Governors Island to Willets Point ran straight
for the stretch of 14 miles with unvarying width and depth. %\To
account has been taken of the varying depths in the waterway, of
the differences in width, changes in direction, nor of the effect of
the water coming through Harlem River. These factors must
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obviously bring about modifications; but, notwithstanding this, it
is seen that the 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
seen that the characteristics of the current give further proof of the

correctness of the view that the tidal movement in the East River
is primarily hydraulic in character.
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FIG. 26.—Current stations, approaches to Lower Bay

X. THE CURRENT IN THE APPROACHES TO LOWER BAY

On figure 26 are plotted a number of stations in the approaches to
Lower Bay at which current observations have been made, the records
of which are on file at the office of the Coast and Geodetic Survey.
During the current survey of New York Harbor in 1922 by the party
of H.1C. Denson station 1 in Ambrose Channel was used as a control
station. Here continuous observations were made for a period of
414 days at a depth of 7 feet, and for a period of 213 days at four
different depths, namely, 7 feet, 9 feet, 20 feet, and 32 feet, the latter
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3 depths representing, respectively, 0.2, 0.5, and 0. 8 of the depth at
the station. For the 7-foot depth a log line and current pole was
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 made every half hour, the observa-
tion interval likewise being 60 seconds. e meter used was the
Price current meter with telephone attachment.
The method employed in reducing the observations consisted in
glotting the observed velocities of the current on cross-section paper,
ood velocities beinz plotted above the axis of X and ebb velocities
below. A smooth curve was then drawn through 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. Corresponding to the times of flood
and ebb strength of the velocities given by the pole, the direction of,
the current at these times was derived from the hourly readings. In
Table 43 is given the tabulation for the 7-foot depth, time being
given in hours and decimals, velocities in knots, and directions (mag-
ngtic) in degrees, north being 0°; east, 90°; south, 180°; and west,
270°.

TasLe 43.—Currenis at 7-foot depth, station 1, approaches to Lower Bay

s Time of tide at Fort
Time of current Hamilton
Date Slack l Slack
3CK | gtrongth Strength
before | "ot flood | Pfore | “ofepp | HW | LW
1922 Hours Hours Hours Hours Hours Hours
Avg. 8 . 2.6 5.4 9.3 |- 8.3 2.4
15.8 17.8 2.4 12.9 20.5 14.5
Aug. 9. . 4.4 6.7 9.8 1.4 9.2 2.9
16.8 18.8 2.0 13.8 20.9 15.0
Aug. 10 . meeeas 5.3 7.3 10.8 2.0 9.6 3.7
17.0 18.8 2.1 14.0 21.7 16.7
Aug. 11 _ . 8.1 8.5 1.0 2.1 10.0 4.4
17.8 19.6 23.8 14.6 26 16. 6
Aug. 12 e 6.0 8.2 |ccmceeen 3.0 10.8 4.4
.................... 12.1 14.8 23.0 16.0
|
. Time of current with reference to tide at Strength of
; Fort Hamilton flood Strength of ebb
Date Mag- Mag-
Slack | strength Sladk | strength n_e%xgc Veloe- | netic | Veloc-
flood of flood ebb of ebb direc- ity direc- ity
tion tion
Hours Hours Hours ° Knots e Knols
H-2.9 H+1.0 L-26 |...._.. L7 |cececacn]mmmmmam
-2.7 0.9 -1.6 318 1.4 151 2.8
-2.5 0.6 -15 | 318 2.5 131 2.3
-2.1 19 -1.2 2.4 2.2
—-2.3 1.2 -17 311 L5 131 2.4
—2.9 L4 —-1.7 313 1.4 131 2.1
—Lb 1.0 —2.3 309 1.8 134 2.2
~3.0 1.2 —2.0 303 L5 138 L9
=26 oo —1.4 308 1.4 140 2.4
L3 -2.3 135 1.9
Sums.._....ooca- 12.2 —22.8 10. & —18.3 2,178 | 15.4 1,001 20.2
Means. .-ooocnmm L+1.36 H~2.50 H+1.17 -1.83 311 L7t 136 2.27
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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 approximately. 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 may be taken -proportional to the change in
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 period August
8 to 12, 1922, this ratio of ranges for the tide at Fort II)-Iamilton was
1.02. Hence, the average 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 ecliminate the nontidal
current by taking as the tidal current the half sum of the obgerved
flood and ebb strengths, and it is this half sum which is multiplied
by the correction factor. For the mean values of flood and ebb
strengths half the velocity of the nontidal current is th-n subtracted
from the strength of flood and added to the strength of ebb. Table
44 gives the results of the current observations at station 1 for the
four depths, reduced to mean values. In this table HW stands for
time of high water at Fort Hamilton and LW for time 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 differences are small, and
since the time of tide at Sandy Hook and also at Coney Island is
apFroxmlately the same as at Fort Hamilton we may take slack
before flood as coming 115 hours after local low water, strength of
flood 234 hours before high water, slack before ebb 114 hours after
high water, and strength of ebb 13/ hours before low water. The
current, therefore, starts flooding 114 hours after the water has
commenced to rise and continues flooding up to the time of high
water and for a period of 14 hours ther:after, during which time
the water has commenced to fall. Similarly, th» current starts
ebbing 114 hours after the tide has commoncad to fall and con-
tinues to ebb until the time of low water and 134 hours bayond,
during which time th> water has comm>nced rising. Flood current
and rise of tide are therefore not synonymeous in this region, neither
are ebb and fall of tide. Th> duration of the flood at station 1 may
be taken as 5.81 hours and th> duration of ebb as 6.61 hours. At
Sandy Hook, it will b2 recallad, th» duration of ris> 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.



TaBLe 44.—Current data, station 1, approaches to Lower Bay

[Referred to times of HW and LW at Fort Hamilton}]

Flood strength Ebb strength Length
Qbservations Flood Ebb
Date with— Depth | Slack duration| Slack | duration %ms:sr -
Time Direction Velocity Time Direction Velocity
Hours | Hours be- Hours | Hours be-

1922 Feet |after LW | fore HW True Knots Hours |after HW| fore LW Knots Hours Days
Aug.8-12.______... 7 1. 3| 2.50 | N.60° W._____.__ 1.75 5.84 L1 1.83 | 8.55°E_._._.... 2.28 6.58 4
Aug.10-12._____... 9 170 2. 36 1.54 5. 7 1.43 2.50 6.66 2

DoO._ .- 20 1.60 2.4 |. 1,38 5.78 1.35 1.86 6.64 2
Do ... 32 1.54 2. 66 1.27 5.84 1.35 L4 8.58
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TaBLE 45.—Current dala, stations 2, 8, 4, 5, and 6, approaches to Lower Bay

[Referred to times of HW and LW at Fort Hamilton]

stren; strengt
Sta- Flood strength ' Ebb strength B
Ohservations Flood Ebb [
'1'\11‘:,'1 Date with— Depth | Slack - duration | Slack - ] duration | observa-
. Time Direction Velocity Time Direction Velocity tions
Hours Hours Hours Hours
after before after before
Feel LW H True Knots Hours H L Knots Hours Days
2 7 0.90 - 112 6.05 0.92 3.00 1.86 6.37 2
7 0.87 1.30 6.08 0.90 2.80 1,99 6.36 2
18 0.93 1.31 6.02 0.92 2. 55 1.43 6.40 2
29 0.93 .27 6.02 0,92 2.45 110 6.40 2
3 ST 0.50 3.90 1.48 6.03 0. 50 2.70 1.68 6.39 1
6 0.40 3.70 193 6.18 0.55 2.70 1.70 6.24 1
14 0.40 4,20 1.60 6.23 0. 60 220 1. 56 6.19 1
24 0.40 4.00 127 6.23 0. 60 2.15 1.20 6.19 1
4 7 0.20 2.12 0.9 8. 51 0.68 2.80 1.25 5.81 1
4 0. 50 2.22 0.97 6.21 0.68 2.77 1.05 6.21 T
10 0. 50 2.30 0.91 6. 46 0.93 2.45 0.93 5.96 1
16 0. 50 2.35 0.88 6.43 0.90 2.40 0.84 5.99 1
b 7 0.77 3.13 1.41 5.84 0.58 2.70 1.49 6.58 134
] 0.45 3.15 1.60 6.08 0. 50 2.93 1.53 6.34 184
13 0.45 3.35 1.44 6. 11 0.53 2.90 1.48 6,31 1
21 0.45 3.55 1.38 6.08 0.50 2.97 1.32 6.34 13,
[ 7 0. 40 3.3 107 6.00 0.37 3.17 1.62 6.42 il
5 0.55 3.40 1.17 5.95 0.47 3.10 171 6. 47 1
13 0. 55 3.50 1. 1.27 5.91 0.43 3.05 |. 1.74 6. 51 1
21 0.55 3.40 1.27 5.91 0.43 3.30 1.54 6. 51 1Y
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During the period that currents were being observed at station 1
the party of lg C. Denson also observed currents at stations 2, 3,
4, 5, and 6, 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 at 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 approxi-
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 approximately S. 40° E.

Along the whole line from Sandy Hook to Rockaway Point the ebb
current has the greater velocity near the surface; at mid-depth the
flood and ebb velocities are a}ﬁroxima.tely equal, while near the
bottom the flood current generally has the greater velocity. The
data of Table 45, like that of Table 44, also indgl-f:ate the greater dura-
tion for the ebb current throughout this region.

At Scotland and Ambrose Channel 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 observations permit a more detailed discussion.
of the current at these stations and will be taken up later. For the
remaining stations shown on Figure 26 the data are given in Table
46, the times of current being referred to the times of tide at Fort
Hamilton, HW standing for the time of high water at Fort Hamilton
and LW for the time of low water. The velocities of the tidal current
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 observations. With the exception of correctinﬁ the
velocities of the tidal current to mean values, as explained above,
no adjustment of the data has been made to derive more concordant
results. Since the periods of observation are 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 light vessel, have
been reduced for the following periods: (a) November 6, 1912, to
January 31, 1913; () May 1 to 29, 1921; (¢) July 1 to 29, 1921;
(d) September 1 to 29, 1922.

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 necessary to resolve
the hourly observations into two directions perpendicular to each
other. The most convenient directions to choose are generally north
and south and east and west, and the resolution may be accomplished
very expeditiously by the use of a graphic resolution table. The
resolved hourly heights 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.



TABLE 46.—Clurrent dala, stalions 7 lo 14, approaches to Lower Bay

[ Referred to times of HW snd L'W at Fort Hamilton)

Sta- Flood strength ’ Flood Ebb strength bb Length
tion Party of— Date Black dur:&on Slack dulfation obsgrva-
No. Time Direction | Veloeity Time Direction | Velocity tions
Hours Hours Hours
before after before
HW Knots Hours HW LW True Knots Hours Days
. 28| N. L2 et 0.3 2,7]8. L4 e 37
2.8 | N. 1.4 5.7 0.9 1.4 8. 1.6 6.7 1y
1.5 | N. 1.2 6.8 1.8 2.3 | 8. 1.6 5.6 1y
1.8 | N. 0.6 6.4 1.4 1.7 8. 0.7 6.0 123
2.1 N. 6.7 6.1 1.4 2,118. 0.8 6.3 133
1.9 | N. 0.7 5.4 0.9 1818 0.8 7.0 184
2.1 N. 0.8 5.0 0.5 2218, 1.0 7.4 14
21 N. 0.9 5.7 0.9 2.3 | 8. 13 6.7 13

dO09daVH MY0X MIN NI SINTIYND ANV SHJALL
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TaBLE 47.—Harmonic constants, station 15 (Scotland Light Vessel)

[From 87-day series, November 6, 1912, to January 31, 1913]

North and south East and west
(magnetic) (magnetic)
Component
H x H x
Knots | Degrees | Knols Degrees
0.350 201 0.383 348
0.068 263 0.034 54
0.038 318 0.023 152
0.044 181 0.053 358
0. 009 83 0.018 158
True
North

Scale of Knots
| I 1 1 L] 1 J

on ol o2 03 04, [-1-}

Fi16. 27.—Current ellipse for M2 component, Scotland Light Vessel

Since station 15 is some distance from the coast, we may expect

the current here to be of a rotary tyfpe. If we plot the hourly veﬁ)ci-

ties of M,, using the above values for the north and south, and east

and west components, we derive an ellipse which ’%ives approx-

imately the curve of the current at station 15. The resultant

strength of flood and ebb may be determined from this ellipse, or

from the formula,

H_? sin 2x, + Hp? sin 2,

tan 20="74 2
H? cos 2«, + H}? cos 2,

which is derived by writing the equations of the current in the
form w=H, cos (0—«) for the north and south component and
v=H, cos (§—x,) for the east and west component and solving for
a maximum.
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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 current at sta-
tion 15 is seen to rotate in the direction of the hands of a clock.
The strength of the flood comes 1.35 hours before the time of high
water at %ort Hamilton and sets N. 57° W. with a velocity of 0.50
knot, while the minimum current before ebb comes 3.10 hours later,
or 1.65 hours after the time of high water at Fort Hamilton and
sets N. 33° E. with a velocity of 0.15 knot. Since M, alone is taken
into account in the current ellipse above, the strength of ebb has the
same velocity as that of flood and sets in a direction exactly oppo-
site, and this is likewise the relation of slack before flood to slack
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 (@), it is necessary to
take account of the nontidal current, which during this time had
a velocity averaging 0.21 knot, setting S. 32°-E. This nontidal
current may be combined with the tidal current, graphically, by
shifting the origin of coordinates to the point C, lying 0.21 knot
N. 32° W. from the center of the figzure. For the strength of flood
we now get 0.32 knot, setting N. 75° W., and for the strength of
ebb 0.69 knot, setting S. 50° K.

The velocity and direction of the nontidal current at any station
are determined from the following considerations. If the current
at the station is wholly tidal, then in a %eriod of 241 50™ the hourly
velocities resolved into north and south, and east and west direc-
tions should sum up to zero for each of these directions; that is,
since the tidal current is periodic, its average north velocity will
equal'its average south velocity, and likewise its average east velocity
will 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 to the extent of its components in these
directions, which thus furnish the data for its determination. The
tidal current from whatever period determined should show approx-
imately constant characteristics, but the nontidal current may be
expected to exhibit variable velocity and different directions, depend-
in%on the'season of the year.

or short series the current ellipse may be more easily determined
nonharmonically by tabulating f%e resolved hourly velocities and
directions of the current with respect to the time of tide at some neax-
by point, and this method has been employed in reducing the obser-
vations for series (b), (¢) and (d). The current ellipse derived by
this method does not possess the regularity of the M, ellipse, nor
can the velocity and direction of the streng}il;h of flood and ebb be
determined with as great precision. It has, however, the advantage
of givin%)results that take account of the effects of the other com-
ponents besides M,.. The curve for series (b) is shown in Figure 28.

It is obvious that in tabulating the hourly velocities of the current
the nontidal current is not eliminated, and this is brought out by
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Figure 28, the lines representing the hourly velocity and directionfof
the current radiating from a point some dyista.nce rom the centerfof
the figure. For the Seriod covered by these observations, May 1 to
29, 1921, the nontidal current is determined as setting S. 1° E. with
a velocity of 0.19 knot. The tidal current alone may be determined
approximately by drawing major and minor axes for the ellipse, which
wiﬁ then represent the velocities and directions of the strength and
of the minimum of the tidal current. From Figure 28 the strength

True
NorTh

Scale of Knots
1 | | I | |

0.0 0.l 0.2 03 04 05
F16. 28.—Current cllipse from nonharmonie tabulation, Seotland Light Vessel

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, respectively, but
with directions reversed. The time is given with reference to the
time of tide at Fort Hamilton, HW standing for the time of bigh
water and LW for the time of low water. Itis to benoted, 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 minimum before ebb is given at right angles to the direction of
strength of flood.

Tasre 48.—Current data, station 15 (Scotland Light Vessel)

{Referred to times of HW at Fort Hamilton]

! Tidal current
t Nontidal
: . . current
Serles | Date of observations Strength of l:lood Minimum before ebb
. Veloc- ; Veloc- irecti Veloc- | Direc-
Time ity Direction | Time ity Direction i_ty tion
Hours Hours
before afler
HW | Knots True HW | Knots True Knots | True
{u) N(llgl.as, 1912-Jan. 31, 1.35 0.50 | N.57° W.| 175 0.15 | N.33° E_.{ 0.21 [S.32°E.
) | May 1-929, 1921 1.4 | 05 |Naew.! L7 ]| 020{N4E.] o019[8.1°F.
) | July1-29,1921_______| 0.7 0.40 | N.35°W..| 2.4 0.14 [ N.35°E_.| 0.16 [S8.4°W.
(d) | Sept.1-29,1922_____.. 1.2 0.43 | N.54°W._| 19 0.156 | N.36°E_.] 0.22 |S.8°W.

Welghted mean.| 1.22| 051 | N.s5°W.| 18| 016! N.35°E_.| o.19 ls.15°E.

For the best determined value at station 15, we may take a weighted
mean of the values given in Table 48, weighting the different series in
accordance 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 January 31, 1913—has been analyzed
harmonically, and a series 29 days in length has been tabulated non-
harmonically. The results from the harmonic analysis are given in
Table 49, and the current ellipse for M, based on the data of Table
49, is shown in Figure 29.

TaBLr 49.—Harmonic constants, station 16 (Ambrose Channel Light Vessel)
[From 8§7-day series, Novemkber 5, 1012, to January 30, 1913]

North-and-south East-and-west
(magnetic) (magnetic)
Component

Degrees Knots Degrecsq

157 0.197 2

58 0.012 147
1356 0. 108 318
188 0. 044 8
314 0.011 108

Figure 29 shows the current at station 16 to be relatively weak and
only slightly rotary. The strength of the flood current comes 1.2



90 U. S. COAST AND GEODETIC SURVEY

hours before the time of high water at Fort Hamilton and sets N.
88° W., with a velocity of 0.20 knot. Minimum current before ebb
comes 1.7 hours after low water at 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 opposite to that found at Scotland Light
Vessel. This is also brou, flt out by the observations for September
1 to 29, 1922, which have been 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 knot.
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
- 3 L+2
el '\ T L+l
H=+ L \H rY ) (W

H+3

Scale of Knots
| P S PR R
002 004 006 008 010 Q2 Oi4 G DJ8 020 022

Fiu. 20.—Current ellipse for Mg component, Ambrose Channel Light Vessel

September 1 to 29, 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
lying westward of a line drawn from the eastern tip of Coney Island
to Sandy Hook and hounded on the north by the Narrows, on the
northwest by Arthur Kill, and on the west by Raritan River. For
this bod oty water Figure 30 shows the locations of 35 stations at
which observations have been made at various times. The 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.
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TaBLE 50.—Current data, Lower Bay
[Referred to times of HW and LW at Fort Hamilton]
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In Table 50 above the times of slack and strength of current are
iven in hours and tenths and arereferred to the times of tide at Fort
amilton, N. Y., HW representing the time of high water and LW
the time of low water. The 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
shallow regions near the shores and latest in the deeper central parts
of the bay. Thus, at station 1, near Sandy Hook, the current turns
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 central part in the
vicinity of stations 18, 19, 26, 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 becomes
earlier for a short distance and then is ve.li{ nea.rI% simultaneous
over the greater portion of Lower Bay and Raritan Bay. 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 thehands of aclock. The cur-
rent, therefore, sets westward earlier than northward. It is to be
noted that for stations lying westward of Sandy Hook the direction
of the flood current is about S. 75° W., while at the stations
lying in the region between the entrance and the Narrows the flood
current sets more nearly N. 60° W., on the strength.

Between stations 31 and 32, off Staten Island, the flood and ebb
currents change directions. At station 31 and in the region north-
ward the flood sets northeasterly and the ebb southwesterly, while at
station 32 and in the region southwestward the flood 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 caselike
‘that of the region in the vicinity of stations 31 and 32 the terms
upsiream and downstream or inland and seaward are no longer pre-
dise, :and; it. therefore becomes necessary to define flood and ebb in
termg ather than that of direction.

Trom.a :chpsideration of the relation of current to tide both in the
yirdgressivdwavesBnd stationary-wave types of tidal movement the
jod-currentzms¥ he.defined as the one that attains its strength on a
ising-tide, while - the¢bb current may be defined as the one that
attains itp: strength op a falling tide. And it is to be noted that these
definjtions of fload ard ebb; based on time relations of current to tide,
qg}rsié with the ordinary:use of these terms in cases where no ambiguity
atises from dhe definftion based-en direction.



TIDES AND CURRENTS IN NEW YORK HARBOR 93

From Table 30 it is evident that the time of tide in_the vicinity of
stations 31 and 32 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 32,
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 at
station 32. 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 various stations to local tide. For
more accurate determinatipns use may be made of the data in
Table 30.

In general, the velocity of the current in the channels of Lower
Bay is between 1 and 134 knots, with the ebb velocity greater than
the flood by a quarter of a knot; the greater ebb velocity obviously
brought about by the considerable amount of fresh water draining
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 hydrographic features at the station. Thus, at
station 28 the strength of the ebb current is greater than the flood
by more than a knot. A glance at the location of the station shows
that the western point of Coney Island prevents the main stream
of the flood current, which sets toward the Narrows, from embracing
station 28 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 by but 0.1 knot, the ebb velocities differ by 0.8 knot. Here,

ain, the location of the station with respect to the main flood and
ebb streams explains the difference. ith respect to the flood
stream they are located very much alike, but the main stream of the
ebb current setting from %,arita.n River and Arthur Kill sweeps
directly over station 35 but to one side of station 34.

As regards the durations of flood and ebb in Lower Bay, Table 50
shows that almost without exception the ebb has the greater duration,
and this was to be expected because of the fresh-water discharge
through Lower Bay. Stations 22, 23, and 24, near Coney Island,
stand out markedly different with flood durations greater than the
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 Bay. On the flood
these stations are in the path of the main stream of the current, while
on the ebb Coney Island cuts them off from the main stream issuing
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. '
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TaBLE 51.—Current data for various depths, Lower Bay
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At the eight stations oeccupied by the party of H. C. Denson ob-
servations on the subsurface currents were also made, a current
meter being used for this purpose. These observations were made
at three depths—two-tenths, five-tenths, and eight-tenths of the
depth -at the station. The results of these observations, with veloci-
ties reduced to mean values, are given in Table 51. . In this table
HW and LW represent, respectively, the times of high and low
water at Fort Hamilton, times 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 that slight differences in the results for the various depths
derived from observations covering but a day or two may be due to
accidental variations. In general, however, the data of Table 51
indicate but little difference in the time of strength or of slack at the
various depths. For the velocities, however, the differences between
varjous 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 depth, both on the flood and on the ebb. This is in
accordance with the distribution of velocity in ordinary hydraulic
flow and is evidenced by the data for station 2 off Sandy Hook,
station 19 in the middle of the 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 depths.

The stations located in the path of the current from the Narrows
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
distribution of ordinary hydraulic motion, the velocity decreasing
with increasing depth; but on the flood the velocity shows an increase
from the surface downward for a considerable depth. At station 27
une flood strength at the two-tenths depth is less than at mid-depth
or at the eight-tenths depth and at the latter depth is but little less
than at mi(f-depth. .

This difference in the 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 the surface. On the ebb both tidal and
nontidal water are moving in the same direction, and therefore the
vertical velocity distribution is similar te 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 thq tidal
current-near the surface. '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 consequence of the diminution. of the flood strength near the
surface by fresh water, an increase in the duration of the flood period
may be expected with jncreasing depth. And while the data for
station 27 are based on but one day of observations this increase in
the flood. period with increasing depth is shown unmistakably. The
data for station 28, located similarly with regard to the current from
the Narrows, give evidence of features similar to those for station 27.
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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 52 and may be taken to pertain to the
current at a depth of about 7 feet. The times of current are referred
to the times of tide at Fort Hamilton, N. Y., HW standing for the
time of high water and LW for the time of low water.

£
-

I . At

p -

Fi16. 31.—Current stations, the Narrows

Frém the data of Table 52 it appears that through the Narrows
slack before flood comes about 2% hours after local low water,
strength of flood half an hour before high water, slack before ebb
2 hours after héfh water, and strength of ebb 1 hour before low water.
These time relations of current to tide are approximately those
obtaining in progressive-wave motion, and the tidal movement
through the Narrows deduced from the relation of current to tide is
therefore of the progressive-wave tyge; and it is to be recalled that
this conclusion likewise was indicated by the behavior of the tides in
the Narrows discussed in Section VI.



TIDES AND CURRENTS IN NEW

YORK HARBOR

TaBLE 52.—Current dala, the Narrows
[Referred to times of HW and LW at Fort Hamilton]
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In the 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 214 hours after low
water and slack before ebb 2 hours after high water the duration of
flood is about 514 hours and the duration of ebb is about 7 hours.
This excess of 114 hours in the duration of ebb over the duration of
flood obviously is due to the fresh water draining into Upper Bay
which finds its outlet to the sea through the Narrows. Yn conse-

uence of this fresh or nontidal water it is to be expected that near
the surface the ebb current would at strength have a considerably
glll'eater velocity than the flood current. Table 52 shows this to be
the case, the strength of ebb being on the a,veraﬁe about 30 per cent
greater than the strength of flood. ~Through the Narrows the strength
of flood is about 1.4 knots and the strength of ebb 1.8 knots. Near
the surface, therefore, the tidal current through the Narrows has a
velocity at strength of about 1.6 knots.

The greatest current velocity will obviously be found in mid-
channel where the effects of friction are least. For the mid-channel
stations Table 52 gives a flood length of 1.5 knots and an ebb strength
of 1.9 knots or a velocity for the tidal current of 1.7 knots. For the
stations near the BrookXyn shore the flood strength is 1.4 knots and
the ebb strength is 1.8 knots; while for the Staten Island shore the
flood strength is 1.2 knots and the ebb strength 1.7 knots. The
stations in the vicinity of Buttermilk Channel above Bay Ridge
(stations 5, 6, 7, and 8) show ebb velocities but little greater than the
flood velocities. The flood strengths at these stations are not

reater than for the rest of the Narrows, but the ebb velocities are
ess than 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. 15° W. It is therefore to be expected that, in gen-
eral, the directions of the flood and ebb currents at any given station will
not be exactly opposite each other, for the momentum of the movin,
mass of water will cause the direction of the flood current to be modifie
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 suspended. These directions were determined by means
of a device called the bifilar direction indicator.

Essentially the bifilar direction indicator consists of a piﬁe with a
rudder attached at one end, which is suspended horizontally at the
desired depth by two fine wires, these wires connecting with an upper
horizontal bar that journals at its center in a ball-bearing joint which
permits it to move in azimuth. The ball-bearing joint is fixed on
an outrigger or davit of the observing vessel, and as the lower bar
with its attached rudder takes the direction of the current at the
depth to which it is lowered the upper bar takes the same direction.
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Table 53 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 52, 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 days, so that the data at this station may be considered as
relatively well determined. The slack before flood is seen to become
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 time of strength of flood does not vary much from the surface
to the bottom, though there appears to be a well-defined acceleration
in the 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 7-foot depth is that of
the channel, while the direction of the current near the bottom is
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 may be taken as running parallel to the direction of the
channel at that depth.

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 depth to 7.1 hours at the 70-foot depth, or a difference of 2.2
hours. is likewise was the difference in the times of turning of the
current from ebb to flood as between the 7 and 70 foot depths. 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 difference between
the 7 and 70 foot depths beinilﬂ hours. For the strength of flood
the acceleration appears to take place to mid-depth only, and from
that depth to the bottom there was a retardation in the time of
strength. The direction of the ebb current at the time of strength
shows a slight eastward deflection toward the bottomtwhich corre-
sponds to the westward shift found on the flood current discussed
above.

3904—251—8
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. Since the effect of the fresh water was manifested in an increase
in the strength of flood at the rate of 0.01 knot per foot of depth, a like
decrease in the strength of ebb might be expected. But curiously,
at 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—though
near the bottom the velocity shows a considerable decrease from the
velocity at 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 at station 9 may be taken as
characteristic 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 appear. At station 3 the current
turns from ebb to flood at practically tIk)le same time at all four depths,
and as a conscquence the (ﬁmmtions of flood at all depths are the same.
This means, therefore, that but little of the nontidal water passes
station 3, and this conclusion is borne out by the 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 he noted that on the ebb
this decrease takes place more rapidly than on the flood, indicating
some influence of the fresh-water discharge.

Since in mid-channel the current does not turn from ebb to flood
at the same instant from the surface to the bottom, it is evident that
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 current at
the time of strength, from surface to bottom, will be setting in the
same direction.

For the purpose of deriving harmonic constants for the prediction
of the current in the Narrows the observations made with t%e pole at
station 9 were submitted to harmonic analysis. To provide a 15-day
series, 114 days were extrapolated at the beginning and 214 days at
the end of the 11 days of 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 differences 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 epochs derived from the short series. The
analysis was carried out for the five principal components, namely,
M, and harmeonics, S,, N,, K, and O,. e values of other com-
ponents were then inferred from these principal components. The
results are given in Table 54, inferred values being inclosed in
parentheses.

TaBLE 54.—Harmonic constants, siation 9, the Narrows

Component H 4 Component H x Component | H x
Knots Degrees Degrees
0.12 133 (54)
0.25 177 279
(0. 03) (154) (279)
0.09 (121)
(0.07) (78) (180)
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The epoch for M, refers to the time of flood strength, and since the
epoch for the M, tide at Fort Hamilton is 221° the harmonic con-
stants show the strength of flood in the Narrows to come 21°, or
about three-quarters of an hour before high water at Fort Hamilton,
which agrees with the value of HW-0.8 hours derived in Table 52.
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F1G. 32,—Current Stations, Upper Bay.

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 7 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.
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The data of Table 55 show that along the main channel of Upper
Bay the current becomes later by about three-quarters of an hour
from the lower end to the upper end. There appears also a slight
change in the relative durations of flood and ebb. At the lower end
the durations of flood and ebb are, respectively, 5.5 hours and 6.9
hours, while at the upper end they are 5.4 hours and 7.0 hours.

Along the main channel the ebb current has the greater velocity,
the strength of ebb being 134/ knots against 1} knots for the flood
strength. This excess of the ebb strength over the flood strength is
brought about by the same causes as in the Narrows discussed pre-
viously. The velocity of the flood current in the main channel is
a};l)proxima,tely the same throughout the length of Upper Bay, but for
the ebb current the upper end shows a somewhat greater velocity
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 velocity of the current at flood strength
is generally greater than that of ebb strength, and the duration of
flood and ebb are approximately equal. These features undoubtedly
find explanation in the fact that 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
the Brooklfyn shore because of the direction of the channel, and the
deflecting force of the earth’s rotation now acts to deflect the current
still farther away from the Brooklyn shore. Hence the Brooklyn
shore lies in the path of the main stream of the flood current, but to
one side of the main stream of the ebb current.

Throughout Upper Bay the time of tide is about one-third of an
hour later than at Fort ﬁamilton. Table 55, therefore, shows that
with respect to the time of local tide, slack water in Upper Bay comes
about three hours after the times of high and low water, while the
strength of the current comes about the times of high and low water.
These relations of current to tide in Upper Bay prove the tidal move-
ment to be of the progressive-wave type, and this, it is to be recalled,
was also indicated by the progress of the tide through Upper Bay
discussed in Section VI.

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 the times of local
tide, slack at station 7 comes near the times of high and low water;
and the strength of the current instead of coming at the times of
high and low water comes approximately midway between high and
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 progression of the tide. Hence,
strength of flood and ebb must come when this restricted waterway
is being filled most rapidly, namely, midway between high and low
water, when the tide is rising or falling most rapidly. Similarly, the
tidal movement should cease at the times of high 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 the data for stations in the main channel of Upper
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Bay. The time of current is considerably earlier in Buttermilk
Channel, slack before flood coming about two hours earlier than in
the main channel of Uppr Bay: an%i slack before ebb about half an
hour earlier. This ma.Ees the duration of flood in Buttermilk Chan-
nel greater than in the rest of Upper Bag and changes the relative
magnitude of the periods of flood and ebb. In the main channel of
Upper Bay the ebb period is the greater, having a duration of 7 hours
against 534 hours for the flood; in Buttermilk Channel the flood
period is the greater, having a duration of 614 hours, while the
duration of ebb is a little less than 6 hours.

These differences 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 considerably earlier than in the
channel of Upper Bay directly to the west and the period of flood
here is 614 hours against the flood period of 514 hours in the main
channel of Upper Bay.

The direction of the current in Upper Bay, as shown by Table 55,
is generally in the direction of the channel. Where the direction of
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
indicator. The data for the various depths at these stations are
given in Table 56 following. .

The relations of the current at different depths in Upper Ba.{' are
much like those found in the Narrows. In the main channel the
slack before ebb generally becomes earlier from the surface down-
ward. If for convenience we speak of the 7-foot depth as the surface
and the eight-tenths depth as the bottom, it may be said that from
the surface to the bottom the slack before flood in 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 the difference in the vertical
velocity distribution between flood and ebb strengths stands out
markedly. The strength of ebb, without exception, 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-depth
to bottom is generally greater than the ebb strength, notwithstanding
the fact that near the surface the ebb strength has considerably
greater velocity. The data for station 23 brings this out well. At
the 7-foot depti the flood strength is 1.96 knots and the ebb strength
2.60 knots; at mid-depth they are, respectively, 2.02 knots and 1.82
knots, and at the eight-tenths depth 2.02 knots and 1.04 knots.
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The invrease in duration of flood and corresponding decrease of
duration of ebb from the surface downward is especially marked at
the stations in the main channel near the upper end of Upper Bay.
Stations 23 and 38 give an average increase in the duration of flood
from the surface to the bottom of about one hour. In Upper Bay,
as in the Narrows, this increase in the duration of flood is brougﬁ,t
about by the acceleration in the time of slack before flood, the slack
before ebb occurring at practically the same time from surface to
bottom. :

The ebb current in the main channel of Upper Bay has the greater
duration at the surface throughout the 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
mfluence 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
ottom. -

In Buttermilk Channel the data of Table 56 show the current to
differ considerably from the current in the main channel of Upper
Bay. For both the slack before flood and slack before ebb there is
little difference in time from surface to bottom. The durations of
flood and of ebb are therefore practically the same at all depths.
This makes it appear that through Buttermilk Channel very little
nontidal water passes.

The vertical velocity distribution in Buttermilk Channel, likewise,
differs from the velocity distribution in the main channel of Upper
Bay. The velocities of both the flood and ebb strengths in Butter-
milk Channel generally decrease from the surface to the bottom.
Stations 24 and 25 bring this out well.

For the region lying between Governors Island and the Battery
the data for stations 33 and 34 show that the current here is similar
to that in Buttermilk Channel. But little change in the duration of
flood or of ebb takes ﬂpla,ce from the surface to the bottom and the
Zelocity both of the flood and of the ebb decreases from surface to

ottom.

XIII. THE CURRENT IN THE KILLS AND NEWARK BAY

Figure 33 shows the location of 11 current stations in Arthur Kill,
the data for these being 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 LW 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 Kill, and at
station 9, near the northern entrance, the observations are for simul-
taneous periods of very nearly five days. These observations, there-
fore, furnish data relatively well determined for purposes of compari-
son. These data, as given in Table 57, show that the curremt in the
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 cur-
rent is later than at station 1 by 0.75 hour and earlier than 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
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TaBLre 57.—Current data, Arthur Kill
[Referrod to times of HW and LW at Fort Hamilton, N. Y.]

. Flood strength EDbb strength L
Flood Ebb |of o
Location Party of— Date Slack auration | Slack duration | serva-
Time | Direction | Velocity Time | Direction | Velocity tions
Hours Hours be- | Hours af- | Hours be-
: ter L Jore HW True Knots Hours | ter HW | fore LW True Knols Hours | Days
1| Off Perth Amboy, | H. C. Denson___.. Aug., 1922.__| - 1.2 20| N.I0°E__ 0.9 6.0 L2 2.6 8.10°W.. 0.9 6.4 [371
2| o '1;Tottenvllle, Aug., 1856__. 0.7 24| N.60°E.. 0.5 6.3 L0 2.5|8.85°W.. 0.5 61 1
3 Oﬂitos'svﬂle, N.Y do do. . 0.9 22{N.65°E._ 0.5 6.3 1.2 2.3|8.45°W_. 0.4 6.1 ‘ﬁ
4 | Off Cartaret, N. J. do. do. 15 1.8 N.S5°E_. 0.7 5.7 1.2 2.3|8.30°W.._ L1 6.
5 O‘I!Q' Linoleumville, | H. C. Denson..... Aug., 1822___ 2.0 L0 5.9 1.9 8. 1.0 6.5 134
6| Off E}ra'sselli, N.J..| H. Mitchell...__.. Aug., 1856... 2.3 1.3 5.5 1.8 S. 1.0 6.9 ]
7 | Oft Elizabeth, N.J.}..... do.eeecoaea Sept., 1856__ 2.9 1.6 5.7 2.8 S. 1.4 6.7 14
8 do H. L. Marindin...| July, 1885. .. 2.5 1.8 5.4 1.9 1.7 7.0 1
9 do H.C. Aug., 1922__. 2.6 1.2 6.0 2.8 0.8 6.4 43{
10 do R.J. Nov., 1920.._ 2.2 L0 6.2 2.4 0.5 6.2 2
11| do. H Aug., 1856.__ 2.4 12 5.9 2.3 1.0 6.5 1

oIl
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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 the 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 approximately
one-half hour later than at Fort Hamilton. It follows, therefore, that
with regard to the local tide the slacks in Arthur Kill occur about
one and one-half hours after high and low water and the strengths
about two hours before high and low water. The tidal movement in
Arthur Kill is therefore not of the simple progressive-wave type, being
modified to a considerable extent by the tact that it connects two
independent bodies of water—Raritan Bay and Newark Bay.

Through Arthur Kill the velocity of the current at strength is
approximat%l knot. At the southern entrance and for the greater
part of the Kill the flood and ebb strengths appear to be equal, but
at k;he 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
geriod. A duration of 6.4 hours for the ebb and of 6.0 hours for the

ood appear to be the most probable values.

At four of the stations shown on Figure 33 observations of the
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 resulting 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 5-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 prac-
tically the same time at all four depths. For the 5-foot depth 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 strength of ebb has a greater duration than
the strength of flood; at mid depth the 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 depth to 0.71 knot at the 21-foot depth, while the flood current
shows a decrease for the same depths from 0.95 knot to 0.82 knot.



TaBLr 58.—Current data for various depths, Arthur Kill
. [Referred to times of HW and L'W at Fort Hamilton]

Flood strength Ebb strength
Sta- Observa- Fiood Ebb | Length
tion - Location Date Party of— tions | Depth | Slack dura- | Slack dura- obser-
No. with— Time | Direction loY:iet.y tion Time | Direction lo‘(,-?t.y ton |y, tions
Hours | Hours Hours | Hours
after | before . after | before

Feet Lw w True Knots | Hours | HW | LW True Knots | Hours | Days

1| Off Perth Am- | Aug. 19-24, 1922_| H. C. D« 7 L17|- 203 E 0.88 6.08 1.22 0.92 6.34 &;
boy, N.J. : 5 133 1.97 0.95 5.97 L27 1.08 6. 45 514
4] L07{ 213 09! 619 128 0.92( 623 5%
21 0.87 1,98 0.82 6.41 1.25 071 6.01 534
5| Off Lineoleum- | Aug. 22-24, 1922__.__.do........ Pole..... 7 1.97 1.53 { N.16°E__{ 0.97 5.96 1.90 1.87 | S.15°E__.[ 0.97 6.48 13{
ville, N. Y. Meter__. 6 2.03 1.60 [ N.19°E__.{ 1.08 5.88 1.88 L77{8.6°W_...| 095 6. 54 1§£
_-.do.__.. 15 2.07 L3 | N.IT°E__ | 0.64 5.91 1.95 1.93 0.86 6. 51 134
—-.do._... 2.07 1.46 [ N.IS°E_..| 0.84 5.86 1.90 1.40 0.74 6. 56 13
9 | Off- Elizabeth, | Aug. 19-24, 1922_|_. 71 257 Q.98 1.22 6.03 2.57 0.32 0.34 6.39 437

N.J. b [} 285 0.77 1.38 6.00 2.62 0.23 0.94 6. 42 8§

15 2.63 0.77 |- 1.38 6.02 2.62 0.43 1 1.00 6.40 5

24 2.48 1.08 1.25 6,17 2.62 0.70 0.87 8.25 5

) L1 N — s () TR Nov. §-7,1820...f R.J. Auld....| Pole__... 7 220 0.77 0.98 6.25 242 0.82 0. 54 6.17 -2

"Meter.. b5 2.47 023 0.93 6.24 2.68 0.92 0.41 6.18 2

-.-do_.... 12 2.47 0.60 1.0k 6.28 2.72 0.43 0. 56 6. 14 2

_.do..... 19 2.43 0. 53 0.9%4 6. 28 2.68 0.60 0.50 614 2
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Station 9, at the northern entrance to Arthur Kill, 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 throuih
Arthur Kill a very considerable percentage is brought in by the
streams tributary to the Kill itself, and that but a small percentage
of the drainage waters of Newark Bay pass into Arthur Kill.

KILL VAN KULL

For Kill Van Kull there are at 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 current changes
but little through the strait. At station 2, near the eastern entrance,
and at 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 that the different phases of the current have different time
relations at the two ends. Table 59 shows that slack before flood
at the eastern entrance comes 0.3 hour earlier than at the 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 at Fort Hamilton. Applyin
this difference to the values in Table 59 the slacks in Kill Vgn %u
are found to come about half an hour after local high or low water
and the strengths about three hours before high or low water. The
tidal movement through Kill Van Kull is therefore not of the progres-
sive-wave type. As in Arthur Kill, the tidal movement through
Kill Vanp Kull is conditioned by the fact that it is a short strait con-
necting two large tidal bodies of water.

The ebb current through Kill Van Kull has a greater velocity than
the flood current except at points that are in the path of the main
stream of the flood current but outside the path of the main stream of
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 strength of ebb 1.8 knots. Sta-
tions 4 and 5 show greater velocities for the flood- than for the ebb,
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 8 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 greater duration, with a value of 6.8 hours against 5.4 hours for
the flood. This, together with the greater ebb velocity, would indi-
cate the existence of fresh water flow. . It is to be recalled that in
Arthur Kill the durations of ebb and flood were, respectively, 6.4
hours and 6.0 hours. A relatively greater percentage of fresh water
is therefore indicated for Kill Van Kull.
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TaBLE 59.—Current data, Kill Van Kull
[Referred to times of HW and LW at Fort Hamilton, N. Y.]

Flood strength Ebb strength Length
thon Locat Party of— Date | Slack Flood | slack Ebb | o ob-
No. ocation yo i - | duration - . duration | serva-

Time | Direction | Velocity Time | Direction | Velocity tions
Hours | Hours be- Hours | Hours be-
after LW | fore HW ‘True Knols Hours |after HW| fore LW True Knots Hours | Days
1 Oﬂ New Brighton, | I. Winston._..._._. Nov., 1019. _ L4 24} 8.15°W.__ 14 5.1 0.5 30| N.75°E._. 19 7.3 134
2| DO.aans H. C. Denson..... Aug., 1922___ L1 25|8 30°W._ 1.7 5.7 0.8 3.0§ N.40°E._. 1.8 6.7 10;2
3 OﬂB m{vtgst New | H. L. Marinden_..| July, 1885__. Le 3.1 L2 46 0.2 22 1.4 7.8
X n
4 ﬂBIergen' Polnt, |..... T S do...... L8 21 19 5.0 0.8 2.0 15 7.4 ¥
5 De. do. do 16 2.8 53 09 22 L5 7.1 ¥
6 > [ Nov., 1919 __ 12 1.8 8. 65°W. 2.2 5.6 0.8 25| N.80O°E__ 21 6.8 1
7 DO.cacecamen Aug., 1856... 17 148, 85°W. 1.4 58 1.0 2.2| 8. 85°KE.__ 2.2 7.1 1
8 OﬂPrarltql?i_lch- Nov., 1919 __ L1 21|8.80°W. 2.3 5.7 0.8 28| N.85°E.. L9 6.7 1
mon:
9|01 Bilergen Point | H. Mitchell._..._._ Aug., 1856.__ L7 18] N.85°W_ 59 1.6 1.5]8. 50°E_. 2.0 6.5 14
10 Do _____________ H. C.Denson._....| Aug., 1922___ 1.4 L5| N.50°W._ 1.2 56 0.9 1.4]|8. 15°E. L7 6.9 1
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TABLE 60.—Current data for various depth, Kill Van Kull
[Referred to times of HW and LW at Fort Hamilton, N. Y.}

. Flood strength | Ebb strength
Sta- Observa- | Flood Epb |Length
tij]_on Location Date Party of— t!:‘l;s Depth | Slack v | dtgra- Slack v dura- | oer.
0. with— : e- jon i oot e- tion .
Time | Direction locity Time { Direction locity vations
Hours | Hours Hours | Hours
after | before after | before
Feet L HW True Knots | Hours | HW | LW Knots | Hours | Days
1} Oft New Brigh- | Nov. 18-19, Dec. | I. Winston.__.| Pole..... 7 1.35 2.37 1.39 5.21 0. 53 3.05 1.90 7.21 1
ton, N. Y. 2-3, 1919. eter___ 8 1.12 2.32 1.16 5. 51 0.60 2. 1.83 6.91 13;
_..do._... 21 0.82 2. 55 115 6.14 0.93 2. 1.00 6.28 13
---do.._.. 34 0.35 2.18 1,12 6.75 1.07 2. 0.37 5.67 1
2. [ [ Y Aug. 13-24, 1922_| H. C. Denson_| Pole_____ 7 1.1 2.47 |8.30°W_| 172 5.69 0.79 3.02| N.4I°E_{ 180 6.73 103{
- | Meter.._ 10 1.20 2.55 | S.24°W__| 173 575 0.92 3.2 IN.3°E._| 1L73 6.67 108{
_.-do..... 0.88 2.52 | 8.24°W__| 1.49 6.28 L13 298 N.32°E..| 1.43 6. 14 102
R ) N 38 0.43 2.27(8.19°W__| 130 6.63 1,03 2656 | N.3¢° E__| 0.89 579 1034
6 | Off BergenPoint,| Nov. 25-26, Dec. | I. Winston.___.{ Pole____. 7 1.2 L80 | 8.63°W__| 224 5. 58 0.75 247 | N.&O°E.{ 214 6. 84 1
N.J. 10-11, 1919. R Meter._. 7 1.40 180 |oooao 1.81 5. 56 0.92 2.50 o 2.23 6.87 1
_-.do___._ 16 1.40 L8 | .. 1.82 5. 56 0.92 242 ... 1.99 6, 87
_..do..... 24 1,20 180 | 1.26 5.73 0.90 2.8 |oeaeaa 1.66 6. 60 1
8 | Off Port Rich- | Nov.21-22, Dec. |...do..c........ Pole..... 7 110 2.08 | 8.82°W__| 230 5.76 0.83 28 | N.8¢°E._| 193 6.66 134
mond, N. Y. 5-6, 1919, Meter... 7 1.22 2.30 |-ceiceiaaan 2.24 591 1L.10 2624 ... 1.66 6.51 2
--do_____ 18 1.12 230 | 2.18 5.96 1. 06 2.55 . 1L.72 6.46 2
—-.do..._ 24 108 2.38 | e 193 6.05 110 2.38 ioeeeees 1.63 6.37 2
10 | Off BergenPoint,|Aug. 20-21, 1922_ | H. C. Denson.| Pole.... 7 140 1.50 | N.4° W _| 1.15 5.53 0.90 135 S.13°E_..| 172 6.89 1
‘| Light, N.J. Meter.__ 5 1.40 1.80 | N.53° W | 1.35 5.58 0.95 1.20-| 8. 8°E_..| 155 6.84 1
_..do..... 12 1.35 1.55 | N.49° W | 133 573 1.05 1.45|8. °E.._| 139 6.69 1
_.-do..._. 20 1.30 1.65 | N.49°W | 121 5.78 1.05 2008 9°E__| 125 6.64 1
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120 U. S. COAST AND GEODETIC SURVEY

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 at three depths—two-tenths, five-tenths,
and eight-tenths of the depth at each station. In addition, observa-
tions on the direction of the subsurface current with the bifilar direc-
tion indicator were made at two stations. The fesults of these obser-
vations are given in Table 60. For comparison there is included also
the observations made with the current pole which pertain to the
current at a depth of 7 feet. In Table 60 the direction of the current.
is given to the nearest whole degree, while in Table 59 the directions
are given to the nearest 5°. For any given stations, therefore, there
will be a slight difference in direction between 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 slowly with increasing depth, while
the strength of ebb decreases at a mucK more rapid rate; and although
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 tetardation in time of slack
before ebb with increasing depth—shown without exception by the
data for each station listed in Table 60.

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 observations, with the velocities
corrected to mean values, are given in Table 61. These dats may
be rga,ken 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, hoth on the flood and on the ebb the
data of Table 61 show that the current from Kill Van Kull has the
greater strenfth,_ and it is to be noted that at the stations in the
upper part of Newark Bay the current turns earlier than at stations
4 and 5 in the entrance to Arthur Kill but later than at stations 1 and
2 in the entrance to Kill Van Kull.

The tidal data of Table 36 show that the tide in Newark Bay is
about an hour later than at Fort Hamilton. A plzi this difference
to the data of Table 61, it is found that the slac 2? the current in
Newark Bay comes about an hour after the time of local high or low
water and the 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 differs considerably
from the current in the rest of Newark Bay. The current here is
earlier than at the Kill Van Kull entrance by 2 hours and earlier than
at the Arthur Kill entrance by more than 214 hours. The duration
of flood at this station is considerably greater than the duration of
ebb, the flood current having also the greater strength.



TasLE 61.—Current data, Newark Bay
[Referred to times of HW and LW at Fort Hamilton, N. Y.]

Flood strength Ebb strength Length
Location Party of—" Date Slack dﬂ:\‘?i%n Slack dulg:‘.ll,on 's’ér?,t
Time | Direction | Velocity Time [ Direction | Velocity tions
Hours ':f Hours be-| Hours af-| Hours be-
. i . ter L fore HW )  True Knots | Hours | ter HW | fore LW True X nm Hours | Days
OtI!; Btirgen Point | H. Mitchell_....... Aug., 1856. -, L7 1.6 | N.85°W_. 1.8 5.9 1.5 L6 8.50°E... 2 (71 g g }!4
I R H.C. Denson.....| Aug., 1922.. 1.4 15| N.50°W.. 1.2 5.5 0.9 14| 8.15°E .. 0.5 4.8 1
) Oﬁ Manners Har- |..... do.... do. ~L2 3.5 | N.so°w_. 0.7 7.8 0.6 4.0 | N.85°E.. Lo 6.5 '
’ Oﬂ' Ehzabeth, N.J| H. Mltchell ....... Aug., 1856.. 2.4 1.0 | East...... 1.2 5.9 2.3 0.7 | S.85°W._._ 0' 5 6' 2 2
Nov., 1620.. 2.2 0.8 | N.60°E._. 1.0 8.2 2.4 0.81B.75°W_. 0-.7 7'.5 Y
do. .| Aug., 1856.. 2.9 1.2 SOWoL 0.7 4.9 L8 0.6} 8.20°W.__ 1.2 6.5 2
O%I BIergen Pomt -| Nov., 1920.. .6 1.9 | N.40°E_. 1.2 5.9 1.5 1.4 8.30°W.. L4
Off Bayonne, N.J._[ H, C. Denson__._. Aug., 1922 1.9 2.2 | N.45°E_. 0.9 6.1 2.0 ~0.4 | 8.45° W.._ ) 6.3 1
0%_ l;ort Newark, | R.J. Auld.._..... Oct., 1920.. L5 1.8 | N.5°E... 1.5 6.0 1.5 1.5 ] South..... | 1.4 6.4 2
off i’aésalc River._| H. C. Denson..... Aug., 1022.. 2.2 0.6 | North__.. 0.3 5.7 1.9 29! 8.10°E... 0.7 8.7 1
................... R.J. Auld Oct., 1920.. 1.9 L2)N.15°E.. 0.6 6.2 2.1 20| 8.5°W._.. 0.4 6.2 2
O% Hackensack ..... do.......| 2,4 0.5 | N.I5°E_. 1.1 6.2 2.6 1.0 { Bouth..... 0.9 8.2 2
iver. .
..... d0--ueucnauc-a-| H. C.Denson.....| Aug., 1922.. 2.3 0.5 | North____. 0.7 6.2 2.5 0.4 South__._. 0.8 6.2 %
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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 equal. In general, the ebb current has
the greater velocity at strength.

At the greater number of the stations listed in Table 61 subsurface
current o%servat-ions were also made, the current meter being used
for this purpose. The depths at which these observations were
made were approximately 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 depth. As in all the previous current
tables, the velocity of the flood and 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 much more slowly. Generally, the ebb current has a
considerably greater velocity near the surface, but toward the bottom
the flood and ebb strengtgs are approximately equal, and at the
stations in the two rivers the flood current from 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, generally in the
summer or early autumn months when weather conditions 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 specify a
definite depth, since various methods were employed in observing
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 and also because of the
greater uniformity in the apparatus and the methods of observation.

The times of slack and strength of the current are given in hours
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 5°, these directions
being true and not magnetic. The durations of flood and ebb
likewise, are given in hours and tenths. The strength of flood and
ebb given in Table 63 have been corrected to mean values by the
ratio of ranges.
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F1g. 36.—Current stations, Hudson River




TaBLE 63.—Current data, Hudson River
[Referred to times of HW and LW at Fort Hamilton, N. Y.}

Sta. Flood strength Flood Ebb strength bb Lengtb]-l
. art, - S of ¢
%%n Location Party of— Date Slack — durston | Stack : dueation | serves
. Time Direction | Velocity Time Direction | Velocity tions
Hours be-| Hours af- Hours be-| Hours af-
: Oct.. 1910 foreH !;’ ter H u; N %gtg K'nolls6 Holm:3 fore I?; W; ter L s 273"1‘&{ Kno?l-.s‘1 H(mrs1 D“'!;y
i . ct. . 1Y . - . 5. [} . -- 7. £
2| Oft Jersey City, N.J.| H. Mitchell. Sept., 1872._ 1.8 —0.4 | N.10°E.. 1.2 5.4 28 0.3]8S.20°W_. 1.3 7.0 }
3 | Off Battery, N. Y._| H. L. Marindin___| July, 1872.. | _........ 0.6 | North_____ I T 3.6 0.3]S.68°W.__ I 3 O 14
4 | Midstream_......._| F. F. Sept., 1872 ..o cooo. 0.8| N.10°E__ L5 | 2.1 —0.2|S.15°W__ L8 {eee 15
b OﬂNew York City. 2.0 —0.6 | N.20°E__ 1.4 41 4.3 —0.18.10°W__ 1.7 8.3 %
6 ... 2.4 0.6 | North..... 1.4 55 3.3 0.3]S.5°W.__ 2.2 6.9 3
7 Mids L8 0.6 N.1s°E .. 1.2 5.1 3.1 0.7 8.15°W__ 2.2 7.3 32
8 | Oft Jersoy cny,N I 2.8 —0.3| N.15°E. 0.7 5.2 4.0 —0.2 | 8.10° W __ 18 7.2 iy
.................. 1.8 0.4 | N.15°E_. 0.8 4.8 3.4 1.0} S.15°W.. 1.4 7.6 1
10 | off New York City. 2.2 0.4| N.15°E_. 0.4 4.8 I3 P F SRR R, Y
1 i i dloAhNEE n o8| nTHERE W H ¥
ersey City, . -0. . - . 5. , . 7
13 [ Off Jersey cny-___ H. C. Denson..._. Aug., 1922, . 2.4 0.2 0.1 58 3/ S IS SO 6.6 16
14 ds ream__- 1. Winston.__.___ Sept., 1919__ P . - 4.7 31 0.2S.8°W.__. 2.3 7.7 13
16 | ... d0eceooon Schooner Madison | June, 1854. .. 2.2 0.4 | N.25°E__ 6.2 2.4 L2 ... 2.1 6.2 1
18 | Off NewYork City.| H. Mitcbell.._.._. Sept., 1873__ 2.9 0.4 | N.15°E._. 6.2 3.1 0.7 {8.10°W__ 1.5 6.2 1
17 | Off Jersey City..... ‘Aug., 1873._. 2.6 0.4 N.15°E__ 5.2 3.8 0.1]S.10°W._. 1.9 7.2 1
18 | Off New York City. . Aug., 1922, 2.2 —0.2 {.N.25°W _ 5.8 2.8 1.518.10°W__ 1.0 6.6 %
;g .................. H, L. Marindin__. ?ug., 13572-_. zg 06| N.I°E_. 6.0 %g (l).é S 5;'9;‘/‘_ - ;_(1) %4 i
Midstream. .. ...... Schooner Madison | June, 1854... 1 0.6 N.20°E_. 6.1 . L10° W .3
21 | Off Jersey City..... H. L. Marindin...| Aug., 1873... 2.5 0.4 N.5°E_.. 5.0 3.9 0.51S. 10°W._. 1.6 7.4 1
22 | Oft New York City_| R. Wainright_ Sept., 1855-- 1.9 —0.1| N.20°E_. 45 3.8 —1.0{S.5°W___ L6 7.9 1%
23 | Off Jersey City..._.|.._..80 ..o .ooci.._.dO__..__ L2 0.3 N.15°E_. 3.3 4.3 0.2{8.5°wW___ 2.0 9.1 1
2% OﬂHboyanJ Aug. §C) 1.8 4.8 3.4 0.8 S.10°W 1.2 7.6 %
oboken, N.J. .y - I 75 P F . X 5 . . - . . 1
25 | Off New York City. | Aug., 1873.. L5 0.8 | N.1°E.. 1.6 5.4 2.5 L1[8.5°E. .. 17 7.0 14
26 | do_ oo XTI T: . X KON NN RO IS I 47 —0.37S.25°W._. L6 [oeone . ig
z &ﬂ Hoboken, N.J. . éug,, 1%71:;._- %g 8 ; S 20:%‘_ { (2) 4.; %g 10| S.20°W .. 1.9 7.3 !;g
idstream._.....__ ! Bept., 1919__ - 15°E__ . 5 3 B SO LU PP, .
; !
29 OﬂNew York City._ | Aug., 1922.__ 2.8 —0.4 | N.ISE_. 0.4 45 47 —0.2S.5°W.___ 1.2 7.9 %
N R | Sept., 1855_ 2.4 1.0 | N.25°E__ 1.0 5.3 35 —0.1!18.5°W___ 1.4 7.1 14
31 | Of Hoboken, N.J. [ S do...... 1.7 0.8 | N.5°W__. 1.8 6.3 2.8 1.0 | South.___. 2.0 6.1 A
32 | Midstream_...._.. "Tuiy, 192272 0.4 1.4 | North.___. 0.7 3.6 3.2 1.4 | South.___. 2.6 8.8 1
33 ... do.._.......... SchoonerM di -
34 | Off New York Gity| I & I)ensa ison .}gg, 112;5242._.. %(4) _g‘;, g %(_): g.. 1.7 5.8 2.6 0.1;8.20°W__ 2.3 6.6 - 1
Bloade Boren W F R. Wainright Sept., 1855 19| —L0|N30°E.. e o3 e R A 0.8 8.41 14
oboken, H. C. Denson.._ .| Aug. 1922 17 0.5 | North_.._. 0.5 41 4.0 08|88 E 13 s
37 | Midstream.__.._.__. L. Winston...___. Sept., 1919 2 o ' i
38 Schooner Madison | July, 1854, - H S eI N e B e o1 29 0218250 W._. 2.3 67! 2
» C.Denson___..| Aug’, 1922} 14 04| NIPE 03 o 57 Pl 27 79 1
____________ 3 . Y - - i —=0. . . 1.2
July, 1922. 2 1.4 11| N1 E_- L5 4.9 29 0.8 8.25° W__ 33 %g; 1%
Aug., 1885 .. '
, 1885 ... 0 N RN AN S 41 0.4 1.8 !
1.7 0.9  'N.10°E_. 1.3 ; S-S CERS PR ! ¥
et ¢ 3 53 2.8 0.9 2. i 3
“ [Off Weetawken | 4 Aug., 1885___ 1.7 0.6 | N.30°E__ 17 I 39 ot 5 3% 1%
N.J. e do...... 26 s 5.8 3.2 0.4 %g g,z, 2%
...................... . -0 . . 6
45 | Off New York City_.| H. Mitchell____ 5 s or :
% | Midstream Y- FRN &p:., }g«gg 2.1 0.4\ N.25° E_ 1.3 5.9 2.6 0.6 S.30° W 2.1 6.5 1
pt., 1872 2.0 0.8 | N.40° E__ 1.4 . : - 3 1 ;
47 | Ol Weehawlken, .....do 2.6 0.5 | N.30° : 5.6 2.8 0.6 S.35° W 2.7 6.8 134
- dJ_ --------- . LWPE.. 1.1 5.7 3.3 0.118.30°W 1.4 6.7 1%
..... (s J .
g p—— Sept., 1855. _ 2.8 0.9| N.30°E._ . 1.5 6.3 29 0.0 {S.15°W_._ 1.7 6.1 1%
: new York Lity. Aug, 1922 19 0.4 N.40°E
50 [ Midstream......._. : : N. -- Lo 4.9 3.4 0.1]8.25°W __ 1.8 5 )
51 | do. el juiy ,m 12 ¢35 I N-3%E-- L7 49 3.0 0.6 S.25° W._ 26 75 {,2
52 [ Off Guttenberg,N J. Aug, 1022 LS 00| N 3o B 18 ié 28 14 S gg" W 2.5 7.3 2%
! - . - -- - . —0.2 | S.35°W__ 2.2 7.8 %
53 | Ot New York City.| H. Mitchell. ______ Sept., 1871
54 (... d ............. R. Wainright____. Aly :' 1855___: 23 L1IN.20°E__ 1.3 5.6 3.1 0.6 | S.40° W_ 1.5 6.8 1
85 insto Seps., 1910 7o 18N IR B o 4.0 2.8 198 200W 2.2 8.4 1
> . X . 19197 . . S15°EL- 20 53 3.0 0.5 8. 15°w_f 2.9 7.1 2
o7 | Midstoeams Aug., 1855.__ 1.6 L1 N.25°E_. 1.8 5.2 2.8 1L1]8.20°W 2.3 7.2 A
--------- v, 1922 1.6 0.9 | N.5°E 1.2 .
58 |..... do..__.__...__. . S-- . 5.4 2.6 1.2 8.40°W 1.9 7 13
] S ——— : ?ﬁ?; N I AN A0 B S NS U 1 B 11 23 4 I A 1 o
_____ o ... oy 1019 - - - . 5 .1]8.35°wW 20 6.7 2
Y Aug., 1919.__ 2.3 0.5 N.30°E._. 18 6.2 25 0.9]8.25°W 29 &z 2
ariem Hiver
o mmnw 1.2 L6 | N.15°E_. 15 49 2.7 L0|S.5°W.__ 2.4 7.5 1%
% | o Ergiewasd N o3| isiNaeE. 17| e8| 1ol as|samw. 21| ozl %
e . .5 | N.20°E__ 1.2 5.3 2.1 1.8[S.35°wW__ 1.8 7.1 1%
puyten Duyvil
0 | oft mmoracte e 5 1.5 L1 N.30°E._. 1.6 5.2 2.7 0.9 8.200W__ 2.2 7.2 2
1Ver: e, IN.
o | BT Ry o3| EOINIEED B3 B MIEW o u| 9 ¥
el J.. . . ‘o T . Nz - - 1 .. 1.9 A
v, 1.3 LO|N.5°E.__. L1 4.7 ; 3.0 1.28.25° W__ 1.8 ;3 g};
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At the mouth of the Hudson the tide is 0.45 hour later than at
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 high or low water at Fort Hamilton. With
respect to the local tide, therefore, the strength of the midstream cur-
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 type. -

From the mouth of tlll)e Hudson to Riverdale the current becomes
later by one hour. For this same stretch the tide likewise becomes
later by about an hour. Throughout this 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.

Along the axis of the channel the velocity of the current at strength
of flood is approximately 114 knots from the Battery to Riverdale.
Flood velocities of 2 knots or more are shown at only two stations,
numbers 55 and 58. For station 55 the flood velocity of 2 knots is
probably correct, since station 56, which is near it, shows a flood
velocity of 1.8 knots. The flood velocity of 2.1 knots at 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 the 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
sin’igie proportion to the range of the tide.

e ebb current in the channel has a velocity of approximately
214 knots at 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-eighths of a knot.

Through the stretch of 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 undoubtedly too large.

A comparison of the time of current at the stations located in the
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 being earlier, both at slack
and at strength, than at station 7 by somewhat more than half an
hour. The data for stations 49, 50, and 52 give the current earlier
near the shore 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 exception of a stretch of about 3 miles from Hoboken
to Weehawken, N. 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-
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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 at station 10. The observations
made in 1855 at stations 11 and 12 give a difference of a quarter of
an hour between the current on the New Jersey and New Y ork shores,
being earlier on the New Jersey shore. The 1873 observations at
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 be found
midstream, or along the axis of the channel, where the effects of
friction are least. Table 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., at 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 knots 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 knot, 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 strength of more than 2 knots, while the stations
nelg,; 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 give results that do not agree with the
statements above, for the velocity is greatest, not at station 7 in
midstream, but at station 6 near the New York 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 No
369—shows that the axis of the channel near the mouth lies 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 strength of the tidal current a
station 66, in midstream, is 1.6 knots, while at station 65, near 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.
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Since the axis of the channel in the lower Hudson generally lies
near the New York shore, the velocity of the current should be
greater near that shore than near the New Jersey shore. Taking
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 knots against 1.1 knots at station
9 on the New Jersey shore; at station 6 1t 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 station 65 it is 1.8 knots against 1.4 knots at station 67.

The relative durations of the flood and ebb periods are obviously
dependent to some degree on the amount of fresﬁ water coming down
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
Table 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 2 hours greater than the period of flood, the duration
of ebb being 7.2 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 stretch of the river the direction of the current is approximately
that of the channel. In general, the direction of the current on the
flood is directly opposite that on the ebb.

Off West Hoboken the channel swings further eastward, the direc-
tion from that point to a point midway between Edgewater and
Fort Lee, N. J., being N. 25° E. The direction of the current
through this stretch changes to conform to the direction of the
channel, as the data of Table 63 show, and for the greater part of this
stretch the flood and ebb currents are very nearly opposite in direc-
tion, but off West Hoboken, where the channel begins to turn, the
deviation in the flood and ebb directions from a straight line is quite

ronounced. On the flood the direction continues to be that of the
ower stretch of the river and approximately N. 15° E., while on the
ebb the influence of the stretch above is evident and the direction
approximates S. 25° W.
etween Edgewater and Fort Lee the channel swings about 10°
to the north, continuing in a practically unchanged direction of N.
15° E. as far as Riverdale, where it makes a further swing to the
north of a little more than 5°. Through this stretch the relation of
the direction of the current to that of the channel is similar to that
discussed in the preceding paragraph.

At 34 of the stations listed in Ta%le 63 subsurface current observa-
tions with current meters were also made. Generally these obser-
vations were made at three depths—two-tenths, five-tenths, 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 depths, times
and velocities are given to the second decimal place and directions
to the nearest degree. For comparison there are given also for the
stations listed ine;%;,%le 64 the data derived from the pole observations
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which pertain to the 7-foot depth and which have been given in
Table 63. The velocities in Table 64 for the strengths of flood and
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 Upper Bay. The slack
before flood becomes earlier from the surface downward, while the
slack before ebb occurs about the same time from surface to bottom.
The velocity of the flood strength decreases very slowly with increas-
ing depth, or may even increase, while strength of ebb decreases at
a relatively rapid rate. At the surface the ebb has the greater
duration, but with increasing depth the duration of flood increases
while the duration of ebb decreases, so that near the bottom the
duration of flood may become the greater.

Taking up these features of the subsurface current in the Hudson
in detail, thedata of Table 64 indicate that for the stretch of the Hudson
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 a
period of 31 days, the results may be considered as 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 generall
but little difference in time from the surface to the bottom, althoug
it is to be noted that the data for station 7 indicate & 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 appears that there is, in general, a
sligﬁn; acceleration in time from the surface downward. For station
7 this is at the rate of 0.01 hour per foot, while for stations 65, 66,
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 a.x}d 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 velocity at the surface than the flood strength. From the
surface the eb{ strength decreases in velocity in a fairly uniform
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 value at 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
velocity is found, in general, at mid-depth. For station 7 the strength
of flood increases from the surface to mid-depth at 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-depth of a little more than
0.02 knot per foot and a decrease from mid-depth of verfr nearly 0.03
knot per fgot; for station 37 these rates are, respectively, 0.03 knot
and 0.04 knot, and for stations 65,66, and 67 they average respectively
0.01 knot and 0.03 knot per foot.

3904—25t——10



TaBLE 64.—Current data for various depths, Hudson River

[Referred to times of HW, and L. at Fort Hamilton, N.Y)

: Flood strength Ebb strength -
Sta- Observa- Flood ' Ebp | Length
tion Location Date Party of— tions | Depth | Slack dura- | Slack dura- | 4o
No. with— Time | Direction lo‘gzt-y tion * | Time | Direction ; 10‘;5:), tion | yations
) !
Hours | Hours Hours
before | after before
Feet HW ow True Knots | Hours | LW Knots | Hours | Days
1 | Midstream._..._. Sept. 30, Oct. [ I. Winston._._| Pole..... 7 2.10 015! N.21°FE_.| 159 5.28 3.19 2371 714 2%
20-21, Nov.34, Meter._. 8 211 0.42 (... 1.56 5.49 2.99 21 6.93 2
1919. _..do_.___ 20 2.78 0.42 | .. ... 1.02 6.41 2.74 1.46 6.01 2
.. do..... 32 2.91 0.10 { _______.... 1.58 6.33 2.95 104 6.09 2%
6| Off New York ; July 23-25, Aug. | H. C. Denson_; Pole..... 7 2,42 0.63 | N.I°W _| 142 5.49 3.30 2.20 6. 93 -3
City. 25-26, 1922, 11 2.47 030 | ... 1. 56 5.59 3.25 1.93 6.83 3
) 27 2.90 030\ ... 1.57 6.15 312 1. 50 6.27 3
43 3.37 008 _________._ 1.35 6.71 3.03 L1 5.71 3
7 | Midstream_...._ July 15-Aug. 6, |..... do.._... ... 7 1.79 0.58 1.19 5.03 3.13 222 7.39 32
Aug. 11-18, 9 1.82 0.58 1. 5.26 3.03 213 7.16 3l
Aug. 2531, 24 2.62 0. 52 1. 56 6. 20 2.79 1. 52 6.22 3t
1922. 38 3.33 0.15 1.30 6.87 2.83 105 5.55 31
8 | Off Jersey City..| July 23-27, Aug. [..... do......... 7 277 —-0.33 | N.14° E_ 0. 66 5.16 3.98 1.76 { .~ 7.26 44
25-26, 1922. [ 2781 —0.79 ... ... 0.72 4.88 4,22 1.82 7.54 L%
15 2.82| —0.65 Q.72 529 3.9 1. 47 7.13 2%
24 2,92 0.48 0.72 5. 69 3.60 L1l 6.73 2
10 | Off New York | Aug. 30, 1922.___|..... do......... 7 2.20 0.40 0.44 4.77 3.80 { o feaeiiiiial]eeaas 7.65 13
City. 9 2.30 0.40 1.15 5. 57 3101 —0.50 | S.47° W __ 1.20 6.85 1%
22 270 —0.20 1.38 5.97 3.10 | —0.30 | 8, 687° W__ 0.63 6.45 Y
...do..... 35 370 —1.20 128 6.97 3.10 | —0.50 | S.37°W._| 0.58 5.45 12
13 | Off Jersey City {-.-.- (4 1 TN S do.........| Pole.___. 7 2.40 0.20 |- 0.11 5.77 300 | e e ece 6.65 b
Meter__. 8 2. 50 0.20{ N.70°E..| 041 4.97 3.90 0.10 1 S.15°E___ 1.11 7.45 14
...do..._. 20 280 —0.40 { N.28° E.. 0.51 5.47 3.7 0.10 | S.43° E__. 1.01 6.95 g
.-.do..... 32 3.10| —0.50 | N.5°E___| 0.93 5.77 3.70 0.10 ] 8.55°E___|{ 0.93: 6.65 %
14 | Midstream...... Sept. 22-23, Oct. | I. Winston....] Pole_.... 7 2.42 5.72 3.07 2.26 6.70 13
6-7, 1919, Meter___ 9 2.38 5.55 32 2.36 6.87 2
...do..___ 22 2.58 6. 02 2.93 1.69 . 6.40 2
.-do____. 35 2.70 6. 05 3.02 1.10] 637 2
18 | O New York y Aug. 30, 1922____; H. C. Denson.| Pole..... 7 220 —0.20 | N.23°W_| 0.8 5.7 2.85 1.5018.9°W__ 103 6.70 1%
City. Meter... 7 210 1.00 | North._._. 0.84 5. 47 3.00 0.60 [ S.26°W.__ 1.29 6.95 e
. -..do____ 18 2.40 0.80 | N.9°E___ 1.18 5.97 2.80 0.60 | S.4° W __ 0.73 6. 45 1%
.-do.... p-J] 270 —0.40 [ N.7°E._.. 0. 96 27 280 0.50 | S. 11°W__ 0.51 6.15 V23
24 | Of Hoboken, | Aug.29,1922____| ..._ do.__..... Pole_.... 7 180 | e 477 3.40 0.80 1 S.11°W__| 1L19 7.65 %
N.J. Meter___ 9 1.80 0 N.6E__.[ 0.58 4.47 3.70 0.30 ({S.7°E...{ 1.58 7.95 15
..do..._. 22 2. 60 0.10 | N.34°E_| 0.76 5.37 3.60 | —0.60 | S.30°E_..|] 0.86 7.05 b2
..do.__. 33 290 N.13°E.. 1.06 577 3.50{ —1L10 | 8.10°E__| 0.66 6. 65 ¥
26 | Off New York |..._. do. o]l do.___.__. Pole..... 8 PO S SN RN 4701 —0.30 | S.2°W__| 1.62{ ... %
City. Meter._. 7 1.70 0.85 427 3.80 112 [ 8. 22°W__ L75 8.15 1
_..do_._.. 18 2 50 1.03 5.37 3. 50 0.90 | S.34° W __ 1.13 7.05 %
_..do_.__ 28 3.70 1.07 8. 57 3.50 0.60 | S.12° W __ 0.82 5.85 b3
28 | Midstream.._._.. Sept. 10-11,1919.{ I. Winston_...| Pole_____ 7 2. 50 1. 16 5.17 3.70 7.25 %
Meter... 12 2.30 1. 16 5. 17 3.50 7.25 1%
__.do.... 30 240 1.54 5. 47 3.30 6.95 %
_..do_ ] 48| 260 1.38| 557 3.40 6.85 %
29 | OfT New York | Aug.29,1922____| H. C. Denson .| Pole..__. 7 2.80 | ~0.40 0. 41 447 4.70 | —0.25 1.21 7.95 1%
City. Meter. .. 9 2.40 0.10 1.01 5.37 3.40 | —0.20 1.29 7.05 14
_..do_... 22 2.8 | —0. 1.01 5.77 3.40 [ —0.10 0. 96 6. 65 %
el 35| 3.2 -110 0.96| 6.27| 3.30! —0.30 0.76| 6.15 ig
32 | Midstream._.._._ July 19-21,1922__}.___ do____.__. Pole..... 7 0.40 1.45 0.67 3.60 3.17 1. 40 264 8. 82 1
Meter._. 14 0.70 175 0.92 4 4 3.03 1.10 2.70 8.38 1
_.do___. 36 1.95 1. 55 1.38 5.75 2.57 0.40 1.43 6.67 1
_..do_... 50 3.00 1.10 0.87 6.37 3.00 0.10 1.22 6. 05 1
34 | Off New York | Aug. 28-29, 1022 | ____ do......_. Pole_._.. 7 1.40] —0.10 | N.17°E__| 0.57 3.97 3.80 1.90 0.87 8 45 14
City. Meter._. 7 1.30 0.60 | N.2°E..| 0.57 3.87 3.80 1.00 0.67 8.55 1%
__.do.... 18 1.80 ) —0.20 | N.18°E .. 0.87 4.37 3.80 0. 50 0.37 8.05 1
_..do____ 29 190} ~0.50 | N.4°E... 0.92 4.47 3.80 0.10 0. 47 7.95 b3
36 | 08 Hoboken, {.....do......_...]..... do........ __.do__.. 7 1.70 0.5 { N.1°E__| 0.50 407 4.00 0.40 1.75 8.35 %
N.J. __.do____ 18 2.10 050 | N.11°E__ 1.05 4.97 3.50 0. 50 1.30 7.45 1
_..do.... 28 260 —0.30 | N.10°E.{ 0.90 5.37 3.60 Q. 50 1.35 7.05 %
37 | Midstream_.__._ Sept. 15-17,1919 | I. Winston.... 7 2,17 0.80 { N.16°E .. 1.60 5.64 290 0.22 2.26 6.78 2
10 1.82 0. 80 1. 96 5. 40 279 0.35 2.30 7.02 2
24 215 0.79 214 5. 59 2.93 0.38 1.92 6.83 2
38 2.17 0.68 1.60 5. 56 2.98 0.52 1.42 6. 88 2
39 | Of New York | Aug. 28-29, 1922. H C.Denson . 7 1.40 0.40 0.27 4.07 3.70 |, ~0.30 122 8.35 %
City. Meter___ 9 1.60 | —0.30 0. 47 4.27 3.70 . 117 8.15 %
_..do.... 23 2301 —0.40 0.62 | ... - 0.72 |aeeoaen 14
...do.... 37 2. 40 0.10 0.72 ... - 0.62 |______... %
40 | Midstream._..__ July 21-23,1922_{.___. do....____| Pole.__.. 7 1.43 1.13 1.46 4.93 2.87 2.36 7.49 13{
Meter.___ 10 0.80 1.35 1.4 4. 57 2.60 2.36 7.85 124
_..do_.... 25 1. 60 1.35 1.39 5.27 2.70 1.52 7.15 3%
—..do.... 40 210 125 1.30 5. 62 2.85 0.98 6.80 %
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TaBLE 64.—Current dala for various depths, Hudson River—Continued

U. S. COAST AND GEODETIC SURVEY

Sta-
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No.
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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 respectively 7.2 hours and 5.2 hours. For the sub-
surface current, Table 64 shows that almost without exception the
duration of ebb decreases from the surface downward, so that toward
the bottom the periods of floods and ebb become a%proximately
equal. At station 7 this decrease of the duration of ebb and conse-
quent increase in the duration of flood is at 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, comprising stations 49, 50, 51, and 52,
it is 0.05, and for the section off Riverdale, stations 65, 66, and 67,
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 and 7.2 hours, respectively,it follows that in
consequence of the increase in duration of flood at the rate of about
0.05 hour per foot, the durations of flood and ebb will be equal at a
depth of about.20 feet, and this the data forstations1,6,7, 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 from the large area that it drains. The effect
of such nontidal 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 IN THE HARLEM RIVER

For the Harlem River Figure 87 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 representing the time
of high water and LW the time of low water. The velocities 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 time 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. Applying this difference
to the data of Table 65, we find that at the Hudson River entrance
to the Harlem River the current that sets eastward attains its strength
about two and one-half hours before high water; that is, on a rising
tide. Hence, the current setting into the Harlem from the Hudson
is the flood current. At Willis Avenue Bridge, likewise, it is the
current from the Hudson that attains its strength on a rising tide,
so that in the Harlem from Spuyten Duyvil to Willis Avenue Bridge
the flood current is the one that sets toward East River, while the ebb
current is the one that sets toward the Hudson. .
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F1a. 37.—Current stations, Harlem River 390424, (Face p. 136.)



TaBLE 65.—Current data, Harlem River
[Referred to times of HW and LW at Fort Hamilton, N. Y.|

st Flood strength Ebb strength Length
sion Location Party of— Date Slack Flood | gipex Ebb | of o
No atlo y : ) o | duration A o duration | serva-
. Time | Direction | Velocity Time | Direction | Velocity | | tions
Hours af-| Hours be- Hours af- | Hours be-
ter LW | fore HW True Knots Hours | ter HW | fore LW True Knots Hours Days
Off SpuytenDuyvil| R.J, Auld..___._. Nov., 1920 1.9 11| 8.75°E._. L6 5.8 1.7 0.9 | N.75° W__ 2.0 6.6 2
..... 0nreveee-ceew-| H. C. Denson.__..| July, 1922 1.7 0.6 S.70°E... 1.3 6.2 L9 09| N.70°W__ 18 6.2 22
Broadway Bridge._ .| Nov., 1920 1.9 0.6 S.65°E_._ 2.1 5.8 1.7 1.6 | N.60°W__ 2.4 6.8 2
Oft High Bridge_. {-__..do_________._.__|-_..do....._. 1.8 10| 8. 10°W._. 3.0 5.8 L6 L7|N.15° E.. 2.8 6.6 2
_____ doo oo L5 0.9 S.3°W._. L2 6.4 1.9 ) I 2N 1.3 6.0 3
__..do. . 1.7 L0|S.30°W_. 1.4 6.2 1.9 1.6 | N.30° E.. 1.5 6.2 11,
N R do__...._____... - 1.6é 0.78.25°W__ 1. 5 6.3 1.9 L2| N.20°E._| 1.3 6.1 3,
Ofé \_?glil'lis Avenue 1.3 1.2 8.35°E._.. 0.9 6.6 L9 1.9 N.40°W. 1.0 5.8 135
ridge.
9 .. Bronx Kill.._.__._. cea-doo ... L5 0.5 N.35°W__ 1.6 6.4 1.9 1.8 8.50°W_ . 1.9 6.0 1
10_.__} North dof Wards Aug., 1856 LY 04| N.55°E.. 0.5 6.3 2.2 2.0 8.50°W_. 0.6 6.1 1y
Island.
11....| Little Hlell Gate_._| H. C. Denson.___. Aug., 1922 L6 1.O| East______ 2.3 6.0 1.6 2.2 S.85°W__ 2.3 6.4 1
2., Wlest doi Wards | C. H. Davis......- June, 1345 L5 16| N.4°E__ 0.9 5.7 L2 LO | 8.5°W.__ L0 6.7 1g
sland.
h b S do.o o] T. A, Craven.._..| Aug., 1856 2.3 -—0.3| N.45°E.. 0.7 6.4 2.7 1.4 S.20°W__ 0.8 6.0 1
o] L [ S H. C. Denson..... Aug., 1922 2.4 —-0.5| N.35°E_.. 0.6 5.9 2.3 SL8 | R 40° W 0.8 6.5 2,
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TABLE 66.—Current data for various depths, Harlem River

[Referred to times of HW and LW at Fort Hamilton, N. Y.]

U. S. COAST AND GEODETIC SURVEY
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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 high water at Fort Hamilton or about
one and one-half hours before local high water. Hence in this stretch
it is the current coming from the East River that is the flood current.
In a tidal sense, therefore, the southern entrance to the Harlem River
is at the southern tip of Randalls Island.

The tide in the Harlem being two hours later than at Fort Hamilton,
the data of Table 65 show that the slack of the current in the Harlem
comes a little before local high or low water and the strength of the
current about midway between high and low water. As in Arthur
Kill and in Kill Van Kull, the tidal movement of the Harlem is not
of the progressive-wave type, butis conditioned by the fact that itis a
short strait connecting two larger tidal bodies of water.

From Spuyten Duyvil to Willis Avenue Bridge the slack before
flood becomes earlier by 0.4 hour, while the slack before ebb in this
stretch occurs simultaneously. In consequence of this the duration
of flood increases by 0.4 hour from Spuyten Duyvil to Willis Avenue
Bridge. At the Hudson River entrance the durations of flood and
ebb are 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,
averaging 1.8 knots against 1.6 knots for the flood. In constricted
passages between bridge piers the current attains its greatest velocity;
under High Bridge the current has a velocity of about 3 knots.

At all stations listed in Table 65, with the exception of stations 10,
12, and 13, subsurface current observations were made with current
meters at depths representing approximately two-tenths, five-tenths,
and eight-tenths of the depth at each station. The data derived from
these observations, with the flood and ebb strengths reduced to mean
values, are given in Table 66. For comparison the results of the
observations made with the current pole, which pertain to the current
at a depth of 7 feet, are also included. Itis to be noted, however, that
at stations 6 and 7 the current pole used was submerged to a depth of
3 feet, so that the data derived refer to a depth of 115 feet.

At station 2, off Spuyten Duyvil, the current ohservations were
carried on uninterruptedly for a period of 22 days; the results for this
station may therefore be considered as well determined. The slack
before flood appears to become somewhat later from surface to bottom,
while the slack before ebb occurs about the same time at all depths.
This feature causes the duration of flood to decrease with increasing
depth. At the 4-foot depth the duration of flood is 6.3 hours, while
at the 18-foot depth it is 6.1 hours. In this respect, therefore, the
current in the Harlem reverses the conditions found in the Hudson,
where it was the duration of ebb that decreased with increasing depth.

The vertical velocity distribution in the Ha lem likewise differs
from that in the Hudson. In the latter river it was the ebb strength
that decreased rapidly in velocity with increasinf depth, while the
flood strength decreased more slowly. In the Harlem, from the data
of station 2, it is the flood strength that decreases at a relatively rapid



N ,‘09-
\53 k)
:"):'.' ot »
& sy @
i S :
N [y 1]
- 00 o
R0
(74
0 O
\ I
p "
V2
ST s
-
4 HJ-"‘ 1
0N
-
T % I _
o S
= o
= » Y]
i
_ ot (1] NG °
F ju— T R
|
e
»o 2 =::|','=£7/'
« M
%
~e
~llz
c
=
2]
o
oliZ
£
®
o
-

3004—24. (Face p. 141.)

’cc @
g '; a N ~ 50 O ’o
00 11§ '&'%§§O 3 B g
Y ¢ 50
O &, oy
8\ o"r‘
20
1 'S
’ /3 k.’.lz‘?o
7 b .'.
N o
! 3OS 1"0 Oa
A Y < Q-" -
< ¥ ~ ".\

FIG. 38.—Current stations, lower East River



TIDES AND CURRENTS IN NEW YORK HARBOR 141

rate with increasing depth, while the ebb strength increases from
surface to mid-depth and then decreases toward the bottom. The
decrease of flood strength at station 2 is at the rate of very nearly
0.02 knot per foot, while the ebb strength at first shows an increase
in velocity from the two-tenths depth to mid-depth and then a de-
crease toward the bottom.

This difference in the behavior of the current in the Hudson and
Harlem Rivers is brought about by the fact that any considerable
amount of Yresh or nontidal water can come into the Harlem only
from the Hudson. And it is on the flood current that the Hudson 1s
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 this takes place on the ebb. Asregards features
dependent on fresh-water flow, the Harlem should exhibit these on
the flood in the same way that the Hudson does on the ebb. This
we find to be the case, as evidenced by the increase of duration of ebb
with increasing depth and by the vertical velocity distribution of the
flood and ebb strengths.

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 parts—lower East River, stretching from
Governors Island to Hell gate, and upper East River, stretching
from Hell Gate to Willets 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 69 stations at which current
observations have been made in lower East River between the years
1845 and 1922. The results derived from these observations per-
taining to the current near the surface are given in Table 67. For -
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
talken 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

iven in hours and tenths with reference to time of tide at Fort

amilton, N. Y., HW standing for the time of high water and LW
for the time of low water. For 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 the square root of this 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 XTI 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 at the two
ends of the channel.



[
U. S. COAST AND GEODETIC SURVEY TIDES AND CURRENTS IN NEW YORK HARBOR 143

TABLE 67.—Current data, Lower East River
[Referred to times of HW and LW at Fort Hamilton, N.Y .}
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In entering East River from Upper Bay it is natural to regard the
current setting from Upper Bay into East River as the flood current;
but East River may also 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 later than at Fort Hamilton. Applying this difference to
the data of Table 67, the strength of the current setting into East
River from Upper Bay is found to occur about three hours before
local high water; that is, on a rising tide. Hence, the flood current
in lower East River, and as we shall find later the flood current
throughout the whole of East River, is the one setting from Upper
Bay toward Long Island Sound, while the ebb current is the one tﬁat
sets from Long Island Sound toward Upper Bay.

From Upper Bay there are two entrances to East River, one through
Buttermilk Channel, southof Governors Island, and the other between
Governors Island and the Battery. In both these entrances the
current turns about the same time. Indeed, throughout the entire
stretch of lower East River the current is very nearly simultaneous.
The observations made by the party of H. C. Denson in 1922 show
that the slack hefore flood throughout the stretch from the Battery
to Hell Gate comes two hours after low water at Fort*Hamilton, and
the slack before ebb two hours after high water.

It is to be noted that since the current in East River is dependent
on the relative 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
divergences in the results for the different stations listed in Table 67.

Although lower East River is a relatively narrow stream with a
very nearly 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. This is well illustrated b
station 14, for which Table 67 gives the flood direction as N. 50° K.
and the ebb direction as S. 65° W. The direction of the channel below
this station is N. 45° E., and the flood current approximated this
direction closely. Above the station the channel runs S. 80° 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. Thus, for stations
27, 28, 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
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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 statione27 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 1855. 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 stations 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 previous paragraph by the currents
at stations 27, 28, and 29 and is also illustrated by station 62, which
shows a flood velocity of 3.4 knots and an ebb velocity of 1.6 knots,
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 path
of the flood current through the eastern channel of Blackwells Island
but to one side of the main stream of the ebb current which sets from
Hell Gate directly into the west channel of Blackwells Island.

The two channels of Blackwells Island show considerabledifferences.
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 the 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
show the same differences between the two channels, the velocity
in the western channel being the greater, and the observations in 1874
at stations 46 and 49 likewise show the greater velocity for the western
channel. A glance at a hydrographic chart of this region shows
that the western channel of Blackwells Island is considerably deeper
than the eastern channel and therefore offers a freer passage for the
water. The direction of the channels likewise tends to bring the main
flood and ebb streams through the western channel, and this is par-
ticularly the case on the ebb.

Table 39, giving the tidal data for lower East River, shows that
the time of tide from Governors Island to Hell Gate changes in a
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 114 hours after local high or low water, while
in Hell Gate, at station 68, the slack of the current comes about 114
hours before local high or low water.
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TABLE 68.—Current dala for various depths, Lower East River—Continued
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At stations 5, 11, 27, 28, 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 deter-
mined data, we find that the 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, might be taken to indicate the presence of
fresh-water flow toward % per Bay; but the subsurface-current
observations, to be discusse p1-esenﬂy, do not. bear this out. The
reason for the greater velocity and duration of the ebb current must
be sought in the character 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 period of 6.4 hours it
would be ebbing. These values deduced from the slope-line diagram
agree very closely with the values of 6.1 hours and 6.2 hours derived
directly from the observations. It is therefore due to the hydraulic
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 river, the slack of the current coming when the slope
lines are horizontal and the strength of the current coming when t]ge
slope lines have their maximum slope. From Figure 25 it is seen
that the slope lines show a change in direction from ebb to flood at
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 0-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 the 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 hours after the time of tide
at Fort Hamilton and the strength comes 1.1 hours before the time
of tide. It is to be noted that t%e times deduced from the slope-line
diagram are earlier than observed by about half an hour. Part of this
discrepancy is to be ascribed to the fact that in the slope-line diagram
no allowance is made for the momentum of the moving mass of water,
for obviously, in consequence of the momentum of the water, slack
water must occur somewhat after the time the water at both ends
of East River has attained the same level.

For 28 of the stations listed in Table 67 subsurface-current obser-
vations were made with a current meter during the surveys of 1920
and 1922, 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 68. The observations with the current
pole at these stations, which pertain to the current at a depth of 7
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feet and which have been given in slightly different form in Table 67,
are also included for purposes of comparison.

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 relatively well determined. Table 68 shows that at
this station the slack before flood, and also the slack before ebb,
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 at the 7-foot depth is somewhat less than the meter velocity
at the 10-foot depth. The ebb strength from surface to bottom has
the greater velocity. :

The features of the subsurface current derived from the data for
station 11 appear to be the characteristic features of the subsurface
currents in lower East River, as indicated by the data for the other
stations of Table 68. Throui out lower East River, therefore, the
current is running flood, or ebb, 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 stations 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
:ihe il;bsm'face currents we find this difference to persist at all four

ept

P UPPER EAST RIVER

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 upper East River is about 334 hours later than at Fort
Hamilton. Applying this difference to the times given in Table 69,
it is seen that the easterly current in upper East River attains its
strength about 5 hours before local high water and hence on a risi
tide. The easterly current here is therefore 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 setti.nﬁ from Upper Bay toward Lonf Island Sound is the
flood current, while the one setting from Long Island Sound toward
U[iper Bay is the ebb current.

n upper East River the time of slack before flood becomes earlier
from I-f:elil Gate to Willets Point by 124 hours, while the time of slack
before ebb becomes earlier by half an hour. In consequence of this
the duration of flood changes from 6 hours at 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.
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TaBLE 69.—Current data, Upper East River

[Referred to times of HW and LW at Fort Hamilton]

Sta. Flood strength Ebb strength Length
tion Locati Party of Date | Slack Flood | slack Eoh | of ot
No ocasion arty ) duration ) | duration | serva-
- Time Direction | Velocity Time Direction | Velocity tions
Hours af-|Hours be- ' Hours aj-| Hours be-
. ter LW | fore HW True Knols Hours | ter H Jore LW Knots Hours | Days
1 H. C. Denson___.. Aug., 1922 1.9 L2 | 3.9 6.0 L9 L6 3.6 6.4 114
2 C. H Dav:s-_---_ June, 1845___ 1.3 L5 8.8°E__. 5.7 6.0 1.3 1.7 4.6 6.4 13
3| Ofi WardsIsland._.|.._..do-. .|~ ({ ...... 1.3 22 N.35°E._. 3.7 5.7 1.0 2.4 21 8.7 15
4 H. Mltchell ....... June, 1857... 2.3 0.9 | N.45°E.. 3.2 6.3 2.6 1.5 23 6.1 %
5 J. Ri‘ Goldsbor- | Oct., 1346 2.2 0.6 | N.60° E... 2.6 6.2 2.4 0.8 2.4 6.2 13
: ou
] H. (‘g Denson...._ Aug., 1922___ 1.9 0.9 N.45°E_. 2.4 8.2 2.1 2.0 2.0 6.2 2
7 H. Mitchell...___. July, 1858. .. 21 0.9 N.40°E__ 3.1 6.2 2.3 L6 2.4 6.2 514
8 J. R. QGoldsbor- | Oct., 1846._. 2.5 0.3 8.30°E... L0 6.5 3.0 1.7 0.6 5.9 13
ough.
9 R.J Auld. ... Sept., 1920_ 15 0.9 1.9 6.8 2.3 L8 0.9 5.6 1
10 H. C. Denson_.... July, 1922___ 1.7 1.6 11 6.1 L8 L& L0 6.3
11 Ril Goldsbot- QOct., 1846_._ 2.6 L5 0.5 8.3 2.9 L7 1.0 6.1 1
oug!
12 H. C. Denson..... July, 1922__. 1.5 18 1.1 7.1 2.6 L6 1.6 53
13 |- s [+ S, J. Rh Goldsbor- | Oct., 1846. .. 20 0.7 1.3 6.2 22 1.3 L1 6.2 1
ough.
14 { Off College Foint._| R.J. Auld._._..._ Sept., 1920__ 4.7 —1.6 0.8 58 41 —0.8 0.5 6.6 1
151 Off Old Ferry Point{ H. C. Denson.. ... July, 1922___ 1.1 2.1 L0 6.3 1.4 2.4 1.3 8.1 1
18| .. do ... H. L. Marindin._._| Aug., 1885 _. 0.4 L6 2.0 6.5 L2 2.4 | L5 5.6 1
' : 0.7 L7 15 6.8 L5 1.9 | 1.3 56{ 14
. do __ 0.8 L8 0.9 6.6 1.2 b T . 1.1 58 33
J. R11 Goldsbor- 0.8 L7 1.4 6.9 L7 1.8 | N.50°W__ 11 5.5 1
20 H. Mitchell _______ July, 1858 __ 0.4 10| Bast...__ 1.0 7.4 1.8 1.8 | 5.8° W__ 0.8 5.0 6
July, 1922___ -0.2 29| N.55°E__ 0.9 5.9 -0.3 2.0 | 8.85°W__ 0.6 8.5 1
_____ do. . 0.3 14| East__. L2 7.2 1.5 25| 8.70°W__ 0.5 5.2 1114
Sept.. 1920 0.7 1L4]8.8°E._.. 1.2 8.7 1.4 2.4 S.80°W__ 0.7 5.7 1
July, 1922. 0.2 L4 N. 80° E__ L0 7.6 1.8 22| 8.70°W.__ 0.4 4.8 1

HO0ddaVH MY0X MIAN NI SINTIHND ANV SIALL

eqI1



155

TIDES AND CURRENTS IN  NEW YORK HARBOR

U. S. COAST AND GEODETIC SURVEY

154

3004—26t——11

1 w3 (g9 |t a1 lozr sz |80 g1 |{eto Jee | op~--
T 6LP 80 {TTTTTTTT 1774 ¢ S8°T £9°L b:-i 31 S 01 T0 e |7 op-=-~,
I b 2B 4 880 (T SV T 007 88°L 210 GE 091 SI0 8 "IN
1 62F |850 M09S |17 [S2T |08 |07 |[Em8AN|OFT {SgOo-|z | o[od |~uosueq 0 “H "8I ‘1806 AL [3WOd SWAL DO | 76
1 I uT |1 |sy9 |oeo [t 1 w0 | | op--- .
1 I T B &% (=T |89 e [t @1 |10 |og |- op-*
1 65 S 90 |7ttt 0077 (1, 20 £69 /130 GEE R [0 ¢ 080 0 [T op=TT .
% 6% 'S [t | I tAN A &1 €69 {10 GHENN ittt 8T €0 4 TTTINON
1 69 800 ["Mo08'S|{0FT [OPT |E29 |RT ["Ho8'S|SET |00 |L ==--310d |*=* POV £ ¥ ["0261 ‘T1-01 3deg [~--=T-7T op=---* 2
AL ¥.°¢ eLo |7ttt 77T 74§ 899 280 |TTTTTTTTTTTT s¥1 M0 8 T op~--
I (1] & QL0 [Tttt ere 2 281 204 160 |~ """t (11 § i ] [ e op~~-
11 188 5l | B ZT (540 § S0°L [} 08 CHE R : 01 €850 [~ 4 I ‘T8l -
nu 12°¢ €0 "M 89S 28T i A8 ¢ 12°L (174§ TTTH 88 'S | EFT 0eo /7 oog |TTTTTTTT op~"°°° ‘2 ‘3ny-9z A j-oT T op~-TT =
4 2 S S SLe SgV— [8I¢ F47% 1 0T 0£0 8¢ Tt op~~"
1 WL 890 |7 97T 030— | 8¢ 272 (N [ St 144 “TTTopTTT A
1 o |eo | ©z |oro |stv |ee0 [vvtee- %t |0~ |3t |mnn R D
] &9 |80 |M.28'8]00T |0c0— |%6'9 |80 [m.es'N[06F [og0o- |z | il e op"~-*| 300N s80IqL BO | 12
1 289 290 |TTTTTTTTTTTT 907 W 0% FA S SEE R [ A4 051 | 2 op~~"
4 L9 /14 SE R ore 2Z°1 Q09 J4 S G it [):4r4 Lr ¢ € 7T op~T
1 ¥ e ki A GE 1) Gy A [1; A8 S 829 12 5 SEE A 061 (10 | 12 IS . . ‘yajod
1 219 |81 |[mebzs|orT [feT logw |01 [E@eoN]orz |orT |z -=>ep0g |"" op =~ | cI'Ie-0EAmL | A194 DIO BO | 81
% 619 |eoT [TTteeees o1 (g7 |9 |een [ototoeees w1 |z [g¢v | op---
% 819 |®T | 007 |08T |&2%9 |60 [Tttt orT |otz |e& | op---
W ¥6 S | <3¢ SE (1771 [ 4 89 60 (jTTTTTTtT [ 0 ¢ S6°I 11 "IN . K418
% @ [65T |MowN|09T |09T €12 |60T @8N |e8t |ost |4 | A op----- I *3ny-1¢ Amf |-3uod 3uny BO | &t
% Wy |e |- o0t |og1 lssy |eso |- ogt |eet |ee  |rop-
% 69 |es9 |ttt 06T |oz1 |88y [esD [-vroooeeee- w1 |81 |z op
% 629 [6§0 |ttt o1 |os1 |et9 |eor [-moeeee- g1 lost |6 ---10j0 ]y \ ‘2281 .
% 9 |#T |"mo8's]08T (08T |e19 [e0T ["ForN|oeT |21 | --->-g10d |"uoswa *p *H | ‘T *Sav-1¢ Amy {----1 AL PO | 0T
1 609 QT [Tttt 2T 61 ££9 14 8¢ S I [ 4 29°1 oy TTTopTTT
T ¥L9 8t°1 |77ttt 81 00737 %29 ;1 B¢ GHEN oF'1 27 ¢ [r4 TTTTTepTTT
I 09 880 (ot 97 |07 |se9 88T |- T (T jor |men . *ympod
1 667 (060 |M8N|0T |08 |€89 |[98T |[~Holzmfoso 08T |2z --->-610g |"**PIMY ‘£ ¥ [026T ‘5151 3deg | onaregr  BO | 6
z o1 |gg1 | 08T [06T (€9 €T [Tt 09 |z e [ op---
z ay ot oo L1 |®e |®9 |erz [t 080 |86°T |st | op---
z st |29 |t 07 |z |®9 |0gT | g0 |81 |z 1030y e “Juj08
z e |81 ["mops|8T |z w9 |2 TN |ss0 [T [L 0 | opd |- op-~-|---z61 ‘z-1 'Sy | eomerse Do |9
%41 g9 |eye (TootooTeoes g0 forz. |09 |ege [t orr otz |w | op---
81 9 |e8E |t 0¢T |e1e |109 [S8E [-tooTreo e (o7 |m  |op
541 e (14 SN R W'l W03 009 [1; ¢ N o1t oz 6 TTTINON
1 g9 |eee |- 9T |081 |09 [e8E [~ &1 oetr |2 | ol0d |"uosua(t *0 "H |--"zz61 ‘2-¢ ‘Say [------ i
shoq | emog |souy | mar | M7 | MH |emom [swuy | omur | mE | MT | w4
a10f0q | 1o ai0foq | i9fo
.»ugm anogy SINOK | S4NOH
saopea | oo | AU | copang | ewng oy | 2330 | wonvena | eany, —qua oN
R np W | smp youg | wmdeq Saon | - £18g neq vopsooy | won
Ltelg! yiduans qqd qi8uens PooLL :

("X "N 'TojusH HOJ 18 ‘AT PUS M H JO S 0} pALIY]
Ly 1sog +add) ‘syidap snowva sof P uaLIN)— (L TTAV],



156 U. S. COAST AND 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 at Figure 39 shows that station 14 is located
at the entrance to Flushing Bay. This bay is of a relatively re-
stricted area and therefore there can be but little progression of the
tide. Hence, the time of high and low water in F{)ushing Bay must
occur but little later than in upper East River, and this i1s 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
loeal high or low water—while the slack must come about the times
of high and low water. In upper East River proper the current
attains its strength 5 hours before local tide, hence, from the reason-
ing above, the current at station 14 should be about 2 hours later
than in upper East River. The data in Table 69 show the current
at station 14 to be later by 234 hours.

The fact that the velocities of the current in upper East River are
less than in lower East River is obviously due to the greater width of
the channel in upper East River; but the reversal of the relative mag-
nitudes of the durations of flood and ebb and of the flood and eb
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 East River. On the
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
current phenomena of upper East River of the effect of fresh-water
flow both on account o 51e fresh water from the Hudson and also
on account of the fresh water from the various streams tributary to
ul[l)per East River. This evidence is found in the greater duration of
the flood period and also in the greater velocity of the flood strength.
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 depth of 7 feet, are also included.

The characteristic effects of fresh-water flow in tidal streams are
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
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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 deptK
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 upper East River it is the flood current
that carries the fresh water {rom the Harlem and from its own
tributaries out toward the sea. Hence, the effects of fresh-water
ﬂlc’){))v enumerated above should, in upper East River, reverse flood for
ebb.

At station 22 the subsurface current observations were carried on
uninterruptedly for 1114 days. The results of these observations
may therefore be considered as relatively well determined. Table
70 shows that the slack before flood at this station becomes some-
what later from the surface downward while the slack before ebb
becomes earlier. Hence, the duration of flood decreases with in-
creasing depth, while the duration of ebb increases. At the 7-foot
depth the durations of flood and ebb are, respectively, 7.2 hours and
151.2 hours, while at the 88-foot depth these become 6.7 hours and 5.7

ours.

The vertical distribution of the velocities of the flood and ebb
strengths at station 22 shows the flood strength to decrease in veloc-
ity at a relatively rapid rate, while the ebb strength increases in
velocity to mid-depth and then decreases slowly toward the bottom.
At the 7-foot depth the flood strength has a velocity more than 125
per cent greater than the ebb, but at the eight-tenths depth the
ebb strength is only 12 per cent greater. In upper East River, there-
fore, the effects of fresh-water flow are clearly evident in the current,
while in lower East River it is tG be recalled the current was free from
such effects.

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 comprehensive view of
the tidal movement, including under this term both the rise and fall
of the tide and the flood and ebb of the current, in the harbor. At
any given instant the tidal movement may be represented in diagram-
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 diagram
any schematic representation of the tidal movement over a large
area, in which the times of tide and of current differ as much adin
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 obviously be of advantage to refer the tidal movement to the
time of tide at %‘ort Hamilton. The current arrows are to be taken
as representing the general direction of the current near the surface.
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At the time of low water at Fort Hamilton, Figure 40 represents
the tidal movement in the harbor. Excepting a few small inden-
tations like Gowanus Bay, the current throughout the harbor is
ebbing, the water flowing toward Lower Bay. And with the excef-
n

tion of Lower Bay, the tide over the whole harbor is fa.llm%.
the Hudson the current is very nearly at its strength, while the

F16 40.—The tidal movement at the time of low water at Fort Eamilton

tide is near low water, which is still 1 hour away. The Harlem is
now carrying the water from East River toward the Hudson, the
tide being below mean sea level and about 2 hours from its low water.
Upper Egast River is bringing the water from Long Island Sound
toward Hell Gate, while its level is falling rapidly, being now 2 hours
after high water. Through Hell Gate and lower East River the
water is flowing toward Upper Bay at very nearly its strength, which
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was passed an hour ago, the level of the water being a little below
mean sea level and falling rapidly.

kAt the time of loy water at Fort Hamilton the current in Newark
Bay has not yet attained its strength. The waters from Newark
Bay arelnow pouring partly into Arthur Kill, but principally into
Kill van Kull, which is carrying them into Upper Bay. In Upper

A8 StVincent

Statute Miles
5 3 E] £ LR

F1G. 41.—The tidal movement one hour after low water at Fort Hamilton

Bay the current has passed its strength about half an hour previ-
ously, but it is still running with a velocity not far from strength
and passing on the waters from the Hudson River, East River, and
Kill van Kull into the Narrows. The level of the water in Newark
Bay, Kill van Kull, and Upper Bay is still falling, but rather slowly,
for low water is less than an hour away. .
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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

F1a6. 42.—The tidal movement two hours after low water at Fort Hamilton

of a million cubic feet per second. Arthur Kill, too, is flowing toward
Lower Bay, and from Lower Bay the waters now are passing out to
sea, although the strength of the current has already passed. In
Arthur Kill the level of the water is falling slowly, low water being
half an hour away, but in Lower Bay the water 18 beginning to rise
very slowly, the low water here having occurred a few minutes
before this time.
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One hour later, or one hour after low water at Fort Hamilton, the
tidal movement is represented by Figure 41. Through the greater
Eart of the harbor the current is still ebbing, but here and there the

ood 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

M. St.Vincent

A
[~

Statute Miles

A L)

FI1G. 43.—The tidal movement three hours after low water at Fort Hamilton

the water is beginning to rise slowly, while in the upper half of this
stretch the level is still falling, but very slowly. e Harlem with
a fallinitide is still discharging into the Hudson, but in upper East
River the current has turned flood from Old Ferry Point to Willets
Point and is now setting toward Long Island Sound. The greater
part of ?Yler East River, however, is still ebbing, the water flowing
toward Hell 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 falling from Hell Gate as far 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 setting toward Upper Bay. Through Upper
Bay, Kill van Kull, the Narrows, amf Arthur Kill the current is.

Statute Miles
& & 3 2 1 O

F1G. 44.—The tidal movement four hours after low water at Fort Hamilton

ebbing, while the tide is rising slowly, but in Newark Ba , while the
current is also ebbing, the tide is still falling, low water being about
half an hour away. Throughout Lower Bay the tide is rising 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 Kull 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 Figure 42. In the Hud-
son the tide is rising while the current is ebbing. Less than half
an hour before, the current in the Harlem turned from ebb to flood

Mt St.Vincent

Statute Miles
s & 3 2 1 0

FI6. 45.—The tidal movement five hours after low water at Fort Hamilton

and now it is carrying the waters from the Hudson toward East
River. Near the Hudson 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 flooding throughout its length from Hell Gate to Willets
Point. In lower East River the water has commenced flooding at
its entrance off Governors Island, but for the greater part it is still
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ebbing, with the water rising from the Battery to Hell Gate. In
Upper 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 Upper Bay now
rising. In the Narrows similar conditions prevail, the deeper 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.

Statute Miles
e —— e

F1G. 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 previously. In
Newark Bay proper the current likewise has turned flood, but the
Hackensack and Passaic Rivers are still ebbing, the tide over the
whole region, however, now rising. In Arthur Kill the current at
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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 exception being a short stretch of the
channel leading from the Narrows, where it is ebbing weakly.

F16. 47.—The tidal movement one hour after high water at Fort Hamilton

Fi%ure 43 represents the tidal movement in the harbor three hours
after low water at Fort Hamilton. Inthe Hudson and Harlem Rivers
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.
Throughout East River the current is flooding, accompanied by a
rising tide in lower East River and by a falling tide in upper East
River. Through Upper Bay, Kill van Kull, Newark Bay, Arthur
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Kill, and Lower Bay the tide is rising raﬁidly and through all these
waterways, with the exception of Upper 8?7, the current is flooding.
In Upper Bay the main channel leading from the Hudson to the
Narrows is still ebbing, but in the regions near the shores the current
is flooding.

Four hours after low water at Fort Hamilton the current is flooding
throughout New York Harbor, and with the exception of upper East
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F16. 48.—~The tidal movement two hours after high water at Fort Hamilton

River the tide throughout the harbor is rising. Figure 44 represents
the conditions of the tide and current at this time. In the IiIudson
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 is rising
very rapidly. In lower Iast River the tide has been rising for about
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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 1s at its low-water
stand, and at the entrance to Long Island Sound, where the tide has
begun to rise.

igure 45 represents the tidal movement in the harbor five hours
after low water at Fort Hamilton. The current is still flooding
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FIG. 490.—The tidal movement three hours after high water at Fort Hamilton

through all the waterways of the harbor, and the tide now likewise
is in the same phase over the whole harbor. In upper East River
low water comes later than in the other waterways of the harbor, but
now the water is rising all over its area.

At this time—five hours after low water at Fort Hamilton—the
flood current throughout New York Harbor is very nearly at its
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strength. In the Hudson the strength comes latest, and it is still
one and one-half hours away. But through the Harlem, upper East
River, and lower East River the current 1s now running at its full
strength. In Upper Bay the current is running at very nearly its
full strength, which will come half an hour later; in Kill van Kull
the strength occurred one and one-half hours previously, and in
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F1G6. 50.—The tidal movement four hours after high water at Fort Hamilton

Newark Bay it occurred somewhat less than an hour previously.
Through the Narrows the current is practically at its strength, which
will come a few minutes later, and the waters from Lower Bay are
now pouring in through the Narrows at the rate of nearly three-
quarters of a million cubic feet per second.

Six hours after low water at Fort Hamilton is coincident with the
time of high water. The current at this time is still flooding through
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the whole harbor and, with the exception of Lower Bay, the tide is
still rising. In the latter waterway the tide is earliest and high water
occurred a few minutes previously, so that now the level of the water
is falling. The tidal and current conditions in the harbor at 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
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F1a. 51.—The tidal movement five hours after high water at Fort Hamilton

is now no longer in the same phase throughout the harbor, for about
& quarter of an hour before this time the current in Kill van Kull
turned from flood to ebb, and around Sandy Hook too the current
has turned seawards; but through the other waterways of the harbor
the current is still flooding. The tide is rising in the East 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 high water at Fort Hamilton. The current is running
ebb through all of Lower Bay, the Narrows, Kill van Kull, the lower
reach of Arthur Kill, Harlem River, and the western portion of upper
East River. In Newark Bay and in the entrance from Arthur Kill,
in Upper Bay, Hudson River, lower East River, and in upper East
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¥16. 52.—The tidal movement six hours after high water at Fort Hamilton

River from Hell Gate to Old Ferry Point the current is flooding.
The tide in the harbor is now falling everywhere except in the East
River from Blackwells Island to Willets Point, and in the Harlem
from the East River as far as Broadway Bridge.

Three hours after high water at Fort Hamilton the tidal movement
in the harbor is represented in Figure 49. The tide throughout the
harbor, with the exception of upper East River, is now falling. In
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the latter waterway the tide is rising very slowly, being only a few
minutes away from high water. In the Hudson the current is still
running flood, but very weakly, the turn to ebb coming about a

uarter of an hour later. Through the rest of the harbor, however,
the current is ebbing, and in Kill van Kull the current is very nearly
at its strength.

Four hours after high water at Fort Hamilton the current is ebbing
throughout New York Harbor, the last waterway to turn ebb being
the Hudson River. The phase of the tide too is now the same
throughout the harbor, the water falling in all the waterways. The
tidal and current conditions at this time are represented in Figure 50.

Five hours after high water at Fort Hamilton the tidal movement
in the harbor is represented in Figure 51. Through all the water-
ways of the harbor the current is still ebbing and the tide falling, as
'was the case an hour previously. However, now the current has a
greater velocity through the various waterways, with the exception
of Kill van Kull, in which the strength of ebb occurs about four
hours after high water at Fort Hamilton; and since the water has been
falling the level of the water throughout the harbor now is lower
than i1t was an hour previous.

Six hours after high water at Fort Hamilton the conditions of tide
and cwrrent in New York Harbor are represented in Figure 52. The
tide throughout the harbor is falling, but in Lower Bay it is very
near low water, and near the western end of Coney Island low water
has actually occurred, and the tide here is beginning to rise, although
very slowly. The current is still ebbing throughout the harbor and
running nearly at its strength in Upper Bay and in the Narrows.

Six hours after high water at Fort Hamilton is equivalent to four-
tenths of an hour before low water. The tidal and current conditions
in the harbor at this time should, therefore, 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 cvception of the tide in Lower Bay the two figures are alike.
In Lower Bay at the time of low water at Fort Hamilton the tide has
just passed low water and is therefore rising, while six hours after

igh water at Fort Hamilton the tide in Lower Bay is still falling,
low water being still about & quarter of an Jour away. The 13
diagrams of Figures 40 to 52, therefore, represent the tidal movement
in New York Harbor for each hour of the tidal cycle.
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