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PREFACE

This volume constitutes the third of a series on tides and currents
in important waterways of the United States. The first volume of
this series was Tides and Currents in New York Harbor, Special
Publication No. 111; the second was Tides and Currents in San
Francisco Bay, Special Publication No. 115, The purpose of these
publications is 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. -

This publication differs from the other two of the series in that it
deals largely with the river type of tide rather than with the open
ocean type, and in the discussion which follows an attempt is made
to distinguish between the characteristics of the river tide and those
of the open ocean tide.

The material presented in this volume is based on observations
made at various times in Delaware Bay and River. The current
data are largely from a comprehensive survey made during the
summer of 1924. In addition to the tidal observations made by this
survey, observations made by the United States Engineer office have
been included.

As a general introduction to tides and currents the first two sections
of Special Publication No. 111 dealing with general characteristics
of tides and tidal currents are reprinted in the appendix.

II
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TIDES IN DELAWARE BAY AND RIVER

INTRODUCTION

Delaware Bay and River and their tributaries form one of the im-
portant waterways on the Atlantic coast. Located on it are the
commercially imp‘ortant ports of Philadelphia, Wilmington, Chester,
Marcus Hook, Camden, and Trenton, the combined foreign and
domestic trade of which amount to several billion dollars annually.

From its source in the vicinity of the Catskill Mountains, the river
flows approximately 300 miles in a southerly direction, and empties
into the bay below Liston Point. The tidal influence extends to the
vicinity of Trenton, which is at the head of navigation, approximately
115 nautical miles from the entrance to the bay.

Into Delaware Bay and River empty numerous tributary rivers and
creeks draining a total area of approximately 13,000 square statute
miles. Among the largest of these rivers are the Rancocas, Schuyl-
kill, Christiana, Salem, Maurice, and Cohansey. A lock canal
between Delaware City and Chesapeake City serves as connecting
link between the Delaware and Chesapeake waterways. There is
under construction at the present time a sea-level canal between these
two bays.

Tidal observations, first recorded in this waterway about 1840,
have been made at intervals in various localities up to the present
time. Since these earlier observations were made at a time when no
considerable importance was attached to tidal phenomena and were
taken primarily for establishing a plane of reference for the various
hydrographic surveys then in progress, both the methods of observin
and the instruments used were undeveloped, and the results obtaine
were subject to various sources of error. The various kinds of time
used were factors of great uncertainty in many cases in these early
days, and it was oot until about 1885, with the adoption of standard
time, that this element of uncertainty was eliminated. Another
source of error lay in the use of the early tide staffs, especially in
the relation of the zero of the staff to fixed hench marks on shore.

In 1854, with the advent of a tide gauge which registered auto-
matically the heights of the tide on a marigram, the results showed a
considerable improvement, the personal equation having been entirely
eliminated. TII;e need for knowledge of tides, not only for reduction
of soundings, but for scientific study of the tidal phenomena and their
relations, was more and more keenly felt and a greater importance
was attached to these observations. From this time on rapid strides
were made in tides. Automatic gauges were installed at many places
on the Atlantic and Pacific coasts, and were maintained with but
slight interruptions for years. From these observations various
datum planes have been determined and constants derived for use
in predicting the times and heights of tide for the tide tables.

he results of these ohservations have also permitted a better
study of the tidal phenomena and have added considerably to our
knowledge of tides 1 general.

1



U. S. COAST AND GEODETIC SURVEY

TRENTON

<, # 4
. .
B, @ @ Artificial 7.

[= BEG A AN

= \:"\_27l'|‘, .. a M, %ﬂ/&ﬂl------\ 3 0"

ﬂ rqukicarce lsalci:u.:i'c'i;g"-'": H H w11
“cﬁa‘:é'f%‘.‘.:':u’%’s,"%g?& 5
;A ] 7N
: 8 18

F16. 1,—Delaware Bay and River



Part L—TIDES IN DELAWARE BAY AND RIVER
By L. M. ZeskiNp, Lieulenant (j. g.), Uniled States Coast and Geodetic Survey
THE DELAWARE WATERWAY
1. COMPONENT PARTS

This volume treats of the tides and currents of the navigable
ortion of the Delaware waterway, namely, between the Capes and
renton. It is divided into two parts, the first dealing with tides,

the second with currents. For the purposes of this publication it is
found convenient to divide the waterway into five sections. The
first section includes all of the bay and the river to Artificial Island
(3 miles north of Liston Point); the second, Artificial Island to
Philadelphia; the third, Schuylkill River from its mouth to the Fair-
mount dam; the fourth, the port of Philadelphia; and the fifth,
Philadelphia to the head of navigation at Trenton.

2, DELAWARE BAY

The upper limit: of Delaware Bay is rather uncertain. The United
States (F})oa.st Pilot describes the boundary between the bay and
river as being marked by two stone monuments, one on the west
bank at Liston Point and the other on the east bank at Hope Creek.
Since there is no fixed line of demarcation between the bay and the
river, this must therefore be taken as an arbitrary division. For
the Purpose of this publication the bay is taken to extend to the
southern part of Artificial Island.

The open ocean tide enters Delaware Bay between Cape May, on
the New Jersey side, and Cape Henlopen, on the Delaware side, and
sweeps over numerous sand shoals as it progresses in a northwesterly
direction up the bay. )

Where it meets the ocean, between Cape May and Cape Henlopen,
the bay has a width of about 10 nautical miles. It gra.(fua.lly widens
until at Miah Maull Light it reaches a maximum width of about
23 nautical miles, then narrows to a width of 5 miles at its upper
- extremity. The bay covers an area of approximately 650 square
statute miles with an average depth at mean low water of 17 feet.
Extensive flats with but few sand beaches line both shores of the bay.

The largest of the many tributary rivers which discharge into the
bay are the Maurice and Cohansey. They drain a large interior area.

3. DELAWARE RIVER—ARTIFICIAL ISLAND TO PHILADELPHIA

Delaware River, from Artificial Island to Philadelphia, has a
length of 43 nautical miles and varies from a width of 214 nautical
miles at its lower end to half & nautical mile at Philadelphia. It
runs in a general northeasterly direction, the river surface bein,
broken at intervals by islands, dikes, and jetties. A dredged channel,

3



4 TU. 8. COAST AND GEODETIC SURVEY

with a minimum width of 800 feet and a depth varying between 30
and 35 feet at mean low water, is maintained by the United States
Engineers.

The most important of the rivers entering this section of the
Delaware is the Christiana, near the mouth of which is located the
port of Wilmington. The Christiana rises in the western part of
the State, and flows in a generally northeasterly direction for ap-
proximately 17 miles, reaching the Delaware at a point 2 miles
southeast of the city of Wilmington. The river drains an area of
alpproximatelv 520 square statute miles. The tidal influence extends
throughout almost the entire length.

At Delaware City the Chesapeake and Delaware Canal, previously
referred to, has its western terminus. The canal is 13 miles long and
20 feet wide in the locks, of which there are three. When improve-
ments are completed the canal will have a depth of 12 feet and a
width of 150 feet and will accommodate the larger bay boats.

4. SCHUYLKILL RIVER

Schuylkill River, the largest tributary of the Delaware system, has
its source in Broad Mountain in the northeastern part of Schuylkill
County, Pa., and flows in a general southeasterly direction for ap-

roximately 130 miles, emptying into the Delaware River just below

hiladelphia, at the League Island Navy Yard. It drains an ares of
anroximately 2,000 square statute miles in the southeastern part
of the State of Pennsylvania. The tidal influence extends up the
river for a distance of 734 nautical miles to Fairmount, where it is
stopped by a dam. Dredged channels make it possible to carry a
depth of 15 feet up .the river to the dam.

5. DELAWARE RIVER—VICINITY OF PHILADELPHIA

" The port of Philadelphia, which depends upon Delaware Bay and
River for carrying a large part of its commerce, is one of the most
important on the Atlantic seaboard. Deep-draft vessels coming up
the bay reach the docks without any difficulty, and millions of tons of
cargo, both foreign and domestic, with a value running into billions,
pass through this port annually. Since 1890, when the islands ob-
structing the channels were removed and the river dredged, the tide
has had a clean sweep past the port. The tidal flow, however, is
interrupted when it reaches Petty Island, about 1 mile above the city.
The depth of channel at Philadelphia at the time of the survey m
July, 1924, was 31 feet, the width opposite Market Street, 2,000 feet.
Across the river from Philadelphia is Camden, a large manufacturing
city.

6. DELAWARE RIVER—PHILADELPHIA TO TRENTON

The Delaware River as it passes Philadelphia becomes of lesser
commercial importance. Above Philadelphia the only shipping is by
shallow-draft boats, the channel decreasing from a depth of 31 feet at
Philadelphia to 934 feet at Duck Island, 3 miles south of Trenton.
The average width of river is 1,000 feet. As the tide advances
northeastward from Philadelphia to Trenton, a distance of 29 nau-
tical miles, it follows a circuitous path, encountering island obstruc-
tions and shoals at intervals over its entire length.
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At Riverside, N. J., the Rancocas River empties its drainage waters
into the Delaware. The Delaware and Raritan Lock Canal, used by
barges and small boats, links the Delaware waterway at Bordentown,
N. J., with the New York waterway at New Brunswick, N. J., on the
Raritan River.

THE TIDE AT PHILADELPHIA

The principal series of tidal observations in the Delaware waterway
is that obtained from an automatic gauge, which was maintained
almost continuously between 1901-1920, at the foot of Chestnut
Street, Philadelphia. For the tables and discussions that follow, the
period from 1901 to 1920 has been taken. Since the more important
tidal variations go through a complete cycle in approximately 19 years,
it is customary to accept the values of tidal constants based upon a
19-year series as the mean values. The values derived for the full
series at Philadelphia will therefore be mean values.

The tides were graphically recorded on a Coast and Geodetic Survey
automatic gauge, the heights being referred to the zero of the fixed
staff near by by a comparison of the height of the curve above the
arbitrary datum traced on the tide roll with the reading on staff.
The zero of the staff was connected by levels with several bench marks
near the tide station. By frequent check level lines run between the
tide staff and the bench marks it was found that the elevation of the
zero of staff had not varied to any appreciable extent during the
entire time of observations. In the tables and discussions of high
water, low water, river level, tide level, the heights are therefore
represented in feet ahove the zero of the fixed staff.

herever possible tides at the different stations along the river
were referred to Philadelphia as a standard station.

It is to be borne in mind that a distinet difference exists between
the open ocean and the river tides. In discussing Philadelphia we are
dealing with a river station, and facts brought out in this eonnection
can not be taken to apply necessarily to open ocean tides, such as
are encountered in the lower part of Delaware Bay.

7. LUNITIDAL INTERVALS

The true lunitidal interval, or the time by which the high or low
water follows the transit of the moon, is the difference between the
mean local time of the tide and the mean local time of the moon’s
transit. Since standard time is most commonly used, and the moon'’s
transit is given in astronomic tables for the meridian of Greenwich,
it is found more practical to compute a lunitidal interval for the
standard time of tide and the transit of Greenwich, and then to reduce
it to the true lunitidal interval by applying a single correction, which
obviously must be constant for any particular locality.

In Table 1 are given the high an({) low waters at thiladelphia for
the first 29 days of July, 1915. A summer month was selected be-
cause the tides are less apt to be affected by wind and weather during
this season. In columns 7 and 8 of the table are given the intervals
for successive high and low waters. Intervals derived from the lower
transits of the moon are in parentheses. The mean or true intervals
at the foot of the table are obtained by subtracting 0.18 hour (the
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TIDES AND CURRENTS IN DELAWARE BAY 7

It is further noted that on July 2, when the moon is on the Equator,
the two high water intervals for the day have almost the same value,
likewise the two low water intervals do not vary appreciably. On
July 9, when the moon is at its greatest north declination the two high
water and the two low water intervals for the day vary among
themselves by the greatest amount. On July 17, when the moon
is on the Equator in going from north to south declination, there is
little variation in the Intervals for the day. It is evident, therefore,
that when the moon is at its greatest north and south declination,
both the high and low water intervals vary among themselves by
the greatest amount, and when the moon is on the Equater the
variation is the least.

From the table it is seen that the lunitidal interval for any tide
does not vary over an hour from the mean for the month. It is
obvious, however, that during the months when storms are frequent
greater variation in the lunitidal intervals would be noted.

Table 2 gives the monthly values of the lunitidal intervals for
the years 1901 and 1920. Each monthly mean is for a group of the
first 29 days of the month. All values refer to the moon’s transit
across the meridian of Philadelphia.

TaBLe 2.—Lunitidal intervals, Philadelphia: Monthly means for 1901 and 1920

High-water Low-water

intervals intervals
Month
1901 1920 1901 1920
Houre Hours Hours Hours
1.61 1. 80 8.99 9.15
1.84 1 59 9.08 8.95
1.56 1.36 9.06 0.17
1.35 1.29 9.03 8.97
129 142 8.97 891
1.32 1.3% 8.96 883
1.37 142 8.90 8.95
1.27 1.43 & 08 8.98
1.36 1.44 8.97 8.86
1.43 1. 56 8.97 9.01
1.53 1.63 9. 04 9.08
1.42 1.51 9.09 9.13
B, e 17.35 17.83 108. 02 107.99
MeanS - oo cmmm——— e m—— 145 1.49 9,00 9.00

The value in the table for any month of observations does not vary
more than 0.2 of an hour from the mean for the year, and the difference
between the mean values for the two years is very slight.

In Table 3 we have the annual means of HWI and LWI for a
period of 20 years divided into two 10-year groups. The value for
any year seldom varies more than a tenth of an hour from the mean
for the i§ro_up. Considering the two groups we find that the intervals
in the first group are slightly greater than the second. This would
indicate a possible change In the intervals during the 20 years of
observations. It is evident from the data of the preceding tables
that lunitidal intervals are fairly constant, and even from a short
series of observations a close approximation to the mean value may
be had. For Philadelphia the accepted values for the high and low
water lunitidal intervals are taken as the means of the two groups in
Table 3, or 1.49 hours for the HWI and 8.97 hours for the LWI.
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TaBLE 3.—Lunitidal intervals, Philadelphia, annual means

j i
Year HWI LWI | Year - IWI | LWwI
: |
Hours | Hours | Hours i Hours
1.45 9,00 [ 135! L83
1,38 9.0 | L4l 8,88
1.47 9.10 | 1,40 ! .93
1.8 9.02 i 143 | 8.87
1.62 9,08 | 1,42 S. 92
1.53 9.03 /' 1.50 - .04
150 9. 00 156 3,08
147 5,98 157 | 9.00
1.50 2.02 1,50 | 8. 48
1.52 8.93 1.49 9. 00
Sums_ s 15.02 90.13 SUMS. oo : 14,65 89,38
Means. - vumcccaaaca- L50( 9.0 Means. ceoemoome e : L4T S. 94

In Table 4 is shown the annual variation of lunitidal intervals for
a ]l)e.riod of 20 years divided into 2 groups of 10 years each. Each
value of the table, therefore, represents the mean for ten 29-day
groups of observations.

TaBLE 4,—Lunitidal intervals, Philadelphia, annual variation

HWI LWI

Month , | j i
Series | Series Serfes : Series
1901-1910; 1911-1920 19()1-1!)1')!I 1911-1920

I
Hours | Hours Hours . Hours

1,68 1.58 9.12 | . 02
176 | 1.6l 919 9,01
144 1.42 9.1L 9.00
142 1.34 9.02 ! 8.97
141 1.35 8.3 | 8.88
187 1.37 8.90 ' 8.85
1.38 ! 1.39 8.89 8.88
141: 137  &90| 8.86
L45] 148 392 | 8. 84
150 | 1.50 8.97 ! 8,50
L9 158 9.03 | 8.99
L6714 9.13 | 9. 06
L50: 147 9.01 | 8,94

|

An examination of the table brings out the fact that both high
water and low water lunitidal intervals go through a periodic seasonal
change. This is shown best by an inspection of the graphs of the
annual variation. From these it is readily seen that the intervals
are greatest in the winter months and lowest in the summer months.

In Figure 2 are represented the annual variation of both high and
low water intervals based on the entire 20 years of observations, The
HWI curve, after reaching its maximum in February, drops sharply
to a low level in April, and remains at this level during spring and
summer. In the fall it begins to rise again. The LWI curve is
somewhat different. Although it similarly reaches its peak in Febru-
ary, the decline from then on is not so abrupt, and does not reach a
minimum until midsummer. In the early fall it begins to rise.
Another conspicuous difference is observed in the difference in range
of annual variation between the two intervals, it bein.% noted that the
variation of the high water is considerably greater than that of the
low water.
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That the variation in lunitidal intervals is related to and dependent
on the river level can not be doubted, for we find that in January
and February, when the river level is lowest, the lunitidal intervals

JAN. FEB. MAR.  APR. MAY JUNE JULY AUS. SEPT. ol Nov.  DEC.
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N | e
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yz T
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¥10G, 2.—Annual variation in lunitidal intervals, Philadelphia

are_greatest and when in the summer months the river level is highest,
the lunitidal intervals are lowest. This fact may be explained as
follows: When the river level is low, greater friction is offered the
tidal wave and its progress is impeded; when the river level is highest,
the friction of‘feredp is the least and the tidal wave is propa,gatef with
a greater speed.
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F13. 3.—~Annual variation in lunitidal intervals, Atlantie City

. Figure 3 shows the annual variation of high and low water lunitidal
intervals for Atlantic City, based on nearly 10 years of continuous
observations from 1911 to 1920.
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It is to be noted that Atlantic City is located on the open ocean
and it would therefore be reasonable to expect a variation in intervals
different from that of Philadelphia.

An examination of the graphs of the figure shows that while the
intervals pass through an annual variation there is a pronounced
difference in the graphs at the two places. At Philadelphia the
difference between the highest and lowest values of HWI is 0.32 of
an hour, as compared with 0.14 of an hour for Atlantic City, and
0.22 of an hour for LWI as compared with 0.17 of an hour for Atlantic
City. It is further noted that unlike Philadelphia, where the maxi-
mum value for both high and low water intervals occurs in February,
the maximum at Atlantic City occurs during the autumn months and
the intervals are on a downward trend during the winter months.
Likewise the values of the intervals instead of reaching a maximum
during the summer months, as at Philadelphia, reach & minimum
during the early spring.

In the reduction of HWI and LWI for tables of tidal data that
follow, use is made of the annual variation above described. Since
in many cases it is impossible to get a simultaneous comparison of the
subordinate stations with a standard station for a reduction to mean
value of tidal constants, it is found practical to derive from the graph
of annual variation a correction factor depending upon the time of

ear in which observations were made. By correcting the intervals
y this factor, we obtain a value which as a rule will approximate the
mean values for the station in question.

8. DURATION OF RISE AND FALL

The duration of rise, or the time during which the tide is rising, is
obtained by subtracting from the time of high water the time of the
preceding low water, and the duration of fall, or the time during which
the tide 1s falling, is obtained by subtracting from the time of low
water the time of the preceding high water. For a month or more of
observations the duration of rise may be derived by subtracting from
the high water interval the low water interval, and the duration of
fall, vice versa.

The mean duration of rise of tide is derived by substracting the
mean low water lunitidal interval from the mean high water lunitidal
interval, and the duration of fall, vice versa. Obviously the mean
duration of rise plus the mean duration of fall must equal the time of
o tidal cycle, or 12.42 hours. Referring to Table 1, we find that the
duration of rise plus the duration of fall for an individual cycle is
more or less than the time of a tidal cycle. This is due in large part
to wind and weather. In winter months, when the storm effects are
felt most, the individual duration of rise or fall may vary as much as
an hour or two from its mean value, the wind advancing or retarding
the tidal movement of the water.

Referring again to Table 1, columns 5, 6, 7, and 8, it is evident that
the variation 1s greater between the individual values of the duration
of rise and fall than the lunitidal intervals. However, for a month
of observations the duration of rise, as derived from the mean of the
high and low water intervals, will agree almost exactly with that
determined from the times of fligh and low waters.
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In Table 5 are given the duration of rise and fall for each month of
the years 1901 and 1920, as determined from the monthly values of
lunitidal intervals in Table 2. As in the case of the lunitidal inter-
vals there is but little difference betweéen the means for the two years.

TasLE 5.—Duration of rise and fall, fghiladelphia; monthly means for 1901 and

~

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

1901 | Hours| Hours | Hours| Hours | Hours | Hours | Hours Hotf’rs Hours | Hours | Hours | Hours | Hours
i 4

Rise__..| 5.04| 5.18 4.92! 4.74] 4.74 ) 4.78 | 4.80 . 4.81 | 4.88.| 4.91| 4.75 4.86

Fall___.| 7.38| 7.24| 7.50| 7.68| 7.68; 7.64| 7.53| 7.69 | 7.6l 7.54| 7.51| 7.67 7.56
1920 )

Rise..__| 5.07) 5.06) 4.61) 4,74 4.93) 497} 4.80) 4.87) 5.00) 4.07) 407! 4.8 4,91

Fall...| 7.35| 7.86 | 7.81 | 7.68| 7.48| 7.45| 7.53| 7.55 | 7.42| 7.45( 745, 7.62 7.51

From the means of the annual values for HWI and L'WI in Table 3,
4.93 hours for the mean duration of rise and 7.49 hours for the mean
duration of fall are derived for Philadelphia, the sum of the two
values necessarily e ua,lin%1 12.42 hours or the time of a tidal cycle.
It is apparent, therefore, that for Philadelphia the duration of fall is
greater than the duration of rise by approximately 214 hours. This is
characteristic of river tides where the permanent current, due to
fresh water run-off, opposes the flood tide. In thefall of the tide, the
fresh water seeking its way to the ocean adds its strength to the tidal
ebb and prolongs the time during which the tide is falling.

For a tidal station which is not subject to freshet or river con-
ditions the duration of rise and duration of fall will, in general, be
nearly equal. It will be shown later, when the tables of tidal data
are discussed, that there is a progressive change in the duration of
rise and fall in the Delaware waterway from the entrance to the bay
to the extremity of tidewater at Trenton, the duration of rise decreas-
ing and duration of fall increasing in going upstream.

eferring again to table 3, if we derive the durations of rise and
fall for the two 10-year periods 1901-1910 and 1911-1920, we have
for the first group 4.91 and 7.51, and for the second group 4.95 and
7.47. Although the differences between the two groups are small
they indicate a probable change in the durations o%—lrise and fall at
Philadelphia.

TaBLE 6.—Duration of rise and fall, Philadelphia, annual variation

Duration | Duration Duration | Duration

Month of rise | of fall Month ofrise | of fall

Hours Hours | Hours Hours
JanUALY e oo . 96 7.46 | 4,92 7.50
February o -oooo oo 5.01 7.41 4 4,93 7.49
Maerch - -- 4.79 7.63 ¢ 4.98 7.44
April 4 81 7.61 . 4,99 7.43
BY o omeens 4.89 7.53 | 5.00 7.42
JUDe. o oo 4.91 7.51 ! 4.08 7.44
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Table 6 gives the annual variation in duration of rise and fall at
Philadelphia for the period 1901 to 1920. Between the highest and
lowest monthly values of each there is a difference of 0.22 hour or 13
minutes. In Figure 4 the variation in the duration of fall is repre-
sented graphically.

An inspection of the graph indicates that the duration of fall, like
the lunitidal intervals, has an annual periodicity. From a minimum
in February it rises sharply to a maximum during March and from
then on gradually declines. Obviously duration of rise will be
represented by a complementary curve, with rise least in March and
greatest in February.

Reference to graphs of annual variation in river level and high
water for Philagelphia, on pages 15 and 18, indicates a similarity
between these and the a,nnuaY variation of duration of fall.

9. MEAN RIVER LEVEL

One of the most important results of automatic tide gage operation
for long periods of time is the establishment of the plane of mean sea
level for many places along the Atlantic and Pacific seaboard. Its
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FI1G. 4—Annual variation of duration of fall, Philadelphia

value as a datum plane of the first importance can not be disputed,
and it concerns not only the scientist but the engineer as well. (See
Appendix, p. 113.)

Mean sea level is that plane about which the tide oscillates. It
is the average height of the sea, and is determined by averaging the
hourly heights of tide for a period of time depending on the degree of
accuracy desired.

A distinction must here be made between sea level and river level,
since at Philadelphia we are dealing with a station that is located on a
river, and therefore the term “sea level”” does not apply. River level
may or may not be subject to tidal influence. In this publication,
however, we are dealing with stations on a tidal waterway and the
river level, therefore, is affected by the tide. As a general definition,
we may say that the mean river level for any particular place is the
average height of the river for an extended period of time, and for

la.cles subject to tidal influence is determined in the same way as sea
evel.

Since sea level or river level is affected by wind, weather, and astro-
nomic causes, it is evident that the longer the period of time over
which the observations extend, the better the mean value obtained.
This fact is brought out in the following tables.
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TasLe 7.—Daily river level on staff, Philadelphia, July, 1915

Date Feet Date Feet Date Feet
7.06 7.2 6.95
7.09 7.09 6.93
6.94 7. 6. 89
6. 59 7.05 6.92
6. 68 7.00 6. 84
6.12 7.17 8.85
6.47 7.16 6.81
7.08 6.78 6.93
6.04 6.80 7.08
6. 55 6. 60 7.01

66. 62 70.00 69.01
6. 68 7.00 6.90

In Table 7 is given the variation in river level at Philadelphia for
each day of July, 1915, a typical summer month. It is seen from the
table that during the month daily river level may vary by as much
as 1.2 feet. It is also evident that even for a summer month, when
the effect on the tide of variations in meteorological conditions is the
least, there can be a difference of as much as 0.34 foot in the means
of three 10-day groups.

TABLE 8.— Monthly river level on staff, Philadelphia, for 1901, 1907, 1913, and 1920

Year | Jan. | Feb. | Mar. | Apr. Mayl June | July | Aug. | Sept. | Oct. | Nov, | Dec. (Mean

Feet | Feel | Feet | Feet | Feet | Feet | Feet (3 Feet | Feet | Feet | Feet | Feel
1001..__| 591 | 4.90( 6.14 | 7.06 | 7.01 | 6.91 | 6.64 698 | 6.42| 6.21| 6.56 6.47
1907____| 6.33| 5,80 | 6.48 | 6.40 | 6.59 ) 6.55| 6.58 | 6. 6.52| 6.46| 6.84 | 6.82 6.51
1013____| 6.50| 58| 6.23| 6.71| 6.62| 6.58( 6.41 | 6.62| 6.54| 6.8 6.50| 6.20 6.47
1920____| 6.05 | 6.02 | 6.64 | 7.20| 6.85| 6.87| 6.74 6.76 | 6.78 6.90 6.70

Table 8 contains the heights of river level referred to staff, month
by month, for the four years 1901, 1907, 1913, and 1920. The differ-
ence between the value for February, 1901, and April, 1920, is 2.30
feet. February, being a winter month, is subject to variable meteoro-
lo%ical conditions, and the particular value in question is 0.9 foot
below the next nearest value. For any year, however, there is a
variation of a foot or more in level. At an open ocean station wide
variation in the monthly values is infrequent.

TaBLE 9.—River level on staff, Philadelphia; annual means, 1901 to 1920

Year Feet Year Feet
6.47 8. 51
6.78 6. 41
6. 69 6.47
6.41 6.45
6.38 6. 61
6. 53 6. 50
6. 51 8.52
6.40 6. 60
6.38 8.78
6. 51 6.70

65. 06 65. 55
6. 51 0. 56
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Table 9 represents the annual means of river level at Philadelphia
from 1901 to 1920, divided into two groups of 10 years each. It is
seen from this table that even for annual means there can be a
difference of 0.4 foot between the greatest and least values. For the
first of the two groups into which the 20 years of observations have
been divided, a mean value of 6.51 feet is derived, and for the second
6.55 feet. The best determined value of mean river level for Phila-
delphia may be taken as 6.53 feet, the mean for the 20-year period.

n the foregoing tables and discussions there was manifested con-
siderable variation in river level from day to day, month to month,
and year to year. River level is easily affected by wind and weather
and the height at any time will differ under varying meteorological
conditions. It is to be expected, therefore, that a value for river level
over a short period of time may differ considerably from a mean value
determined f]:'om a long series of observations.

TaBLE 10.—River levels on staff, Philadelphia; annual variation

Series Series Means

Month 1901-1910 | 1911-1920 | 1901-1920
Feet Feel Feel

January. .. 6.20 6.24 8.22
- - 593 6.12 6.02
6. 61 6.43 6. 52
6.71 6.81 6.76
6. 65 6.74 6. 69
6.75 6.76 6.76
60 6.70 . 8.856
6.70 6.76 8.73
6.72 6.69 6.70.
66 6.70 6. 68
6.28 6. 46 6.36
- 6.26 628 6.27
Mean.._.... e mmmcmmmeeeem—e—mam—n————— 6. 51 6. 55 6.53

Since there are seasonal changes in meteorological conditions it
might be expected that there would likewise be seasonal changes in
river level. ~ That the river level at Philadelphia does actually pass
through an annual variation may be seen from an examination of
the data of Table 10. In this table are given the mean monthly
values for years 1901-1910, and 1911-1920, as well as the mean for
the entire series. In each case it is evident that the plane of mean
river level is low in February and generally high in the summer
months, and between the maximum and minimum there appears to
be a difference of 0.7 foot or more. Figure 5 represents graphically
the variation for the period 1901-1920.

In the figure a definite seasonal regularity or periodicity is displayed.
in the variation of river level. As shown in the previous annual
variation curves there was a similar regularity in the lunitidal in-
tervals and duration of rise. Just as in the latter curve we found
the minimum to occur in February, here too the river level is a
minimum during this month. The maximum, however, remains
almost constant during the spring and summer months. In October
the river level begins to drop sharply until it reaches its minimum
in February. Between the maximum value of 6.76 feet in April
a,?d lipinimum of 6.03 feet in February there is a difference of 0.73
ol a foot.
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10. THE PLANES OF HIGH WATER

Because of the varying positions of the sun and moon with respect,
to the earth we may have various }k)lla.neg of high water; higher high
water, lower high water, tropic higher high water, tropic lower high
water, spring high water, neap high water, perigean high water, and.
apogean high water.

When the moon is new or full—that is, when the tidal effects of
moon and sun conspire—the high water is higher than usual, and in
averaging up these values over a considerable period of time the plane
of spring high water is derived. Similarly when the moon is in the
first or third quarters—that is, when the tidal force exerted by the
moon is OFposed to that of the sun—the neap tide is produced and an
average of a considerable number of high waters taken at such times
gives the plane of neap high water.

The moon makes a revolution around the earth in approximately
2734 days. As the orbit of its movement is an ellipse there are times
when the moon is nearest, or in perigee, to the earth and times when
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F1G. 5,—Annual variation in river level, Philadelphia

it is farthest away, or in apogee. The hi%h water produced when the
moon is in perigee is called the perigean high water, and the average
of a number of such high waters gives the plane of perigean high water.
Likewise the plane of apogean high water is the average of a number
of high waters occurring1 when the moon is in apogee.

Periodic changes in the moon’s declination also introduce several
high-water planes; that is, higher high water, lower high water, tropic
higher high water, and tropic lower high water. For any day there
are two high waters, one of which is usually higher than the other.
The higher of these high waters is called the higher high water and the
lower, the lower high water. These planes are determined by averag-
ing separately over a considerable period of time the higher and lower
daily high waters. When the moon is in its greatest north or south
declination the diurnal inequality, or difference in height between
two consecutive hi%h waters, is the greatest. The average of the
higher and lower of these high waters determine, respectively, the
tropic higher high water and tropic lower high water planes.
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The discussions that follow will be limited to the five planes: Mean
high water, spring high water, neap high water, tropic higher high
water and tropic lower high water, the other planes not being deemed
of sufficient importance to warrant detailed &)iscussion here.

In the ninth column of Table 1 are shown the values of high water
throughout a representative summer month. From these values it is
apparent that not only is there considerable difference between the
successive high waters, but there is also a large monthly variation, the
difference between the highest and lowest values amounting to 2.6
feet. As the tabular values are for a summer month when the tide
is least affected by meteorological conditions, we must attribute most
of this variation to lunar influence.

Again in Table 1, column 9, it is seen that on July 2, when the moon
was on the Equator, the high water diurnal inequality, or difference
between the two highs for the day, is nil, while on July 9, when the
moon is at its greatest north declination, the high water diurnal
inequality is a maximum.

TasLE 11.—Monthly mean high waler ;>n staff for 1901, 1907, 1913, and 1920

Year | Jan. ! Feb, | Mar. r Apr. | May | June | July | Aug. Sept., Oct. | Nov. g Dec. [Means
! ¢
|

Feet | Fect | Feel | Feet | Feet | Feet | Feet | Feet | Feet | Feel | Feet © Feel | Feet
1901_.__] S.% | 6.93; 3.49) 9.49) 960 ] 955 | 9.35) 9.62) 958 505 &o) | 9.02 8,905
1907____| 865 7.87 | 8.81 | %82 9,15 945 9.20| 9.10| 907 S.90 (| 926! 9.19 8.96
1913____ 8.92 | 828 8S.62] 9.26| 923 9.23| 908 | 9.19| 9.02| 9.19| 856 | 8,48 8.95
1920 S.29 i 8.50 | 918 I 0.8 | 0.35| 9.45} 9.38| 9.43 | 9.27 | 9.26 | %.08 i 9.30 9.18

Table 11 gives the monthly means of high water for the years
1901, 1907, 1913, and 1920. A difference of 2.70 feet results between
the highest and lowest monthly values during the four years. Of the
four years, the least annual variation is noted in 1913, where a
difference of approximately 1 foot results between the highest and
lowest values.

Taere 12.—High waler on staff, Philadelphia; annual means, 1901 to 1920

Year Feet Year Feet
8.86 8.95
9.30 8.92
9.21 8,95
8.87 8,90
8.82 9.06
9.01 891
8.96 891
8.89 8.96
8.84 9.20
& 90 9. 18
3171« « F P 89.76 Sum._ 89,94
Mean. - 898 Mean. .. ..o 8.99

Table 12 gives the yearly values from 1901 to 1920 divided into
two 10-year groups. Between the highest and lowest of these yearly
means there 1s a difference of 0.39 foot, although the mean values
for the two 10-year groups agree closely. It is apgarent., therefore,
that only an approximate value for high water can be derived from a
year or less of observations,
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TaBLE 13.—High water above river level, Philadelphia; annual means, 1901 to 1920

Year Feet Year Feet

2.49 2,44
2.52 2. 51
2,52 2.48
2.46 2.45
2.44 2,45
2.48
2,45
2. 49
2. 48
2,39

BUM . s 24,69 | Sum. e 24.30

Mean. o 2.47 Mean. oo 2.4

In Table 13 the yearly heights of high water above river level are
shown. In comparing Tables 12 and 13 a conspicuous difference is
noted between the high water as referred to stafl and the high water
referred to river level. In the former the greatest difference between
the highest and lowest was 0.39 foot while in the latter case the
difference is 0.16 foot. It appears, therefore, that the planes of high
water and river level must pass through a somewhat similar annual
variation. This will be discussed later in comparing the two graphs.

Since the inclination of the moon’s orbit to the plane of the earth’s
equator passes through a complete cycle in approximately 19 years,
during which it varies from 1814° to 2814°, the tidal force also passes
through a cycle of variation during this period of time. In order to
reduce to a mean value it is necessary to apply a correction! to the
individual yearly values in Table 13. Table 14 shows the corrected
annual means of high water for each of the 20 years of observations.

TasLe 14.—High waler above river level, Philadelphia; annual means corrected for
longitude of moon’s node

Year Feet Year Feet
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A comparison of Tables 13 and 14 shows that although the means for
the respective 10-year groups vary s‘laightly, the mean value of high
water for the 20-year groups represented in the two tables agree. This
is to be expected because the correction for the inclination of the
moon’s orbit, or longitude of the moon’s node, referred to above, passes
through a cycle in approximately this time. For the accepted value
of mean high water above river level we may take 2.46 feet. The
mean of the yearly values of the second group in Table 14 is 0.04

3 See R. A. Harris' Manual of Tides, Part III, U. 8. Coast and Geodetic Survey, Report for 1894, p. 247.



18 " U. S. COAST AND GEODETIC SURVEY

foot higher than those of the first group. While this figure is small,

it may indicate a corresponding rise in the plane of high water during
the period 1911 to 1920.

In Table 11 the monthly values of high water indicated a seasonal
change in the plane of high water. Table 15, which gives the annual
variation based on 20 years of observations, shows a regularity in the
variation of the plane, and it is noted that from a minimum of 8.27
feet on staff in February it rises to a maxium of 9.38 feet in June.

TasLe 15.—High water on staff, Philadelphia; annual variation

1 . 1
| High High High || - | High
Month Rkt Month wacor Month bt | ' Month | saber
' i |
Feet Feet Feet | Feet
January......_ 8.50 || Aprl.__...__.__. 9.2 1 TulY oo 9.98 ! October____..__ ! 9.10
ebruary.______ 8.27 BY - oo 9.25 || August._____._.__. 9,31 iNovember 8,72
arch__._____. 8.90 || June_...._...... 9.38 || September...... 9.21 || December....._. & 50
| i

JAN. FE8. MAR. APR. MAY JUNE JULY AUS.  SEPL JcCT. M OEC

T

/ ™

N

F1a. 6—Annual variation in high water, Philadelphia

That there is a similarity in the annual variation of river level and
high water is seen from a comparison of Figures 5 and 6.

n Figure 6 the annual variation of high water, based on 20 years
of observations at Philadelphia, is shown graphically. Although
there is a significant similarlity in the annual variations of river level
and high water, two.prominent differences are distinguishable. It
will be noted that while the annual range of variation of river level
is 0.73 foot, that of high water is 1.11 feet, or almost 0.4 foot greater.
‘The above phenumena appears to be characteristic of river tides where
the tidal movement is restricted to narrow channels. Still another
difference noted in that while the river level remains more or less con-
stant during the spring and summer months, and does not hegin to
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drop until October, the high water, after reaching a maximum in
June, begins to decrease almost immediately.

Spring hi%h ater is that high water which occurs at the time of
of spring tide. It is well to call attention here to the fact that the
various tides due to varying lunar positions do not occur at exactly
the same time that the moon undergoes the changes, but follows them
by a fixed interval. This interval of time by which the tides follow
the moon’s various changes is called the age of the tide.

The interval of time by which the spring tide follows new or full
moon is called the phase age of the tide. To get the plane of spring
high water, it is customary to add the phase age to the time of full or
new moon and take the two consecutive high waters which fall nearest
this time as the spring high waters. Obviously there will be but four
such high waters for any month, and for an accurate determination
of this plane the observations should therefore extend over a long

eriod of time. From 2 years of observations, 1901 to 1902, the spring

igh water is found to be 2.68 feet above the mean river level, while
for the same period of time high water above mean river level equals
2.46 feet. Apparently, then, spring high water above mean river
level is approximately 9 per cent greater than mean high water above
the same plane. The plane of spring high water as well as other
planes may also be determined from the harmonic constants.?

The plane of neap hiﬁh water is derived in a similar manner to that
of spring high water when the moon is at first or third quarter. For
the same two years as above, the plane of neap high water above
mean river level is 2.15 feet, and tl?e rise of this plane above mean
river level is therefore approximately 13 per cent less than that of
mean high water.

From tabulations of tropic tides for the two years 1901 and 1902,
it is found that tropic higher high water is 2.76 feet above mean river
level and tropic lower high water is 1.80 feet above mean river level.
Tropic higher hi%h water is, therefore, 0.29 foot greater than mean
high water, and the rise above mean river level is approximately 12 per
cent greater than that of mean high water. Tropic lower high water
is 0.67 foot lower than mean high water, or the rise of tropic lower
high water above mean river level is approximately 27 per cent less
than that of mean high water.

Besides the several high water planes above described which are
brought about by astronomical causes there is an important plane due
largely to meteorological causes, the plane of extreme or storm high
.water. Because of varying wind and weather conditions there are
.times when the plane of high water rises considerably higher than the
,average. This is particularly true in a river waterway where the

.storm effect on tidal planes is extremely pronounced and may cause a
-rise of high water several feet above average. In order to have a
.plane which shall take account of these extraordinary heights of tide

.the highest high water is taken for each month and averaged for the
year.

? Manual of Tides, Part III, U. 8, Coast and Geodetic Survey, Report for 1894, D. 144,
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TaBLE 16.—Extreme high waler above mean river level, Philadelphia; annual means
and highest

Year Aav::' Highest Year AB;%" Highest
i
Feet

4.48

4.58

. 4.38

L 4.98

3 5.68

3 4.88

3 5. 48

3 4.98

L 5.08

3 4,98

Sums........ 09 ... 49. 50

Means....... 4.0 o 4,956

Table 16 shows the extreme high water by years divided into 2
groups, 1901 to 1910, and 1911 to 1920. TUnder the column headed
“average’ the value for each year is found by taking the mean of
the 12 monthly highest high waters. There is also given in the table
the highest t.i(f; o}%served In each year.

In columns 3 and 4, headed ‘ highest,” it is seen that at Phila-
delphia on October 11, 1903, the high water rose to a height of 6.68
feet above mean river level or more than 4 feet greater than the
average rise. It is further noted that the rise of high water above
river level was almost 114 feet more than the mean range of tide at
Philadelphia or approximately 172 per cent greater than the mean
rise of tlge high water above river level.

At first thought we might expect considerable variation in results
of any two periods of time of the average annual values of extreme
high water since these high waters are produced by variations in
meteorological conditions which are rather uncertain. As a matter
of fact, however, there is found to be only a slight difference between
the two 10-year periods in Table 15. For the first period we derive
a value of 4.06 fget above mean river level and for the second 4.09
feet. From these values we find that the plane of extreme high
water rises approximately 66 per cent higher above mean river level
than does mean high water. KEven for the averages of the highest
values—one for each year of the groups—it is seen that the mean for
the first group, 5.09 feet, compares closely with that of the second
group, 4.95 feet. We may conclude from the above that the plane
of extreme high water and highest high water, when determined from
a number of years, constitute well determined planes. Between the
highest and lowest individual values of extreme high water we find
a difference of approximately 214 feet, while between the highest and
lowest average yearly values for the 20 years there is a difference of
a little more than 1 foot.

11. THE PLANES OF LOW WATER

For each of the high water planes discussed in the preceding section
there is a corresponding low water plane. Table 17, which follows,
sives the results of observations at Philadelphia for 1901 to 1920

ivided into two 10-year groups.



TIDES AND CURRENTS IN DELAWARE BAY 21

TaBLE 17.—Low waler on staff, Philadelphia; annual means, 1901 to 1920

Year Feet Year Feet
3.73 3.66
3.96 3.59
3.92 3.66
3.66 3.7
3.59 3.83
3.73 M
3.75 3.83
3.61 3.03
3.58 4,04
3.68 3.92
Sum. e eeeaas 37.21 Bum. e 37.68
Mean . e 3.72 Mean. e micaiaiaan 3.80

From a comparison of the above table with that of Table 12
(annual mean of high water on staff) it is seen that the annual means
vary in a somewhat similar manner. Between the highest and lowest
yearly values of Table 16 there is a difference of 0.46 foot, and be-
tween the two 10-year groups a difference of 0.08 foot.

TaBLE 18.—Low water below river level, Philadelphia; annual means, 1901 to 1920

Year Feet Year Feet
2,74 2 85
2.82 2.82
277 281
275 2.72
270 278
2.80 2,71
2.76 2.69
2.79 2,67
2.80 2.74
2 83 2,78

27.85 Sum. o 27,67
2.79 Mean . oo eeas 2.76

In Table 18 are shown the annual means of low water below river
level. As in Table 13 the mean of the first group is slightly greater
than that of the second. For the 20 years a mean value of 2.77
feet is derived. Between the highest and lowest values there is a
difference of 0.18 foot.

TABLE 19.—Low waterT below river level, Philadelphia; annual means corrected for
longitude of moon’s node

Year Feot Year Feet
260 292
275 2 90
2.69 2.90
2,67 280
272 2.84
2.74 275
2.72 2.70
2,79 2.66
2,83 270
2.88 2.72
275 279
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If, as in the case of the high waters, we correct the low waters to

their mean values 2.75 feet 1s derived for the first and 2.79 for the
second group, or an increase of 0.04 foot during the last 10 years of
observations. The mean of the 2 groups, or 2.77 feet, may be taken
as the mean value of low water %elow river level at Philadelphia.
Just as we found indications of a rise in the plane of high water from
Table 13 we have indications of a fall in the plane of low water,
and the change in both cases is practically the same. It will be
shown in the section on range of tide at Philadelphia that the annual
variation of range for the two 10-year groups also indicates an increase
in the range of tide of approximately 0.1 foot. '
—In the previous section, 2.46 feet was derived for the value of high
water plane above river level. Comparing this with the accepted
value of 2.77 feet for the plane of low water below river level, it is
evident that the planes are not symmetrical with respect to river
level, the fall of low water being more than 0.3 foot greater than the
rise of high water. For a station not affected by river conditions,
as at Delaware Breakwater, we find that this difference between the
two Hla.nes is only 0.08 foot. The difference existing hetween the
outside station at Delaware Breakwater and the river station at
Philadelphia may be ascribed largely to the effect produced by fresh
water run-off. A study of the tide curve at Philadelphia will show
that the gradient for the fall of tide is less than that for the rise of
tide. An explanation of the cause of this difference was given in
the discussion of duration of rise and fall.

TaBLE 20.—Low waler on staff, Philadelphia; annual variation

; Low Low Low Low
‘Month water Month water Month water Month water
Feet Fect Feet Feet
January ... 3.65 || April._...___.. 4.00 | July oonooL 3.64 || October_....... 3.90
February....... 3.54 || MaV.ovrmoaaonnan 3.78 i| Augusto......___ 3.77 {| November._._. 8. 64
March...______ 3.88 | June_._......... 3.78 || September__.... 3.83 || December..__.. 3.60

The annual variation in the plane of low water based on the 20 years
of observations from 1901 to 1920 is shown in Table 20. Between the
highest and lowest monthly values there results a difference of 0.46
foot. Comparing this difference with that derived between the
maximum and minimum of Table 15, or 1.04 feet, it is observed that
the annual variation for the plane of low water is less than half that of
the %lane of high water. This is best seen by comparison of Figures
6 and 7. : .

Unlike the annual variation of the tidal planes previously dis-
cussed, which have been similar in most respects, we find in examining
Figure 7 a sharp contrast in the annual variation of the plane of low
water, for instead of passing through one cycle with a single maximum
and minimum it passes through two cycles. If we compare Figures 6
and 7 we find that both high water and low water are a minimum in
February, and that they both similarly reach a maximum in April.
In the graph of low water, however, we find that instead of remaining
at this maximum during the spring and summer months, as happens
in the case of the high water, it decreases from a maximum in April
to asecond minimum in July, and then increases to a second maximum
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in October after which, like the high water, it rapidly descends until
February. A probable explanation for this phenomenon may be had
by a study of the relation between river discharge and the planes of
high and low water. It will be shown later that river discharge has a
pronounced influence on both planes, but with a greater effect on
that of low water. We may, therefore, ascribe the characteristic
variation of this plane as due in large part to the river discha.rge.

Table 21 below contains, besides mean low water, the results for
other datum planes from a tabulation of the two-year series 1901 and
1902, and corrected for inclination of the moon’s orbit,

TaBLE 21.—Low water planes, Philadelphia; below mean river level

Feet
Mean low water_ _ _ e mmmecmam—a—— 277
Spring low wabter______ o 2,83
Neap low waber. o 2. 66
Tropic lower low water_ _ ... 2. 96
Tropic higher low water__ __ _ .. ... 2. 67

As in the case of the high water planes where it was seen that the
tropic higher high water constituted the highest plane given, here we

VAN, FEB.  MAR APR._MAY _JUNE _JULY __AUB.__SEPI. OCT. MOV, OEC:
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Fi6. 7~—Annual variation in low water, Philadelphia

find that the tropic lower low water is the lowest plane. A conspicu-
ous difference to%)e noted, however, is the smaller differences between
the heights of the various low water planes as compared with those
of high water. For example, between the highest and lowest of the
low water tplanes we have a difference of 0.30 foot, as compared with
0.96 foot for the difference between the highest and lowest of the
high water planes. This might have been anticipated from the
graphs of the annual variation of high and low waters where it was
observed that the greater difference existed between the maximum
and minimum monthly values of the high water. :

From the table it is seen that below the plane of river level spring
low water falls 2 per cent lower than mean low water. In the pre-
ceding section we found that spring high water rose 9 per cent higher
than mean high water. The plane o% neap low water is 4 per cent
higher than mean low water, compared with 13 per cent E)r neap
high water below mean high water. Tropic lower low water is 8 per
cent lower than mean low water, compared with 12 per cent for tropic
higher high water above mean high water; and tropic higher low water
is 4 per cent higher than mean low water compared with 27 per cent
for tropic lower high water below mean high water.
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Just as we defined the plane of extreme high water as the average
over a considerable period of time of the greatest high waters, one for
each month of the year, we may similarly define the plane of extreme
low water by substituting the words ‘“lowest low waters” for * highest
high waters.” Table 22 gives the yearly averages of the extreme
low waters below mean river level, together with the date and value
of the extreme low water of each year.

TaBLe 22.—Exireme low waler below mean river level, Philadelphia; annual means

and lowest
Aver- . Aver.
Year age Lowest Year age Lowest
|
Feet Date ! Feel
6.32 Dec.29___.| 572
512 Jap. 6._.__. ' 662
- L= e 9 . | 662
5.42 Jap, 13,0 642
5.12 Dec. 15. ... 5,22
5.52 Feb. 28 _____ 5.32
5,72 Dec. 11_.. | 5. 52
4.82 Mar. 11_..._] 592
5.42 Mar. 29 .82
5,42 T |  &s82
6.32 %
______________ i 60.00
. . 55.20 60
Means_._____.| 4381 TTTTTTTTT 5.52 I |

As in preceding tables the 20-year period of observations is divided
into two 10-year groups. For the first group, 1901-1910, we get a
mean value of 4.18 feet and for the second a value of 4.22 feet for
the plane of average extreme low water below mean river level.
Here again there is an indication that there has been a lowering in
the plane of low water, and the amount of decrease agrees almost
exactly with that for the plane of mean low water. Between highest
and lowest values of the yearly averages there is a difference of
approximately 0.7 foot, the i%}lest value occurring in 1913 when the
plane of extreme low water fell to 4.61 feet below river level. The
plane of average extreme low water may be taken as the mean of the
20 years of observations, or 4.20 feet, from which we find that the
plane falls 50 per cent further below mean river level than does the
plane of mean low water.

The lowest low water during the period 1901 to 1920 occurred on
March 29, 1919, when the low water fell to 6.82 feet. This represents
a distance below mean river level 144 per cent greater than that of
mean low water. Between the highest and lowest individual values
of the extreme low waters we find a difference of exactly 2 feet; and
between the highest and lowest values of yearly averages there is a
difference of 0.69 foot. It is evident from Tables 16 and 22 that.
extreme tides occur mostly during the winter months.

12, THE PLANE OF MEAN TIDE LEVEL

Mean tide level may be defined as the plane lying midway betweemn
the planes of mean high water and mean low water, and is deter-
mined by taking the average of the low waters and high waters over
a considerable period of time. If high water and low water were
symmetrical with respect to mean river level, tide level and river
level would be identical. For an outside station these two planes.
are almost identical, but for a river station there appears to be con-
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siderable difference between the two planes. This fact may be attri-
buted to the difference in character of the tide curve for a riveér sta-
tion. At Philadelphia a comparison of the yearly values of river
level and tide level will show a very nearly constant relation. From
20 years of observations it is found that the plane of mean tide level
is 0.16 foot below the plane of mean river level. The above value
may be derived directly from mean high and low water planes by
taking half of the difference between the two.

It is obvious that the graph of annual variation of mean tide level
will follow closely that of mean river level and that both curves will
exlthibit the mean of annual variation of the high and low water

anes.

P 13. THE RANGE OF THE TIDE

Range of tide is the difference in height between high and low
‘waters, and the mean range of tide may be defined as the difference
in hei%ht between the plane of mean high water and the plane of
mean low water. Various ranges, may therefore, be obtained from
the preceding high and low water tables.

It is seen from Table 1 that the range of tide exhibits similar varia-
tions during a month as do the other tidal constants. Table 23 gives
the yvearly range of tide at Philadelphia from 1901 to 1920, divided
into two 10-year groups.

TaBLE 23.—Range of tide, Philadelphia; annual means, 1901 to 1920

Year Feet Year Feet
5.23 5.30
534 5.83
5,29 5.28
5,22 518
8,23 5.23
5.28 5. 12
5, 22 5.07
528 5,03
5.25 5.16
5. 22 5.26

52, 56 BUM . oo 51.98
5. 26 B L 5.20

The values in Table 23 are obtained by subtracting the yearly
values of low water, referred to staff, from the corresponding values
of high water; or they may be obtained by adding the yearly heights
of high water above river level to the heights of low water below
river level. The yearly means corrected for longitude of the moon’s
node are given in Table 24. -

‘TaBLE 24.—Mean range of iide, Philadel phia; annual means corrected for longitude
of moon’s node

Year . Feet Year Feet

—
&
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5.30 3
SUM e 51.76 Sum .o iieas 52. 56
@ MeaAD .. . 18 Mesn . i emeeiiaaa 5.26
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In Table 24 the corrected mean range of tide for the period
1901-1910, is 5.18 feet, and for the period 1911-1920, it is 5.26 feet.
It appears, therefore, that the range as determined from the latter
period is 0.08 foot greater than the earlier period. The mean of
the two groups, or 5.22 feet, may be accepted as the mean range of
tide at Philadelphia. As in the case of the tidal planes there appears
to be a regular seasonal change or periodicity in the range of the
tide. Figure S represents the variation graphically for the periods
1901-1910 and 1911-1920.

It is apparent from a glance at the figure that for both the period
1901-1910 and 1911-1920, the curves of annual variation are similar
and that for the latter period the lLeights are consistently greater.
The graphs resemble in many respects that of the annual variation
in high water. If we were to plot the annual variation of this same
plane for a station not influenced by river tides we would find little
or no seasonal change. We may therefore attribute the annual
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FIG. 8.—Annual variation in range of tide, Philadelphia

variation of ranﬁe. as produced largely by river conditions. In
another section of this publication it will be'shown that the farther
up the river, the greater will be the annual variation of range of tide.
Since range of tide is by definition the difference between high and
low waters the mean of the two curves represented in Figure S will
therefore be the difference hetween Figures 6 and 7.

It is apparent that Figure § resembles Figure 6 more closely. The
lowest range occurs during the month of %‘ebmary and the highest
during the month of July. Between the maximum and minimum
heights of the annual variation of range there is a difference of almost:
a foot., That the annual variation of range is closely allied to the
river discharge will be shown later.

In the tables of tidal data further on in this volume, use is made
of this annual variation in the reduction of observed ranges to their
mean values for stations where no simultaneous comparison with a
standard station is possible. By applying to the observed range a
factor depending upon the time of observation we are able to get a
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close approximation to the mean range for the particular station in
question.

From the definition of range of tide it follows that for the various
high and low water planes due to the variations in the positions of
the sun and moon with respect to the earth, there will be correspond-
ing ranges; and likewise for the planes produced by varying meteor-
ological conditions there will also be corresponding ranges. These
ranges are mean range, Spring range, neap range, perigean range,
apogean range, great diurnal range, small diurnal range, great tropic
range, small tropic range, extreme range, and greatest range. 8
designations of spring, neap, perigean, and apogean ranges are evi-
dent from the definitions of the higﬁl and low water planes of the same
name and need no further description.

Great diurnal range is the difference between the planes of higher
high water and lower low water. Small diurnal range is the differ-
ence between the planes of lower high water and higher low water.
Great tropic range is the difference between the af anes of tropic
higher high water and tropic lower low water. Small tropic range is
the difference between the planes of tropic lower high water and tropic
higher low water. Extreme range is the difference between the
planes of extreme high water and extreme low water, and greatest
range is the difference between highest observed high water and
lowest observed low water.

Table 25 %ives the values for the more important of these ranges
at Philadelphia. These values are derived from the high and low
water planes of the nreceding sections.

TABLE 25.—Tidal ranges, Philadelphia, Pa.

Feet Feet
Mean range_—_ _______._____.. 5. 22 | Small tropie range. . ._..____.. 4. 46
Spring range .- _______.._.__.__ 5.51 | Extreme range. . .. _________ ~ 827
Neaprange_-____________._.. 4, 81 | Greatest range.. - ________.___._ 13. 50
Great tropic range..________.. 571 |

In the above table the best known values for Philadelphia are
shown. The mean range is the mean of the 20 years of observations
from 1901 to 1920. Spring, neap, great tropic, and small tropic
ranges are based on the two years of gbserva.tions from 1901 to 1902,
and the extreme range and greatest range are based on the 20 years
of observations from 1901 to 1920.

14, HARMONIC CONSTANTS

Harmonic constants are used primarily in the prediction of tides
for the various ports of the WOI‘Yd and are based on an analysis of
the hourly heights of the tide. In the Coast and Geodetic Survey the
derived constants are used to give settings on the tide-predicting
machine, by which the tide is predicted for many places. Harmonic
constants can be used also in the determination of the tidal planes
and in deriving the ages of the tide.?

At Philadelphia harmonic analyses of the hourly ordinates of
tide have been made for the years 1901 and 1902. The length
of series in each case is 369 days. Table 26 gives the mean value

3 For a discussion of harmonie analysis see Harmonic Analysis and Prediction of Tides, by Paul Schure-
man, U. 8. Coast and Geodetic Survey, Special Publication No, 98.
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for the various constants based on the two years. In the table the
amplitudes of the components are given in column headed H and the
epochs in column headed «.

TABLE 26.—Harmonic constants, Philadelphia

[Values in parentheses have been inferred from other constants]

1901 1901

1901 |
Component ! Component ; Component
H K ' H K | H &
i .

Feet Degrees Degrees

(0. 020) (225) 28
0.316 218 (7)
0. 001 78 203
0.210 61 (233)
0.025 329 200
2, 367 49 QL0 1O T 0. 147 22
0.018 185 (o1 11 I P—— (0. 010) (196)
0. 368 (88)
0.112 | 208 | Srooo e
0.069 | 156 88

I

As noted above the ages of the tide may be derived from harmonic
constants. The formulas for the various ages are given below:

Phase age, in hours_._______ e~ 0. 984 (8.°-M;°)
Parallax age, in hours.. e 1. 837 (Ma°~-N,°)
Diurnal age, in hours_ - __ . e.o 0. 911 (XK;°-0;°)

As previously defined the phase age of the tide is the interval by
which spring tides follow new or full moon, or the interval by which
the neap tide follows the moon’s first or third quarter. From the
above formula we derive for the phase age of the tide at Philadelphia
38.4 hours.

The parallax age of the tide is the interval by which perigean and
apogean tides follow, respectively, the times when the moon is in
perigee and apogee. From the formula above we derive for the
parallax age at Philadelphia 38.6 hours.

The diurnal age of the tide is the interval by which the tropic
tide follows the mwoon’s semi-monthly maximum north and south
declination. We derive for Philadelphia from the formula above a
value of 13.7 hours as the diurnal age of the tide.

15. EFFECTS OF WIND AND WEATHER

In the foregoing sections we found that the planes of extreme high
water and extreme low water and the extreme range of tide were
much greater than the average. The plane of extreme high water
rose 114 feet above mean high water; the extreme low water plane
likewise fell 114 feet below mean low water, and the extreme range
was 3 feet greater than the mean range. It was also shown that
the spring and tropic tides are somewhat greater than the average.
From harmonic constants the perigean tide is also found to be some-
what greater than the average. Assuming that to the average high
water and to the average low water is applied the increase which
would be brought aboutﬁ)y a coincidence of a spring tide, a perigean
tide, and a tropic tide, it would be found that the high water and low
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water planes thus produced would he approximately 1 foot less than
the extreme high and low water planes, and the range would be
approximately 2 feet less than the extreme range. It is evident,
therefore, that the extreme tides must be due to other than astronomic
causes.

If we investigate the meteorological conditions at the times of the
extreme tides represented in Tables 16 and 22 we find in the majority
of cases high winds or sudden changes in barometer or both. We may,
therefore, conclude that the planes of extreme high and low waters
are produced largely by wind and weather. It is to be noted further
that in almost every case the highest and lowest tides were confined
largely to the winter months when storms are most prevalent,
and that the highest high waters generally occurred with an easterly
wind and a falling barometer, and the lowest low waters occurred
when the wind was blowing from the northwest and the barometer
had been low and was rising. At times, however, we find that the
extreme tides occur with a normal barometric pressure, strong
winds alone producing the effect on the tide. If we refer to Figure 1,
showing the Delaware Waterway, it is evident that a northwest wind
tends to blow the water out of the river and therefore produce a tide
lower than usual, and an east wind tends to drive the occan waters
up the bay and river and thus produce a high water that is higher than
usual. Likewise an increasing barometric pressure tends to lower
the low water and a decreasing barometric pressure tends to raise
the high water.

It is observed during storms that corresponding to a lowering of
the plane of low water there is generally a Iowering of the plane of high
water and corresponding to a rise in the plane of high water there is
generally a rise in the plane of low water. The effect of the storm
therefore is to raise or lower the river level, and this brings about
higher or lower high and low water planes.

Not only are the tidal planes affected by wind and weather but the
range and time of tide are also changed, as the following considera-
tions show.

The lowest low water at Philadelphia during the period 1901 to
1920 occurred on Mareh 29, 1919, at about 8 a. m., and resulted from
strong northwest winds which hegan to blow with considerable force
the day previous and reached a maximum velocity of 36 miles per
hour at noon on the 29th. On the 26th the barometer began drop-
ping and reached the lowest level of 29.45 on the evening of the 27tL,
or approximately 36 hours prior to the extreme low water recorded.
The barometer then began to rise and on the 29th it was well on the
upward trend. From a height of 7.4 feet on the 27th the river level
began a sharp decline reaching a minimum of 2.35 feet on March 29,
representing a drop of over 5 feet in 36 hours. Coincident with the
fa,ll of river level we find that the low water and high water planes
also fell, the former dropping approximately 5 feet and the latter
414 feet. It is evident, tLerefore, that the effect of the storm was
to lower the plane of river level and consequently the planes of low
and high water.

Considering now the range of tide, we find that the low water in
uestion, which corresponded to a staff reading of — 0.8 foot, fell 4.4
eet from the preceding high water and rose 5.1 feet to the succeeding

80035—26——3
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high water. From the predicted tides the above ranges should have
been 5.2 feet and 5.8 feet, respectively. We see, therefore, that the
range of tide was decreased approximately three-fourths foot because
of the storm. An examination of the range of tide for the day preced-
ing the storm shows a range of 2.8 feet from the high and low water
on the night of the 28th, which compared with a calculated range of
5.1 feet, or a difference of 2.3 feet. Ior the entire period of the storm
the average decrease of range was approximately 114 feet. We see,
therefore, that the storm also has a pronounced effect on the range
of tide. This was to be expected, since it was previously shown that
the river level passed through a curve of annual variation similar
to that of the range of tide, and, therefore, any effect of river level
would be reflected in the range of tide.

Still another effect of the storm is seen from a comparison of the
actual and calculated times of tide. On March 29 the calculated
time for the low water was 6:30 a. m., and the observed time was 7:42
a. m. The actual time of tide, therefore, was approximately 134
hours later than the %])redicted time. For the calculated times of low
and high waters on the evening of the 28th we have 6:09 and 11:17 p.
m., respectively, and for the corresponding observed times we have
8:18 and 11:42 p. m. Between the predicted and observed times
of low water there is a difference of more than two hours, and
between the predicted and observed times of high water a difference
of nearly half an hour, the observed tide in each case occurring later.
For the entire period of the storm the low water occurred approxi-
mately 114 hours later and the high water approximately one-half
hour ya.ter than the predicted tides. It is seen, therefore, that not
only is there a lowerinﬁ_ of the low water plane but a change in time
of tide, the greatest effect being on the time of low water.

From the above facts it is obvious that since the time of low water
is delayed approximately one hour more than the time of high water,
the duration of rise must be decreased and the duration of fall in-
creased by a similar amount. For the 28th a duration of rise of
about 3 hours and a duration of fall of 10 hours is derived. TUnder
normal conditions the duration of rise should have been approxi-
Iﬁmtely five hours, and the duration of fall approximately seven

ours,

The highest high water during the period 1901 to 1920 occurred
at 4.55 p. m., on October 11, 1903, when a height of 6.7 feet above
mean river level was recorded. A study of the meteorological
conditions shows that on the 9th the barometer dropped to 29.63
and remained near this level during the storm. Although the wind
blew for several days from the northeast at Philadelphia with a
maximum velocity of 37 miles per hour, the wind at the entrance to
the bay was from the east, driving the ocean waters into the bay and
river.

As in the case of the northwest storm the entire tidal régime was
disturbed. Considering the river level we find that it rose from a
height of 6.9 feet on staff on October 9 to 11.0 feet on the 11th, or
approximately 4 feet. Coincident with the rise of river level we find
for the same period that the high water plane and low water plane
also rose, the former rising approximately 4 feet and the latter
a}gproximately 5 feet. Here again it is observed that the effect of
the storm was to greatly change the river level and consequently the
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high and low water planes. It is to be noted that here, too, the
storm had a greater effect on the low water plane than on that of
high water. For the particular high water in question we find that
the undisturbed height of this tide should have been 3.7 feet above
river level. Comparing this with the actual height of 6.7 feet we
find that the tide rose 3.0 feet above the predicteé’ height.

For the range of tide it is found that the high water, corresponding
to a staff reading of 13.2, rose 3.7 feet from the preceding low water
and fell 4.5 feet to the following low water. From the predicted
tides these ranges should have been 5.8 and 6.0 feet. For the entire
period of the storm it is found that the average decrease of actual
range over the calculated was more than 114 feet. If we examine
the times of tide, it will be found that for the highest tide observed
during the storm the high and low waters were hut little affected.

In the previous discussion it was shown that in both the northwest
storm and the easterly storm the entire tidal régime was disturbed.
From a study of the highest and lowest tides represented in Tables 16
and 22, it appears that as a general rule the plane of river level and
consequently the plane of high water and the plane of low water is
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F1a. 9.—~Predicted and observed tide curves, Philadelphia, March 1-2, 1914

either increased or decreased according to whether the wind is blow-
ing up or down the waterway, and that the range of tide is decreased
and the time of the tide occurs later when the storm winds are from
the north sector.

In the above cases representing highest high water and lowest
low water the times and heights of tide were altered by the storms,
but the general shape of the tide curve was not cha.nge.(f7 appreciably,
there being two high waters and two low waters on each day.

" An interesting case in which the entire tidal régime has been
altered and the shape of the tide curve consequently greatly modified,
is shown in Figure 9. During the blizzard at Philadelphia in March,
1914, the wind began blowing from the northwest on March 1, at
the rate of 25 miles per hour and at 6 a. m., on March 2 it reached
a velocity of 40 miles which was maintained for a considerable period.

In Figure 9 is shown the tide curve registered on automatic tide
gauge at Philadelphia during the height of storm, together with the
predicted or calculated curve. The horizontal lines represent mean
river level. An inspection of the figure shows a conspicuous differ-
ence between the two curves, there being registered by the automatic
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gaugebut onehighand onelow water during the 24 hourswhen normally
there should have been two high waters and two low waters. The
effect of the storm was to drive the water out of the river and bay
and thus tend to nullify the tide. It is seen that the tide began to
fall at 4 p. m. on March 1 and continued to fall until 2 p. m. on
March 2, a duration of fall of 22 hours. During most of the time
the height of tide was below mean river level. The average river
level on staff for March 2 was 2.64 feet, compared with 6.53 feet for
mean river level. In other words, it dropped almost 4 feet helow
normal and for the particular day in question it was 1 foot helow
the plane of mean low water. The tide above discussed is extremely
unusual, the general effect being as previously described.

16. SUMMARY OF TIDAL DATA

In Table 27 is given a summary of tidal data for Philadelphia as
derived and discussed in the foregoing section. It is to he noted that
while the more important constants are based on 20 years of obser-
vations, the spring, neap, and tropic ranges and planes are derived
from but 2 years of observations and can therefore be taken only as
approximate values.

TaBLE 27.—Tidal data, Philadelphia

TIME RELATIONS Hours

High-water interval - _ . anaoo-- 1. 49
Low-water interval . . oo 8. 97
Duration of rise_ e 4. 93
Duration of fall. __ e eaemea 7. 49
Phase A . o e 38. 4
Parallax age. .- i 358. 6
Diurnal age_ . - - oo i 13.7
RANGES Feet

Mean range . - . e e 5 922
Spring range e 5. 51
Neap range_ - o e + 51
Great tropic range_ . - 5.71
Small tropie range_ . el 4, 46
Extreme range . e 8. 27
Ratios

Greatest range. 13. 50

Spring range—1mean range . _ _ . ... e 1
Neap range—1mean Fange . _ . .. oo e dd e m e 0.
Great tropic ralge—+mean range._ _ _ . __ oo 1. 09
Extreme range--mean range ‘1)

2

Greatest range--mean range. . __ oo . 59
HEIGHT RELATIONS

Feet
Mean high water above mean river level . . .o ____._.__ 2. 46
Spring high water above mean riverlevel _ . __ ... ____._ 2. 68
Neap high water above mean river level . _ ____ ___ .. . ___.___ 2.15
‘Tropie higher high water above mean riverlevel ... ___.________ 2. 76
“Tropic lower high water above mean river level. __._____ . _________ 1. 80
Extreme high water above mean riverlevel _______ . ___ . ____.._ 4 08
Highest high water above mean riverlevel - .. _._ 6. 68
Mean low water below mean river level. ___ . _ o ._ 2. 77
‘Spring low water below mean river level . _ . _____._ 2. 83
Neap low water below mean river level . ___. . ____ ... .. 2. 66
“Tropic lower low water helow mean riverlevel. . _______ 2. 96
“Tropic higher low water below mean river level __ .. __ ... __-__. 2. 67
Extreme low water helow mean riverlevel . ___ . __ . __.._.__ 4 20
Lowest low water below mean river level - __ ____ o aa_ . 6. 82

Mean tide level below mean river level ... L. 016
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THE TIDE IN DELAWARE BAY

The earliest observations of the tide in Delaware Bay on record in
this office were made in 1836 at Cape May landing. From this
time on, scattered tidal observations were made on staff or tape
gauges at various places along the bay. In 1919 an automatic gauge:
was established on the Government Pier at Lewes and was operated;
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F1i. 10.—Tide stations, Delaware Bay

with slight inteniupticns until 1923. This series of four years repre-
sents the best obtained in Delaware Bay. There are also two other
series for Government Pier given in Table 28, four months, 1583-84,
and three menths, 1910-1914. In ccmparing the values for the dif-
ferent series slight differences are chserved. While there is a close
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agreement between the 1910-1914 and 1919-1923 series, a slight
discrepancy is observed between these and the 1883 series. is
difference may in part be accounted for by the breakwater construc-
tion work taking place at Cape Henlopen between the earlier and
later observations. The agreement between the three series is good,
but for the best determined values we may take those resulting from
the four-year series.

L
it e

TaBLE 28.—7Tidal data, Delaware Bay

Lunijtidal f
intervals Dura- Observations
Sta- Locality tion of | Mesn
tion ’———— rise range —————————————————
: HWI | LWI Date Length
t
WESTERN $SHORE |
| Hours | Hours | Hours | Feet
A....| Delaware Breakwater. . [ 1.63 6.25 4,16 | 1863~1868 | 1 month.
B..... Government Pier, Lew 8.2 1.40 6.30 4.01 | 1853-84 | 4months.
828 1.82 6. 46 4.10 [1810-1914 | 3 months.
- 1.89 6.39 4.11 [1919-1923 | 4 vears.
7.81 1.66 6. 15 3.99 1882 4 days.
9.%7 2.51 7.26 4,60 1583 2 days.
8.72 3.85 4.87 3.84 1883 17 days.
5. 86 2.69 6.17 4,08 [ 1883-84 | 24 days.
Q.94 3.50 6. 44 5,64 | 1841-1843 | 5 months.
0 | .39 3.50 5.89 5.31 1883 2 months.
Leipsie Creek Entrance. - 9. 49 3.73 5.1 b, 44 1832 S days
..... Woodland Beach._._____ -1 10,17 4.67 560 | 15.69 1924 3 months,
kS Duck Creek Entrance_ 10.40 . 4.90 5. 50 5.08 1841 1 month
_____ [, P 10. 35 4.7 5.65 5.80 1882 1= month
..... do_ ... 10. 34 4.87 5.47 5,89 1910 4 days
K._._.| Collins Beach___ 10, 59 4.71 5,88 5. 67 1881 13 month,
EASTERN SHORE
L.....; Artificial Island . oo ool 10.41 507 5.34 | 15.90 1024 3 months.
----| Btony Point._.___ -l 10.47 4.98 5.49 6. 03 1900 13 days.
N.._.| Bayside..__- 4999 4,27 5.72 5.67 1882 18 days.
_____ [, - 9.80 4.33 b.47 5.88% 1924 25 days.
O....| Cohansey River Light . 9.72 4,34 5,38 6.13 1841 1! s months.
P___.. Seabreeze. _ --eeaeo..- - 9.69 3.92 5. 77 5,00 |1880~1882| 11 months.
Q..... Back Creek Entrance 9.08 3.28 5.80 5.65 1882 5 days.
R....| Fortescue Beach.. 9.06 3.17 5,89 6.00 | 1%80-1882| 1 month,
- J— Egg Island Light 9.15 3. 5.91 5.79 | 1841-12 | 2 months.
- 8.81 2,83 5. 98 5.77 | 1867-1885 | 18 days.
9. 08 3.30 578 5. 68 1885 11 days.
8.80 2.84 5.96 5.60 | 1834-85 | 2 months.
Brandywine Light .. ccneroooo - 822 2.25 597 4,85 1014 5 days.
W....| Cape May Steamboat Landing.- | 7.83 1.97 5.86 4.65 1336 1 month.
..... A0 e e | 791 1.74 6.17 4.74 1867 10 days
_____ do__ -l 829 1.91 6.38 4.73 1883 3 days.
_____ Q0. e eiicieeceeeeee| 8018 1.90 6.26 4,71 1885 1 month,

1 Range based on two and one-half years of high and low waters.

In Table 28 is given high water interval, low water interval, dura-
tion of rise, and mean range for the various tidal stations. The
table is divided into two parts, the first containing stations on the
western shore and the second containing stations on the eastern
shore. Figure 10 shows the location of the stations. Where it was
possible to do so the best mean values were obtained by a comparison
with simultaneous observations at a standard station such as Dela-
ware Breakwater, Fort Hamilton, Sandy Hook, etc. In many cases,
however, this was not possible, and to get the closest approximation
to mean values use was made of the phenomena of the annual varia-
tions of lunitidal intervals and range of tide. From Figures 2 and 8
it was evident that both the range and lunitidal intervals varied
from month to month throughout the year. By observing the amount
which each monthly value is above or below the mean, we may obtain
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factors by which a short series of observations can be corrected to
give a generally closer approximation to mean value. Through the
use of this method were reduced all those series of observations which
could not be compared simultaneously with standard stations.

Curves showing annual variation were drawn for all tidal stations
along the waterway where sufficient data was at hand. In order to
determine the annual variation at any particular station, an interpo-
lation was made of values from these curves. The various curves
will be shown elsewhere in this volume.

From a study of the data represented in Table 28 it will be seen
that both the time and range of tide increases from the Capes.

Between Government Pier, Lewes, Del., and Artificial Island the
two extremities of this section of the waterway, a distance of approx-
imately 42 nautical miles, the range increases from 4.11 feet at the
former place to 5.90 feet at the latter, and the high water interval
increases from 8.28 to 10.41 hours. Hence it is seen that not only is
there a difference of range between the two extremities but also a
difference in time of tide. If only the time of tide changed, and the
range remained much the same throughout, we would expect & pro-
%ressive type of wave. If, on the other hand, the time differed but
ittle, and only the range changed, we would expect a stationary type
of wave. However, from the tidal data it is evident that both time
and range change from one extremity of the waterway to the other,
and we must, therefore, look for a combination progressive-stationary
ty%e of wave.

or a body of water to support a stationary tidal wave its period

of oscillation should be nearly the same as that of the tide, or approx-
ifmatel 12 hours. If we determine the period of the bay from the
ormula

4L
T=—"F=
Vgh
in which L=1length of body of water or approximately 255,000 feet,
g=acceleration of gravity or 32.2 feet per second, and h=average
depth of water or 23.2 feet, we get 11.1 hours. This aproximates to
the period of oscillation of the tide, and the body of water will, there-
fore, support a stationary wave. :
The reason for the stationary features has been brought out, and if
in the formula for a progressive wave v=+/gh in which »=velocity of
tide, g=acceleration of gravity and h=average depth of waterway
we appl(f the values given above, a velocity of 27.3 feet per second 1s
obtained for the rate of progress of the tidal wave. As the distance
between the two extremities of the waterway is approximately
255,000 feet, the time that it should take for the tidal wave to be
propagated from Delaware Breakwater to Artificial Island—the two
extremities of the waterway—should be approximately 9,300 seconds.
As determined from Table 28 the actual time of propagation of the
tidal wave is 8,200 seconds.
From the above we see that the actual tide agrees closely in time
of propagation with the progressive type of wave and the heights
agree with the stationary type. We may conclude, therefore, that

the type of tide in the waterway is a combination of the stationary
and progressive wave types.
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Due to the rotation of the earth there is a tendency to deflect all
moving bodies to the right in the Northern Hemisphere and to the
left in the Southern Hemisphere. We would therefore expect in the
Delaware Bay that on the flood tide the water would be deflected to
right, or cast shore, and high water would therefore be higher on this
bank, and on the ebb tide the water would again be deflected to the
right, or this time to the western shore, and therefore the low water
would be higher here. It is evident from the above considerations
that the tide should rise higher and fall lower on the eastern, or New
Jersey shore, and hence the range should be greater on this shore.

Comparing the actual tidal ranges on the two shores relative to the
axis of the waterway, we find that the range on the New Jersey shore
is considerably greater. The theoretical amount, in feet, by which the
ranges on the two banks of a tidal stream differ is represented by the
formula * 3@8—1112 in which v=velocity of the water in knots; d=
width of waterway in nautical miles, ¢=the latitude, and g=ac-
celeration of gravity in feet per second. For a waterway of con-
siderable width and varying depth, such as the Delaware Bay, this
formula can only be taken as approximate.

Between Cape May and Cape Henlopen there is a distance of
approximately 10 nautical miles, and the average current at the
time of high and low water is about 1 knot. The latitude at the
middle of the section across the Capes is 38° 52’ and the sine of this
angle is 0.63. Applying these values in the formula above we have
for the calculated difference in range hetween. Cape Henlopen and
Cape May 0.85 foot. From Table 28 the actual difference in range of
tide, as represented by stations B and W, is 0.60 foot. Considering
now a section across Bayside, where the bay has narrowed consider-
ably, we find that the difference in range between the two shores, as
determined from the formula above agrees fairly well with that of
the actual range, as determined from stations at Woodland Beach and
Bayside. In this case »=1.3 knots, d=4 miles and ¢=39° 23’.
Applying these values in the formula we get a calculated difference
in range hetween the two sides of 0.31 foot. From Table 28 the
act-ua}.l difference as represented by stations N and I is found to be
0.20 foot.

Since the width of bay and strength of current vary for different
sections, the difference m range hetween the two shores will differ
throughout the bay. This feature may best be seen from Figure 11.

In the figure are shown two curves, one representing the range of
tide on the Delaware side of the bay, and the other, that on the New
Jersey side. These curves are based on the data presented in Table
28, the initial point of both curves being taken at Five-Fathom Bank,
about 13 miles outside the Capes. It is apparent that the difference
in range between the two sides increases as we go up the bay, reaching
a maximum of approximately 1 foot at a section about 15 miles from
the Capes, whence it begins to decrease until at a section through Ston
Point the difference between the two banks is but 0.2 foot, approxi-
mately. Beyond this point the river contracts sha.rflv and there is
no appreciabjfe difference in range. By comparison of Figures 10 and

4 8ee U. 8. Coast and Geodetic Survey, Special Publication No. 111, Tides and Currents in New York
Harbor, p. 68.
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11 it is evident that as the width of the bay increases the difference in
range increases, and as the width of the bay decreases the difference
in range between the two sides decreases.

Referring again to Table 28 we have for Station B, Government
Pier, Lewes, Del., 8.28 hours for the high water interval, 1.89 hours for
the low water interval, with a resulting duration of rise of 6.39 hours.
For Artifical Island we have 10.41 for the HWI and 5.07 for the
LWI, with a resulting duration of rise of 5.34 hours. It will be seen
that while the HWI increased 2.13 hours, the LWI increased 3.18
hours, or over one hour more than the HWI, resulting in the
decreased duration of rise noted. The mean time of tide between
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F15. 11.—~Range of tide on two sides of Delaware Bay

Delaware Breakwater and Artificial Island may be taken as 2.7 hours,
the correction for difference in longitude being small. An explanation
of the difference between the rate of change of the HWI and LWI may
be had in the following. As the tidal wave is propagated up the bay,
it meets an obstacle in the river water seeking its way to the ocean.
The current produced by the freshets therefore tends to retard the
time of low water, decreasing the duration of rise.

In a previous section it was pointed out that for Philadelphia there
was an annual variation of the entire tidal régime. The same
phenomena are observed in the Delaware Bay, although not to such
a marked degree as in the river.
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TasLe 29.—Tide level in feet, Delaware River; annual variation

Dela-
‘Wood- :
Month yare lang | Artifical
\713;::1]}1 Beach? | Island?
Feet Feet Feel
JANUALY .« o e icmmmmeccemmaccememmmms——scaceaeaas] 3.91 2.72 2,40
February.... o mm e mmM—ame—e—acme—amae- - - 4,11 2.95 2.80
March__. N 4.04 293 3.20
April__ 4.20 3.07 3. 50
Y ... 4.40 3.17 3.67
June. .. 4,32 3.15 3. 56
July...... 4,34 3.20 3.60
August._. - 4,42 3.28 3. 58
September. 4. 46 3.35 3.70
October___.. - 4,34 3,25 3.46
N OV DT, oo - em e acmemccaam e ammm e mm e mm e 4.88 3.15 3.42
DeCember . « oo e et ceme e mea—meea————a 4,22 2.95 3.12
T SO, 4,26 3.10 3.33

1 Referred to 0 of staff. .
2 Referred to 0 of precise levels run by United States Engineers, 1911-1913.

Table 29 gives the annual variation in tide level at three stations
where the tidal observations were of sufficient length to determine
these data. The values given for Delaware Breakwater were deter-
mined from series 1919-1923, for Woodland Beach 1922-1924, and for
Artificial Island from 1921-1924. At Delaware Breakwater the heights
are referred to the zero of staff at that place, while at the other two
stations the heights are referred to the zero of a line of precise levels
extending fromgWoodland Beach to Trenton. In each case it will be
observed that the lowest level occurs in January and the highest in
September, and varies during the year 0.55 foot at Delaware Break-
water, 0.63 foot at Woodland Beach, and 1.30 feet at Artificial Island.
A comparison of the mean values for Woodland Beach and Artificial
Island brings out the fact that the mean tide level for the year is 3.10
feet, for the former station, and 3.33 feet for the latter, or a difference
of 0.24 foot. Since the two stations are referred to the same zero
the planes are directly comparable and the results therefore indicate
a higher level at the upper station.

TasLe 30.—Annual variation of river level, Station B, Government Pier,
Lewes, Del.

River | River River
Mouth level | Month level Month level
Feel Feet
June. . oo 4.17 || November. cceeea....... 4.25
July_ ... 4.20 || December . ..caeeooo_-- 4.08
August..._ 4,28
September 4,33 Mean ns cammanccen 4,13
October. ..o omea-. 4,21

In Table 30 is shown the annual variation of river level at Lewes,
Del. From an inspection of the data it appears that the river level
is & minimum in March and a maximum in September, and the great-
est difference in level during the year is about 0.5 foot. The mean
value of river level is derived as 4.13 feet on staff. For this same
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eriod of time a value of 4.10 is derived for the mean value of tide
evel, or 0.03 foot less than river level. This corresponds exactly
to the difference between these planes at Atlantic City, which 1s
located on the open coast. It was noted in a previous section that at
Philadelphia the plane of mean river level is 0.16 foot greater than
mean tige level and, as previously explained, is to be attributed to
river conditions.

For the series 1919-~1923 at Government Pier, Lewes, Del., the
highest high water occurred on January 29, 1922, with a registered
height of 9.3feet and the lowest low water occurred on March 28,1919
when a height of —0.8 foot was registered. The greatest range of
tide as determined from this series is, therefore, 10.1 feet. For this
station the mean range of tide, as determined from the same series, is
4.11 feet and the ratio of the greatest range to the mean range is 2.46.
The average extreme high water is 8.44 feet and the average extreme
low water 18 0.16 foot. The extreme range is, therefore, S.28 feet.
The ratio of the extreme range to mean range is 2.01.

For Station B, Government Pier, Lewes, a harmonic analysis of a 369
day series from January 7, 1919, to January 10, 1920, has been made.
The results of the analysis are given in Table 31 below.

TaBLE 31l.—Harmonic constants, Statton B, Delaware Bay

Station B (Govern- Station B (Govern-
ment Pier, Lewes, ment Pier, Lewes,
Component Del) Component Del)
H I3 H X
Feet Degrees Feet Degrees
(0.019) (132)|| Py 0. 104 124
0. 340 125 .- - 5 104
0.099 a2 (98)
0.078 278 (264)
0.019 108
82
2 240 284
0.012 213 309
0.035 220 63
0.019 261 296
0. 003 348
208
0.433 218 203
0. 057 170 223
. 260 112 (108)
(0.011) (139)

THE TIDE IN LOWER DELAWARE RIVER

Lower Delaware River runs in a general northeasterly direction
from Artificial Island to Philadelphia. This section is approximately
40 miles in length, and varies from a width of 3 miles at its lower
end to less than one-half mile at Philadelphia. Numerous islands,
shoals, and dikes hinder the free movement of the tide in the
waterway.
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Tavie 32.—Tidal daia, lower Deluware River

5 llgltg:,ﬁ;gf;l Durs- | Observations
ta- . P Mean
tion Locality tl:_)iz;egi range |— - — - —— .-
HWI | LWI Date Length
. Hours | Hourg | Hourg | Fed
A..-..| Reedy lsland Light, Del __._____._ . __. 10. 69 5,05 A, 64 577 | 1575-1881 | 23 days.
B..__| Reedy Island Quarantine, Del. 10.65 | &.27 588 | 5.91 | 189A-1900 | 4 vears,
..... do_ 10. 94 5, 87 537 | 15,56 1924 3 months.
Port Penn, Del.______.__.___. - . 502 8.22 5. %0 1840 3 days.
! 5.35 5.33 5 87 | 18811893 | 20 days.
5.86 5,24 5.80 | 15751851 | 1 month,
5.72 5,32 6. 00 1900 S days.
5.94 5.33 5.49 | 1923-25 | 16 months.
6.09 513 6. 16 1840 & days.
_________ 5,25 5. 90 1380 1 year,
561 5. 50 5,75 1881 13 day
. 6.18 5.39 5. 50 1840 5 months.
. 8.30 517 6.00 | 1873-1885 | 1» month.
..... doo_..._. . 6.52 512 | *5.42 1924 3 months.
..... Pennsville, N, J_____.___._..__._. 11.35 6,22 513 5.91 1000 18 days,
H___.| Christiana Creek Entrance, Del__ 11.81 6.59 522 5.90 1881 12 days.
Tea--- Edgemoor, Del.ooooveooooooaooo 11,98 6. 80 518 6. 03 1878 2 months
[ (4 RS SUpIN (NSRRI (ISR 5,08 5. 84 1330 7 months.
........ 11,82 8. 52 5.30 5.95 1400 13 days.
11. 99 8.97 502 35.38 1024 3 months.
________ 12,25 7.2¢ 4. 96 6.068 | "1875-79 | 1 year.
........ 12.03 7.36 4. 67 6.08 1581 10 days.
...... 0.00 7.42 5.09 5. 61 1915-18 1 year.
______ 0. 0% 7.44 506 | v5.41 1921 3 months.
Chester, Pa_. oo oL 0.37 7.%0 4.99 6.08 | 1866-1870 | 1 month
Baldwins, Pa_ . ... 0,52 7.56 508 3528 1924 13 months
Essington, Pa_........__.. ... 0. 57 804 4. 05 5.%3 1881 23 days.
Billingsport, N. J ... 0.79 8. 14 5.07 6.02 1881 23 days.
Hog Island, Pac- .o - oo ... 0. 59 8.17 4.84 522 | 1018-19 | 17 months.
Fort Mifflin, Pa .. emmemo]ememeen 4.92 593 | 1879-80 | 14 months
0.83 833 4.93 5.85 | 15%2-83 | 6 months.
0.96 8.37 5.01 | 35.17 1924 3 months.
0.80 813 5.09 5521 1861 6 days,
0,80 8.23 4.99 6.17 | 1565-187S | & months.
0. 64 8,22 4.84 5. 82 | 1881-1889 | 10 days.
0.95 8.40 4. 97 6. 26 1919 1 year
1.06 3. 45 5.03 6.00 1870 24 days

1 Range based on 3 years of high and low waters.

2 Range based on 84 years of high and low waters,
3 Range based on years of high and low waters.
¢ Range based on 933 years of high and low waters.

Table 32 gives the results of observations dating back to 1840.
The longest series is at Reedy Island, where four years of continuous
observations were made on an automatic gauge between the years
1896-1900. In connection with the various harbor improvement
projects being carried on by the United States Engineers, automatic
tide gauges have been maintained (among other places) for the past
few years at Reedy Island, New Castle, Edgemoor, Marcus Hook,
Baldwins, and Fort Mifflin. In Table 32, for the above-mentioned
stations the range is determined from all hich and low waters, while
the HWI, LWI, and duration of rise are based on the observational
data obtained from the gauges during July, August, and September,
1924, All data is reduced to a mean value by simultaneous com-
parison with the standard station at Pbiladelphia. Since the station
at Philadelphia was not established until 1900, it was found advisable
to make use of curves of annual variation previously mentioned,
to reduce short series of observations made prior to this time to best
mean value.
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In examining the data in Table 32 several striking features are
observed, one of which is the wide difference in the range of tide
between the earlier and later series. For example, for Station B,
Reedy Island, Del., the table gives 5.91 feet for the 4-year series
1896-1900 and 5.56 feet for the series 1921-1924, the latter being
based on over three years of high and low waters. These values
indicate a decrease in range of tide of 0.35 foot between 1900 and 1924,

PHILADELPHIA

Mlavtical Miles
ngborgydh P Ni234) |
T I o] 5 o]

F16. 12.-—Tide stations, lower Delaware River

Examining now Station J, Marcus Hook, we observe the value of the
range to be 6.06 feet for the 1-year series of 1878-79, 5.51 feet for
the 1-year series of 1915-16, and 5.41 feet for the 924 years of high
and low waters prior to 1924. Similarly from values in the table,
a progressive decrease in range of tide in recent years is observed for
stations at New Castle, Edgemoor, Fort Mifflin, and League Island.
Corresponding with this change in range there is also observed to be
a change in the tidal datum planes. This is brought out in Table 33.
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TaBLE 33.—Changes in tidal datum planes

Station Referred to Serles MTL | MEW | MLW
H Feel Feet Feel

Philadelphia. oo oomeoonn Stafof 1901 ___ ... ... 1891-92 6.07 8.01 3.23
1801-1920 6. 36 8.96 3.76

Maearcus Hook_ .. ooceeoo..- Staff of 1878 ... 1878-79 3.12 6.10 0.14
1015-18 3.42 6.17 0.67

New Castle..eceeecceeaaca-- B.M.No.4 e 1840-1886 13. 06 16,04 10. 08
1916-1924 13.70 16. 42 10. 99

In the table, tidal planes at three stations are compared for the
period %rior to the year 1892 and for the period following the year
1900. For stations at Philadelphia and Marcus Hook the planes are
well determined. It is to be noted that for the series 1901-1920 at
Philadelphia the plane of mean tide level increased 0.29 foot, the

lane of mean high water 0.05 foot, and that of mean low water 0.53
oot over that of series 1891 to 1892. At Marcus Hook for the one-
year series 1915-16 the planes have increased in value over the one-
year series of 1878-79, as follows: MTL, 0.30 foot, MHW 0.07 foot,
and MLW 0.53 foot. From the above it is evident than changes in
tidal planes for the two stations have taken place in recent years,
and that the rise in the plane of mean tide level has been accomplished
by arise in the plane of mean low water, the plane of mean high water
being little affected. At New Castle, where the observations prior to
1892 are made up of several short series, this conclusion is further
substantiated. It will be observed that from the values of the table
tt.,he MTL hag been raised 0.64 foot, MHW 0.38 foot, and MLW 0.91
oot.

Not only have the heights of tide been affected, but here also
appears to have been some change in the time of tide. At Reed
Island the HWI increased from 10.65 to 10.94 hours and the L
from 5.27 to 5.57 hours. At New Castle, Edgemoor, Marcus Hook,
Fort Mifflin, and League Island there are likewise indications that
the time of tide now occurs later. It appears, then, that the entire
tidal régime of the lower Delaware River has been changed somewhat
and that a decrease in range of tide has been accompanied by the
raising of the low water level, the high water level remaining almost
constant. The change in range of tide may be more clearly seen
from the following figure. ¢

In Figure 13 is shown the range of tide for the entire Delaware
waterway, divided into two periods—from the beginning of tidal
observations in 1836 to 1890, and from 1900 until the present
time. For Delaware Bay to a point 5 miles north of Woodland
Beach there was no noticeable difference in range between the two

eriods and the curve therefore shows but a single line. However,
or Delaware River the ranges as determined from the observations
prior to 1890 are as much as 0.7 foot greater than the ranges as deter-
mined from observations between 1900 and 1924, inclusive. To have
disturbed the tidal régime to such an extent it would be expected
that considerable change was made in the physical character of the
waterway. If we examine the reports of the Chief of Engineers,
United States Army, it is found that during the period 1890-1900
extensive improvements were made throughout the Delaware River.
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In its original condition the river presented obstructions at many
Places along its course. At Mifflin Bar there was but 17 feet at mean
ow water, at Cherry Island flats and Schooner Ledge 18 feet, at
Baker or Stony Point Shoal, Bulkhead Shoal, and Duck Creek Flats
about 20 feet. Because of these shoals the controlling depth of the
Delaware River to Philadelphia was limited to 17 feet at mean low
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water. A project was started between 1885 and 1890 for the general
improvement of Delaware Bay and River to permit deep-draft
vessels to reach the many important ports located on the waterway.
In order to accomplish this improvement a channel 30 feet deep and
600 feet wide was dredged from deep water in the bay to Philadef hia,
and numerous dikes and bulkheads were constructed to controf the
tidal flow and direct the course of the currents.
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It would be expected that because of the extensive physical changes
in the waterway the tidal régime would be greatly disturbed, and we
may, therefore, attribute the changes in tidal constants as due largely
to the improvements mentioned.

Referring again to Figure 12 it will be observed that in the 60
nautical miles, approximately, between Five-Fathom Bank and Arti-
ficial Island the range of tide increases almost 2 feet. From Artifical
Island where the range is a maximum for the entire waterway it
begins to decline, decreasing 0.7 foot in the 40 nautical miles, approxi-
mately, between this point and Philadelphia. It will be observed
that in the approximate 5 miles, from Artificial Island to Reedy
Island the decline is very sharp, and a decrease of almost 0.4 foot in
the range is noted. From Reedy Island to Philadelphia the decrease
in range is uniform, falling 0.4 foot in the 45 miles %approximate).

From the amount of dredging that has been done in the Delaware
River one would look for an increased range of tide, since it would
be expected that less friction would be offered to the tidal movement.
It has been observed, however, from Figure 12 that instead of the
range increasing it actually decreases. If the improvements were
confined solely to a deepening of the channel the range of tide un-
doubtedly would have increased. It was previously pointed out,
however, that not only was there a deepening but also considerable
widening of the waterway by the dredging away of numerous shoal
areas. Apparently the greater effect on the tidal movement was
that produced by the latter factor.

From Tables 28 and 35°the difference in time of tide between Arti-
ficial Island and Philadelphia derived from lunitidal intervals is 3.50
hours for the nigh water and 3.90 hours for the low water. For the
actual difference in time of tide between the two points a correction
of —0.03 hour must be applied, since the meridian of Philadelphia is
approximately 24 minutes east of Artificial Island. Applying the
correction to each of the values as determined above, a mean dif-
ference of time of 3.67 hours is obtained. For the lower Delaware
River the average depth of waterway above mean river level is
approximately 19 feet, and if this value is used in the formula for
the rate of advance of a progressive tidal wave v=_/g, it is found
that in this section of the river the wave should be propagated at the
rate of approximately 14.5 nautical miles per hour. Since the
distance between Artificial Island and Philadelphia is approximately
43 nautical miles, if the tidal movement is of the progressive wave

type the distance should be traversed in 1%3—5 or 2,97 hours. This

value approximates the actual time given above, and it may, there-
fore, be concluded that the tide in the lower Delaware River is of
the progressive wave type.

nder the discussion of the tide at Philadelphia it was shown that
for this station the tidal quantities passed through an annual varia-
ton. To a greater or less degree the same may be said of the entire
Delaware waterway.
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TABLE 34.—Tide level in feet, lower Delaware River; annual variation

Month Reedy New Edgemoor,| Marcus | Baldwins, Fort
Island | Castle, Del. Del. Hook, Pa. Pa. Mifflin, Pal

Feel Feet Feet Feet Feet Feel
January ..ol 3.08 313 3.13 3.17 3.03 3.27
February 3.30 3.23 3.17 3.29 3.23 3.43
March____. 3.37 3.4 3.53 3.38 3.60 3.53
April___ 3.40 3.685 3.70 370 3.83 3.70
May._. 3. 58 3.84 3.80 3.67 3.93 3.83
Jupe... 3. 50 3.75 3.77 3.71 373 3.63
July.. 3.56 3.74 3.80 3.70 3.73 3.67
August___._ 3.66 3.81 3.80 3.76 3.70 3. 67
September___ 3.65 3.78 3.80 3.69 3.73 3.55
October...... 3,48 3.66 3.70 3.5 3.60 3.65
November_._ - - 3.42 3.53 3.50 3. 46 3.45 3.40
December_ ..o 318 3.30 3.40 3.19 3.35 3.35

L]

Means. ommen e 3.43 | 3.57 | 3.59 3.53 3.58 3.56

NoTe.—All heights referred to zero of precise levels run by United States Engineers, 1911-1913.

Table 34 gives the annual variation, in feet, of tide level for several
stations in this section of the river, and for most stations is based on
observations made between 1921-1924. For New Castle and Marcus
Hook, however, the values are derived from observations between
1916-1924 and 19151924, respectively.

It will be seen that the tide level for all stations is lowest in Jan-
vary and generally highest in May. Between the highest and lowest
monthly values the difference varies from 0.6 to 1 foot. It will also
be observed that the mean tide level increases 0.14 foot in the 9
nautical miles from Reedy Island to New Castle, while in the 23
nautical miles from the latter station to Fort Mifflin there appears to
be little difference in the plane.

Figure 14 represents graphically the annual variation in the plane
of mean tide llzwel for e{)a.ware. Breakwater, New Castle, Marcus
Hook, and Philadelphia. These stations were selected because they
represent the longest series of observations for Delaware Bay and
lower Delaware River, the curves of the figure being hased on 4, 9,
10, and 20 years, respectively, of high and low waters. It will be
seen from an inspection of the figures that although there are minor
irregularities a striking similarity exists between the graphs. In
each case the tide level rises almost a foot from January to April or
May, after which, with slight variation, it remains almost constant
during the summer months. In September or October a sharp
decline takes place reaching a minimum during the month of January.
For Delaware Breakwater and New Castle, however, the graphs
indicate a secondary minimum during June and July. In Special
Publication No. 111 this same phenomenon was noted at Fort Ham-
ilton in regard to sea level. Attention is directed to the fact that the
amount of annual variation in the plane of tide level is very nearly
as much at Delaware Breakwater as at Philadelphia.

In a comparison of tide level and river level made at Reedy Island
(1896-1900), it appears that there is no appreciable difference
between the two planes at this station. '

In the previous section it was noted that the duration of rise of
tide fell from 6.39 hours at Delaware Breakwater to 5.34 hours at
Artificial Island, representing a decrease of almost 1 hour in 42
miles or approximately 0.025 hour per mile. For League Island, at

80035—26—-4
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the upper end of the lower Delaware River, Table 32 gives 4.97
hours for the duration of rise. It will be seen that in the approx-
imately 40 miles between Artificial Island and League Isla.ng the
duration of rise decreases 0.37 hour, or nearly 0.01 hour per mile.

Accompanying this decrease in duration of rise it will be noted
that the high water interval increases from 10.41, at Artificial Island,
to 13.37 at League Island, or 2.96 hours, and the low water interval
increases from 5.07 hours to 8.40 hours, or 3.33 hours. The mean
time of tide between Artificial Island and League Island may be
taken as 3.1 hours, the correction for difference in longitude being
negligible.
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Fi1c. 14.—Annual variation in tide level, Delaware Bay and lower Delaware River

THE TIDE AT PHILADELPHIA AND VICINITY

In addition to the series obtained from the standard station at
Chestnut Street, numerous shorter series of observations beginnin
in 1840 at Reed Street have been obtained in Philadelphia an
vicinity. The locations of these stations are shown on Figure 15.

The longest series was 20 years at the standard station at Chestnut
Street, Philadelphia, and as this station was discussed in detail in
a previous section it need not be taken up here.
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FiG, 15.—Tide stations, Philadelphia and vicinity
TasLe 35.—Tidal data, Philadelphia and Camden
Lunitidal
Sta. . intervals Dure | 1reon Observations
tion Locality _ “ﬂﬁé" range —
HWI | LWI Date Length
PHILADELPHIA Hours | Hours | Hours | Feel |
A Reed Street L11 8.66 4.8 5.82 1843 | 6 months.
..... do. 1.09 8.74 4.7 5.90 1871 2 :months.
..... do 116 8.50 5.08 596 | 1877-78 | 3 months.
B_.... Washington Avenue 1. 40 8.91 4,91 5.67 | 1801-92 | 15 months.
C..... Walnut Streef...._____ 1.20 8.72 4.90 5.89 1840 5 months.
D_._.| Chestout Street......_ 1.49 8.97 4,94 5.23 | 1600-1920 | 21 years.
E..... Arch Street . e --| b5.45 1000 13 days.
..... do_.o oo .52 8901 503 5.06 | 1922-1024 | 2%, years.
F.o.... Callowhill Street. ... ___________ 1.07 8,72 4,77 593 1843 9 days.
G..... Poplar Street. _..___.__... 1.18 8.88 4.72 5.95 1861 Do.
H....| Otis Street, Kensington......_________. 1. 50 9.18 4.7 5.66 | 1878-1886 | 3 months.
* CAMDEN
I.....| Cooper Street . .. ceneaeooos .48 891{ 4.99| 569 | 1886-1889 | 3 months.
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Table 35 gives the tidal data for all observations in the vicinity
of Phila.delpl%ia.. Although there is considerable variation among the
different series, it is evident from the data presented that Tittle
change took place in the tidal regimé from the time of the earliest
observations until about 1890. From this latter time the tidal
data indicate a distinct change. For example, if we compare Station
A (Reed Street) and Station B (Washington Avenue), which are
very close to each other and are, therefore, directly comparable as
to tidal data, it will be seen that for the latter station, where the
observations were made between 1891-92, the time of tide as repre-
sented by the HWI and L'WI comes later than at the former station
where all observations were made prior to 1890; similarly the range
of tide is observed to be considembrl)y less at the latter station. The
conclusion is therefore reached that as in the rest of the Delaware
River here, too, the tidal regimé has undergone a change since 1390,
and that the change is to be attributed to the general improve-
ment of the waterway which began about 1890. Probably the great-
est effect on the tide at Philadelphia was produced by the dredging
away (1892-1897) of Windmill Island, a shoal which existed in the
harbor between Philadelphia and Camden and obstructed the free
movement of the tide up the river.

Although the greatest change in the tidal regimé occurred during
the period 1890-1900, it was indicated in the general discussion of
the tide at Philadelphia that in the series 1900-1920 changes might
be still taking place in the tide. From the preceeding discussions
it was seen that the tidal quantities in a river are not constant, but
are subject to change, depending upon the changes in the physical
character of the waterway. The necessity for accepting results of
the latest reliable series of observations is, therefore, evident.

THE TIDE IN SCHUYLKILL RIVER

Several short series of tidal observations have heen made in that
part of the river subject to tidal influence: that is, from the mouth
to the Fairmount Dam, a distance of $15 nautical miles. The loca-
tions of the stations at which these observations were taken is shown
in Figure 16.

TasLe 36.—Tidal data, Schuylkill River

Lunitidal

inter Dura- Observations
Sta- Locality intervals tion | Mean
tion Orlity of | range
HWI | Lwl | Tis¢ Date | Length
Hours | Hours | Hours | Feel Year

0.79 S. 47 4.74 572 1875 | 8days.
0.53 8. 47 4. 48 583 | 1880 | 3 days.
4 1.11 3. 61 4.92 5. 21 1916 | 1 month.
o] Gibsons Point Wharf. 0.45 8,39 4.48 6.2 | 1871 | 20 days.
D._...| Buckley’s Wharf__...__. 0. 64 8. 96 4,10 5.56 | 1885 | 12 days.
E..... Gray's Ferty oo ..._.- 0.66 8,82 4.26 560 | 1889 | 5 days.
F___ Chestnut Street Bridge. 1.24 9.02 4,454 540 | 1915 | 2 months.
.......................... 0.37 8,55 4.24 65.20 | 1871 | 33 days.

G..... | Fairmont Bridge
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The results obtained from a tabulation of the data are given in
Table 36. In this table the stations are arranged in order from the
mouth upstream. Although the values have been reduced to a mean
by correcting for annual variation, there still remains considerable
irregularity in the data. Not only are the results obtained from
observations inconsistent because of the short series but they are
further complicated by freshet conditions and the obstruction
which the dam offers to the tide. It is interesting to note that a
considerable difference exists between the early observations and
those of recent date. It is observed that for recent observations
the time and range of tide have undergone considerable change,
similar to the changes noted in tidal data for the Delaware River.
From the table for tidal data it appears that the high and low water
intervals have increased between 1871 and 1916, while the range in
the river has decreased about 1 foot in the same time. Within the
limits of error, results obtained at Gibsons Point Wharf for 1871
agree with those at Fairmount Bridge for the same year. Penrose
Ferry and Grays Ferry agree, and for 1915~16 Penrose Ferry and
Chestnut Street Bridge agree. From a study of the table little
cltlxa.nge in time of tide is indicated between the tidal extremities of
the river.

Prior to 1870 the controlling depth in the Schuylkill River was 16 feet
at mean low water, with but 10 feet on the bar at the mouth of the
river. Beginning at this time several projects for the improvement
of the river have been carried out at intervals, and at the present time
the chart shows a echannel depth varying from 28 feet at mean low
water at the mouth to 2114 feet at Grays Ferry Bridge. Above this
point shoals limit the controlling depth to 16 feet at mean low water.

From the observations at Chestnut Street Bridge the tide curve
here appears to be far from regular. In Figure 17 is shown the graph
made on November 5~6, 1915, by an automatic tide q‘gauge maintained
by the United States Fﬁng'meers at the Chestnut Street Bridge. A
striking feature s the sharp change which occurs in the slope of the
curve near mean tide level on the rising tide, from 21 to 22 hours on
the 5th and from 9 to 10 hours on the 6th. This feature appears to
be characteristic of the tide at this station. It is also noted from
observations at Penrose Ferry Bridge near the mouth of the river,
but the change is not so sharp.

THE TIDE IN THE UPPER DELAWARE RIVER

Above Philadelphia the Delaware River contracts greatly until at
Trenton it is barely 200 meters in width. The numerous shoals,
islands, and dikes interfere to such an extent with the tidal movement
that the tidal characteristics are profoundly effected. In addition,
the meandering of the river and the large quantities of fresh water
draining into it from the numerous tributaries serve further to com-
plicate the tidal régime. It will be found in studying the various
characteristics that the variations noted in the previous section are
magnified to a considerable degree.

Series of observations have heen made from 1878 to the present
time at several places on the shores of the river, the locations of these
stations being shown in Figure 18.
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TaBLE 37.—Tidal data, upper Delaware River

Lunitidal s
Sta. intervals Dura- | pean Observations
tion Locality hx?igeor range
HWI | LWI Date Length
Hours | Hours | Hours | Fcet
Ao Five Mile Point, Pa_ ... 1.98 9. 55 4.83 5.81 | 1878 | 11 days.
B....| Bridesburg, Pa._..._. | L0 Q.47 | “4.8 5,70 | 1885 | 17 months,
S Burlington, N. J.__._. 2.93 | 10.50 4.85 571 | 1888 | 2 months.
d 2,96 | 10.34 5,04 | 1475 | 1924 | 3 months.
4,03 | 11.41 5,04 4,09 | 1886 | 2 months,
4.38 0.13 4,25 3.55 | 1886 Do.
4.06 | 1175 4.78 | 14.55 | 1924 | 3 months,

1 Range based on three Vears of bigh and low waters,

The data resulting from the observations are given in Table 37.
The longest series are those at Burlington and Trenton, obtained by
the automatic tide gauges operated by the United States Engineers
with but slight interruptions between 1921-1924. For these sta-
tions the range has been derived from all high and low waters, while
the lunitidal intervals are derived from the three months, July,
August, and September, 1924. To reduce to mean values, a simul-
taneous comparison was made with Philadelphia.

In its original condition the channel of the Delaware River from
Philadelphia to Trenton was narrow and in places obstructed by
shoals with but 3 to 8 feet at mean low water. In recent years this
Eortion of the river has been greatly improved by dredging and the

uilding of bulkheads and dikes, and in May, 1925, a channel 200
feet or more in width with a controlling depth of 11 feet existed be-
tween Philadelphia and Trenton.

As in the lower section of the river, here too the data show a change
in the tidal characteristics since extensive improvements were mage
in the waterway. Comparing the earlier and later series at Burling-
ton, it appears that the time of tide now comes somewhat earlier,
while the range has decreased about 1 foot. At Trenton the recent
observations show an increase of 1 foot in the range at this station
and a decrease of 0.32 hour in HWI and 0.80 hour in LWI. Corre-
sponding to the change in time of tide there appears to be a change
in the duration of rise and fall. In the table there is shown an in-
crease in the duration of rise of almost 0.2 hour at Burlington and
almost 0.5 hour at Trenton.

It was previously pointed out that the effect of harbor improve-
ment in the lower Delaware River was to delay the time of tide and
decreasetherange of tide. A different phenomenon takes place in the
upper Delaware River, the recent observations showing that the time
of tide comes earlier, and, while at Burlington the range has decreased,
at Trenton there appears to have been a large increase. The effect
of the harbor improvement work seems to have been a deepening of
the channel, so that less friction is offered to the tidal movement.
It would, therefore, be expected that an increased range would be
obtained at Trenton,sinceitisnearthe extremity of the tidal influence.

For Philadelphia the accepted values of HWI and LWI were given
as 1.49 and 8.97 hours, respectively. For Burlington and Trenton
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the values obtained from the recent series are taken as the best deter-
mined values. At Burlington, therefore, the accepted values of
HWI and LWI are 2.96 and 10.34 hours, respectively. The differ-
ence in HWI and LWI between the two stations is 1.47 and 1.87
hours, respectively, and since Burlington is 17 minutes of longitude
east of Philadelphia a correction of —0.02 hour must bhe applied to
difference in intervals to get the time of tide. The resulting mean
difference in time of tide between Philadelphia and Burlington, a
distance of 16 nautical miles, is 1.44 hours. Similarly the difference
in time of tide between Burlington and Trenton, a distance of 13
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Fi:. 18.—Tide stations, upper Delaware River

nautical miles, is derived as 1.26 hours. It is evident, therefore,
that since Burlington is a little over halfway between Philadelphia
and Trenton, the time gradient is practically the same in the two
sections, and it may be assumed that the tide changes at a uniform
rate in the upper Delaware River.

In the 29 nautical miles between Philadelphia (Chestnut Street)
and Trenton the time of tide changes by 2.70 hours and the average
depth of water in this section is 15 feet at mean river level. The
velocity of propagation of a progressive wave is represented by the
formula v= +/gh, and if we substitute the value 15 for &, the velocity
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with which this type of wave should travel in the waterway is ap-

roximately 13 miles per hour, and the time to traverse the distance
Eetween the two extremities should be 2.2 hours. The actual time
of tide appears, therefore, to be somewhat greater, but this difference
may be explained by the friction offered the tidal wave by fresh
water run-off, and the type of wave may therefore be said to be
progressive.

TaBLE 38.—T'ide level, upper Delaware River; annual variation

Burling- | Trenton, 4 Burling- | Trenton,
Month n, N.J.| N.J. Month ton, N.T.| N.J.
Feet Feet Feet
3.40 5.69 || August. .o ceomeeae 4.03 4,38
4,24 5.23 || September.._.oo.iocoomeanos 4,00 4,87
4.95 7.48 || October. 3.83 4,18
4.98 7. Novembe 3.87 4.40
4.72 6.20 || D ber. 4,03 5.20
4,40 4,98
4,32 4,70 Means, 4,22 5,32

Nore.—Heights are referred to 0 of precise levels run by United States Engineers, 1911-1913.

Table 38 gives the annual variation in tide level for Burlington and
Trenton for the period February, 1921, to September, 1924. In
Table 34, representing the annual variation of tide level in the lower
Delaware River, the greatest annual variation from mean value for
any station was 0.5 foot. Between the maximum monthly tide level
and mean tide level there is a difference of 0.8 foot at Burlington com-

ared with a difference of 2 feet approximately at Trenton. At the
atter station the difference between highest and lowest monthly
mean tide level is approximately 3 feet. It is to be expected that,
due to narrow channel and shoa]Z:ess of the stream, the fresh-water
effect on the tidal characteristics would be greater in the upper part
of the river.

In Figure 19 the annual variation of tide level at Philadelphia,
Burlington, and Trenton is shown in graphic form. From inspec-
tion, it is seen that for the latter two places the level generally
reaches a maximum in March or April, aﬁer which it drops sharply
and is generally lowest during the late summer and early fall. ’I‘Yns

henomenon is in sharp contrast with the annual variation for the
ower river, as indicated at Philadelphia, where it was observed that
the river level was generally high during the spring and summer
months and low during fall and winter months.

As many tide stations between Woodland Beach, in Delaware
Bay, and Trenton, at the upper end of the river, have been con-
nected by a line of precise levels by the United States Engineers
the mean tide levels of these stations are referred to the same zero,
It is, therefore, possible to compare the values of mean tide level
for various places in the waterway. In Table 29, 8.10 feet was
derived as the mean tide level at %Voodla.nd Beach, and in Table
34, 3.56 feet was derived for the mean tide level at Fort Mifflin. It
is evident, therefore, that at the upper station the level is approxi-
mately 0.5 foot higher than the lower station. Since the two stations
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are 43 miles apart the tide level increases at the rate of approximately
0.01 foot per mile. Table 38 gives 5.32 feet as the mean tide level
at Trenton, N. J. Between Fort Mifflin and Trenton there is an
increase of approximately 1.8 feet, and since a distance of 36 miles
separates the two stations, the tide level in this section of the river ap-
pears to increase at the rate of approximately 0.05 foot per mile or
about five times the rate of increase in the lower section.
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FiG. 19.~Annual variation in tide level, upper Delaware River

From a line of precise levels run by this Bureau between Sandy
Hook (an open ocean station) and Philadelphia, it was found that
mean sea level (or river level) is 0.8 foot higher at the latter place.
Hence there a}l))pea.rs to be an ap%roximate slope of 0.01 foot per mile
in river level between Philadelphia and the open ocean. 'llilis cor-
responds with the slope of tide level derived above between Fort
Mifflin, 7 miles south of Philadelphia, and Woodland Beach, 34
miles north of the Capes.
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TaBLE 39.—River discharge, Trenton, N. J.; annual variation

Discharge Dischurge
Month in second- Month in seeond-
feet feet

January. .o imes 11,110 5, 400
February. , 100 , 005
March. 24, 900 2, 990
April___ 22, 950 3,025
May._. 14, 975 4, 260
June. e, 5 850 11,045

The influence of the river conditions on the tide is illustrated
by a comparison of the tide level with the river discharge at Trenton.
In Table 39 is shown for Trenton, N. J., the annual variation of the
river discharge in cubic feet per second, based on the period January
1921, to August, 1924, inclusive. These data are taken from the
Geological Survey surface water supply papers. An examination of
the data shows that like the tidal characteristics there is a periodicity
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Frc. 20.—Annual vuriation in river discharge, Trenton

in the annual variation. This may he more clearly seen in the graph
of the annual variation as shown in Figure 20.

It will be observed that the annual variation of river discharge is
strikingly similar to that of the tide level, as represented in Figure 19.
From a minimum in February the river discharge rises sharply to a
maximum of 24,900 second-feet in March, after which it declines
during the spring months, reaching the lowest discharge of the year
during September with a value of approximately 8,000 second-feet.
A second and smaller maximum is reached in January. It appears
then that, like the tide level, the river discharge is generally lowest
in the summer months and highest in spring months.  Since Trenton
is at a considerable distance from the open sea, and at a place in the
river where the channel is narrow and shoal, the tidal effect is weak
and, therefore, easily influenced by the river discharge. It is tolbe
expected, therefore, that the annual variation of tide level will
resemble that of river discharge. e

At Burlington, 13 miles south of Trenton, the river discharge'is
again reflected in the tide level but to a lesser degree. From Phila-
delphia to the sea the variation in tide level is little affected by the
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river discharge, and the curves exhibit the characteristics of the open
ocean type of tide.

A corresponding effect of the river discharge is seen in the planes
of high and low water and range of tide in the upper Delaware River,
and the annual variation of the two planes here differ markedly from
that in the lower river and bay. These differences may be noted in
the graphs that follow which result from the most recent series of
observations; between 1921 and 1924 at Trenton and Reedy Island;
1922-1924 at Burlington and Woodland Beach; 1901-1920 at Phila-
delphia, and 1915-1924 at Marcus Hook.

17. ANNUAL VARIATION OF PLANE OF HIGH WATER

In Figure 21 are represented graphically the annual variations of
high water at stations from Lewes to Trenton. It is evident from an
inspection of the graphs that the range of annual variation increases
progressively from the open ocean to the tide water extremity at
Trenton. Between the highest and lowest montlﬂivalues, the high-
water plane varies by approximately 0.6 foot at Lewes, Del., com-
1;j)la.red with 1.6 feet at Trenton, N. J. Besides this variation in the

eight of the ﬁlane the general form of curve differs between the
stations near the sea and those farthest away. Xor example, in the
lower river and bay the high water after reaching a maximum height
in the spring remains almost constant during the summer months, and
begins to drop in the fall. A distinct contrast to this takes place in
the upper river. Here the plane of high water rises sharply to its
maximum in March or April and almost immediately begins to drop,
becoming comparatively low in summer. It is to be noted that for
the entire river and bay the plane of high water is generally lowest
in the winter months.

18. ANNUAL VARIATION OF PLANE OF LOW WATER

A glance at Figure 22 shows that the annual variation of the plane
of low water is not of a uniform character. It isseen that for stations
at and below Philadelphia the range of annual variation is appreciably
less than that for the high water plane, while for stations above
Philadelphia the opposite 13 true. For example, at Reedy Island the
difference between the highest and lowest monthly value of the low
water plane is approximately 0.5 foot compared with approximately
0.8 foot for high water. At Trenton, however, we have a difference
of 4.3 feet in low water compared with 1.6 feet in high water. It is
evident that in the upper river where the river discharge exerts a
predominating effect on the tide the low water plane is more disturbed
than that of the high water. This appears to be due to the fact that
as the freshets occur the %reater river discharge brings about a rise in
the river and tide level but at the same time the current produced
decreases the range of tide. While the effect of the higher tide level
has been to raise both the planes of high and low water, the decreased
range tends to lower the high and raise the low water plane. Obvi-
ousty the resultant effect will bring about a greater increase in the
plane of low water over that of hi %1 water. Referring to Figure 22
again, attention is directed to the fact that at both Philadelphia and

arcus Hook, which are based on long series, the low water plane
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after being high during the spring months falls and reaches a secondary
minimum in July. 'ﬁlis is 1n contrast to the annual variation of the
high water plane, in which it was noted that this plane remains high
during the entire summer. It will be seen, therefore, that there is
little resemblance between the high and low water planes, the latter
being unlike any of the other tidal planes.

Another dissimilarity between the annual variation of the high and
low water planes is observed at Trenton and Burlington, where the
drop in the low water plane is sharper, and reaches a minimum in
August, whereas the plane of high water does not reach its minimum
until October.

19. ANNUAL VARIATION IN RANGE OF TIDE

Figure 23 shows graphically the annual variation in the range of
tide for the various stations previously discussed. As in the case of
ghe high and low waters the amount of annual variation of range
jhcreases progressively from Lewes to Trenton. At Lewes there is a
difference of approximately 0.2 foot between the highest and lowest
monthly mean ranges, while at Trenton there is a difference of approxi-
mately 3.1 feet. It will be observed that the range of tide is generally
highest in the summer and fall and lowest in the winter and spring
months. As in the case of the several planes discussed, there is a
distinet difference in the form of curve of annual variation for the
lower river and bay as distinguished from the upper Delaware River.
At the beginning of the freshets in February and March, the range
of tide drops sharply to a low level and then rises almost as sharply
to the maxinam vnﬁle.

Comparing the curves of annual variation of range with those for
annual variation of tide level for Trenton and Burlington, there is
manifest a striking relation between the two and we observe that
when the range is low in March the tide level is correspondingly
high, and when the range is high in the summer and autumn months
the tide level is low. Since the tide level is directly proportional to
and dependent on the river discharge, it is evident that the range
of tide is closely related to the river discharge. Although the river
discharge has an influence on the tide at and below Philadelphia, its
effect becomes more or less dissipated on reaching the deeper water
and wider stream at this point, and from here on to the entrance to
the bay its effect is not nearly so marked as in the upper river.

In a previous section mention was made of a method by which the
range for a short series of observations was corrected to mean value
when simultaneous comparison with a standard station was not

ossible. This method made use of the annual variation. It has

een made evident from the various curves of annual variation that
the range of tide, as well as other tidal characteristics, varies more or
less regularly throughout the year. It has further been evidenced
that the amount and kind of annual variation depend on the location
of the station in the river. If then a series of these curves be plotted
for stations at frequent intervals along the waterway, it is possible
to determine for any series of observations, by interpolation, the
per cent any quantity is above or below mean at any particular time
of the year. By correcting the observed range of tide by this factor
an_approximate mean value is obtained.

80035—26—5
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20. SUMMARY

In the preceeding discussions there was manifested a progressive
change in the tidal characteristics from the entrance to the bay to
the extremity of tide water at Trenton. Not only does the range of
annual variation increase progressively throughout the waterway,
but there is also a difference in the form of the curve for the different
sections. For example, it was shown that for the lower river and
bay, where the waterway is wide and deep, the graphs for annual
variation of various characteristics were gistinct%y different from
that of the upper river, where the waterway is narrow and shoal.
We are, there&re, led to the conclusion that in the Delaware water-
way the tidal characteristics vary from place to place, and the degree
of this variation depends on the relative distance of the place in
question from the open ocean.



Part I.—CURRENTS IN DELAWARE BAY AND RI1VER

By E. A. Lt LaceEUR, Assistant Mat-gemat-icimz., United States Coast and Geodetic
Y urvey

Part II. of this publication deals with the tidal current in Delaware
Bay and River from the entrance to the bay at the Delaware Capes
to the head of navigation in the river at Trenton, N. JJ. The move-
ments of the tidal current in the approaches to Delaware Bay from
the Atlantic Ocean are also included because of the relationship
between such tidal current movements offshore and those in Delaware
Bay proper.

Tidal currents in this waterway are discussed under the following
sections:

1.—The current in the approaches to Delaware Bay.

2.—The current in Delaware Bay.

3.—The current in the lower Delaware River.

4,—The current in the Delaware River—rvicinity of Philadelphia
and Camden.

5.—The current in the Delaware River—Philadelphia to Trenton.

THE CURRENT IN THE APPROACHES TO DELAWARE BAY

For convenience in discussing the tidal current in the approaches
to Delaware Bay, the entrance to the baK/Iis defined by a line joining
Cape Henlopen Light, Del., and Cape May Light, N. J. (%urrent
stations located west of this line are therefore in Delaware Bay and
those located east of this line are in the approaches to Delaware Bay.
Figure 24 shows the locations of 16 current stations which have been
occupied in the approaches to Delaware Bay, the records of which
are on file in the oﬂxi)ce of the Coast and Geodetic Survey.

The tidal current in Delaware Bay and River is of the reversing
type—that is, it floods or sets northerly—for a period of about six
hours and then ebbs, or sets southerly for the following period of
about six hours. Due to fresh water run-off in the river, tﬁe period
of the ebb is generally increased to about seven hours duration and
the flood decreased to about five hours duration. When the current
changes from flood to ebb, or vice versa, there is a period of slack
water, or time of no current. Theoretically, this change takes
place instantly. Actually, however, the period during which the
current is so feeble that it may be considered as slack varies from a
few minutes duration to half an hour, or even longer. In the case of
this reversing type of current, there is an increase in the velocity of
the flood or ebb from the time of slack water until about three hours
later when the current attains its maximum strength. Then it
decreases in velocity over another period of about three hours until
the following slack water occurs. 4

6
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Offshore, however, away from the immediate influences of the
coast, the tidal current is quite different from the current found in
the inland tidal waters. Instead of setting in one direction, or
flooding, for a period of about six hours, and ebbing in the opposite
direction during the following period of about six hours, the tidal
current offshore changes in direction and velocity continually, so that
in a period of about 1214 hours it will have set in all directions of the
compass.

This type of current is called a rotary current in distinction from
the reversing type of current found in inland tidal waters such as
Delaware Bay and River. For more detailed information on the
reversing, or rectilinear, and rotary types of tidal current see pages
114-116 of the Appendix.

At stations 1 to 6, inclusive, the tidal current is distinctly rotary
in type, turning clockwise. Twice in a lunar day of 24 hours and 50
minutes the tidal current swings around in a complete ellipse, as
shown in Figure D in the Appendix. A charaecteristic feature of the
rotary current is the absence of slack water. The current is always
running and varies in velocity and direction hour by hour. It varies
from a period of greatest velocity, or maximum current, to a period
of least velocity, or minimum current. In half a tidal day, or a
period of 12 hours and 25 minutes, two maximum and two minimum
velocities of the tidal current occur. These are related to one
another in the same way as slack before flood, strength of flood,
slack before ebb, and strength of ebb in the case of the reversing
type of current. A minimum velocity of the current follows a
maximum velocity by an interval of about three hours and is followed
in turn by another maximum velocity after a further interval of
about three hours.

TaBLE 40.—Current data, stations 1, 2, and 3

[Referred to time of current at Overfalls Light Vessel]

Tidal current é
Nontid:] §
curren

S| Dateof o%s:;'s’“' Strength of flood Minimum before ebb ]
Z | observations | i S.2
o with— Pt

= 2 Ve- | Ve- PR Ve- P %

%s g Time iloeity Direction |Time locity| Direction |; eip ol Direction E,
Hourlenols True |Hours Knols True  Inols True (Days

1 Ap;f(ia]\g[ay ~1.0 \ 0.05 | N.12°W.|—1..0 | 0.03 [ N.78°E. | 0.07 | N.54°W. | 29

, 1919,

9 Sept. 10-11, —1.0,0.09 | N.69°W.|—1.0 | 0.05 | N.21°E. [ 0.20 | 8.41°W. | 1
1879 =10} 012 | N.SO°W.|—1L0[0.08 | N.I°E. | 0.32 | S.40°W. | 1 ,
3 | July 21,1913 —2.11100} 8. 82°W 14
—2.0,0.96 820 W, I 1
-3.0 I 0.62 | N. 18° W, | ______ : ______ -- M

Current data for stations 1, 2, and 3 are given in Table 40. Af
station 1, located about 65 miles east of Cape May, N. J., current
observations by means of pole and log line were made by the officers
and crew of the U. S. S. Faleon, from February § to May 14, 1919.
This was a temporary lightship station during that period. Ob-
servations were made continuously at hourly intervals, day and
night. The current pole used was the (oast and Geodetic Survey
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standard 15-foot pole, weighted with sheet lead so as to submerge
14 feet. The log line was graduated in knots and tenths of knots
for a run of 60 seconds, which was the interval of time used for
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Fii. 25.—Current ellipse from nonharmonic tabulation, U. 8. 8.
Fuleon temporary light vessel station

each observation. Because of the length of the current pole used,
current data for station 1 in Table 40 represents average current
conditions at a depth of 7 feet, or, approximately, at the surface.
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Figure 25 is a diagrammatic representation of the rotary tidal
current at station 1 for a period of a tidal month, 29 days, from
April 26 to May 24, 1919, referred to the times of high and low water
at Sandy Hook, N. J. The current is rotary, turning clockwise.
In the figure, H refers to the time of high water at Sandy Hook,
while L refers to the time of low water at Sandy Hook. The num-
bers following H and L refer to hours before and after high or low
water at Sandy Hook, the minus (—) sign meaning “earlier than”
and the plus (+) sign “later than’’ those times of high or low water.
The velocities of the current hour by hour, as represented by the
full black lines in the figure may be scaled off by means of the scale
of knots given in the figure. 1t will be noted that the velocity of
the tidal current at any time is extremely small, as one would natu-
rally expect at such a great distance offshore. The tidal current has
a maximum velocity of about 0.05 knot, setting northerly or southerly
and a minimum velocity of about 0.03 knot, setting easterly or
westerly. ]

In Table 40, the times of maximum and minimum current at
stations 1, 2, and 3 are referred to the times of the same phases of
“the current at Overfalls Light Vessel, located just outside the entrance
to Delaware Bay. This is the reference station for the times of the
current at all current stations mentioned in this publication. For
instance, at station 1, the strength of flood, or maximum current
occurs one hour earlier than the time of flood at Overfalls Light
Vessel and sets N. 12° W.. (true) with a velocity of 0.05 knot per
hour. The time of minimum current before ebb at station 1 occurs
one hour earlier than slack water before ebb :t Overfalls Light
Vessel and sets N. 78° E. (true) with a velocity of 0.03 knot per
hour. It is to be noted that the tidal current at Overfalls Light
Vessel is chiefly of the reversing type because of the nearness of the
station to the entrance to Delaware Bay, while the tidal current at
stations 1, 2, and 3 is distinctly rotary.

Currents were observed at station 2 for a period of one day,
September 10-11, 1879. The current at this station is rotary,
turning clockwise. Observations were made by Lieutenant Ackley
at the surface with a can and log line and at a depth of 10 feet by
means of a 20-foot current pole and log line. The results of these
observations are given in Table 40. The set, or nontidal current,
due presumably to wind effect was 0.07 knot, N. 54° W. (true) at
station 1 and 0.32 knot, S. 40° W. (true) at station 2 during the

, period of observations at each station. It will be noted in Table 40
that the nontidal current is greater than the tidal current. This is
frequently true offshore, and in many cases the weak tidal current
is completely masked by the wind.

Observations were made for several hours at station 3 by Dr. H. B.
Bigelow, on July 21, 1913. Currents were observed just below the
surface and also at depths of 4 and 24 fathoms by means of a Price
current meter with telephone attachment. The latter device was
used to count the number of revolutions of the rotating cups, which
were allowed to rotate through a time interval of five minutes.

In passing, it will be noted that the tidal current at stations 1, 2,
and 3, located from 50 to 65 miles offshore is rotary in character,
turns clockwise, and is very weak in velocity. The maximum current,
corresponding with strength of flood at Overfalls Light Vessel
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(Delaware Bay Entrance), sets westerly or northwesterly and occurs
from one to two hours earlier than the same phase of the current at
Overfalls Light Vessel. The minimum current, corresponding to
slack before ebb at Overfalls Light Vessel sets northerly or north-
easterly and occurs about an hour earlier than the corresponding
phase of the current at Overfalls Light Vessel.

Stations 4, 5, and 6 are Northeast End, Five-Fathom Bank, and
Fenwick Island Shoal Light Vessel stations, respectively. Station 6
represents the former location of Fenwick Island Shoal Light Vessel.
The vessel is now located about 3 miles to the southward of the
location shown in Figure 24. These light vessel stations are located
in the approaches to Delaware Bay and are the first aids to navigation
]j)sicked up by vessels bound to Delaware River ports. Five-Fathom

ank, about 10 miles in length, is located about 20 miles east of
Delaware Bay Entrance. Northeast End Light Vessel and Five-
Fathom Bank Light Vessel are located, respectively, off the northern
and southern limits of this shoal area.

Continuous current observations by means of current pole and
log line were made by the officers and crew of Northeast End Light
Vessel (station 4) from November 8, 1912 to February 8, 1913, and
from September 13, 1918 to October 31, 1919. The total length of
observations for these two series is 16.6 months.

TaBLe 41.—Current data, station 4 (Northeast End Light Vessel)

[Referred to time of current at Overfalls Light Vessel]

Tidal current
Nontidal current
rsl; Date of observations Strength of flood Minimum before ebb
Veloc- | Direc- . Veloc- | Direc- | Veloc- | Direc-
Time ity tion Time ity tion ity tion
@ | Nov.o-Dec.7, 1912 Hours | Knots | True | Hours| Knots | True Kgo(;; 5 Z;r#eE
(3 ov. 9-Dec. S . R
()] D?gixs, 1912-'-Ja.n. 5 || —L6 0.20 [ N.64° W.| —1.4 0.06 | N.26° E. { g'ag §T %: %
(c; Jan. 6-Feb. 3, 1013_. .. )
&d Sept. 13-Oct. 11, 1918.| —1.4 0.24 | N.64° W.| —0.7 0.00 1 N.26° E. 0.02 | N.2° E
¢) | Oct.12-Nov. 89,1918 ...| —1.1 0.28 | N.58° W.| —0.6 0.08 | N.31° E. 0.01 | Sonth.
(f) | Nov. 2-30, 1918______._ =21 0.30 | N.564° W_| —0.7 0.10 ;| N.36° E. 0.05 .4 E
(g) | Dec. 129, 1918____.._. —1.4 0.29 [ N.60° W.| —1.0 0.15 { N.30° E. 0.06 | 8.10° W
(&) | Jan. 31-Feb. 28,1919__j —1.3 0.33 | N.65° W.| —1.2 0.16 | N.24° E. 0.16 | South.
(i) | March 1-29, 1919 =12 0.34 | N.68° W.| —L1.6 0.18 | N.19° E. 0.14 ! S.21°W
() | Aprit1-20,1910. 222270 —14| 035 |N.6°W.! —L2| 018 |N.27°E.| 0.06!8 6 E
(’!) May 1-29, 1010__.._._. -1.4 0.34 | N.72° W.| —1.2 0.19 . N.18° E. 0.08 ! S.21°E
Means. .._._.__. —1.43] 0.30 | N.63° W.{ -1,07 0.13 | N.26° E. 0.05 I 8. 34°E

Table 41 gives the current data at station 4 for eleven 29-day
series of current observations in 1912, 1913, 1918, and 1919. The
tidal current at this station is rotary, turning clockwise. For the
tidal current the data are given for the strength of flood and mini-
mum before ebb, since the strength of ebb and minimum before
flood are the same, respectively, but with the directions of the current
reversed. The time of thé current is given with reference to the
same phase of the current at Overfalls Light Vessel (Delaware
Bay Entrance).
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It will be noted from the mean values that the strength of flood
at this station occurs about one and one-half hours earlier than the
strength of flood at Overfalls Light Vessel. The flood sets north-
westerly with a velocity of about 0.3 knot. The minimum before
ebb occurs about one hour earlier than slack hefore ebb at Overfalls
Light Vessel and sets northeasterly with a velocity of about 0.1
knot. The nontidal current shows a set of S. 34° E. with a velocity
of 0.05 knot for the eleven 29-day periods of ohservations. The
mean values for the velocity and direction of the set, or nontidal
current, were derived by resolving the velocities and directions for
the eleven 29-day periods.

TRUE NORTH
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Fio. 26.—Current ellipse for M2 component, Northeast End Light Vessel

The 87-day series from November 9, 1912, to February 3, 1913, at
station 4 has been analyzed harmonically and results from this
analysis are given in Table 42.

TaBLE 42.—Harmonic constards, station 4 (Northeast End Light Vessel)
[From 87-day series, November 9, 1912, to February 3, 1913]

North-and{:south East-andayvest
Component (magnetic) (magnetic)
H 3 H x
Knots Degrees Knots Degrees

M ———— 0.1179 168 61 0.1692 315.13
0118 242, 69 . 0095 359. 20
0081 259. 05 . 0108 344, 55
0354 181,87 . 0259 18. 23
0078 8.13 . 0062 36.76
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The current ellipse for the component M;, Northeast End Light
Vessel, based on the data in Table 42 above, is shown in Figure 26.
The figure shows the current at station 4 to be relatively weak and
rotary in character. The current has been referred to the times of
high and low water at Sandy Hook, N. J. It will be noted that the
strength of the flood current occurs about two and one-half hours
before the time of high water at Sandy Hook and sets N. 65° W.,
with a velocity of 0.20 knot. The minimum current before ebb
occurs about half an bour after the time of high water at Sandy
Hook and sets N. 25° E. with a velocity of 0.05 knot.

Continuous current observations by means of current pole and
log line were made by the officers and crew of Five Fathom Bank
Light Vessel (station 5) from November 5, 1912-February 3, 1913,
simultaneously with observations at Northeast End, Overfalls, and
Fenwick Island Shoal Light Vessels.

TaBLE 43.—Curreni data, station § (Five-Fathom Bank Light Vessel)

[Referred to time of current at Overfalls Light Vessel]

Tidal current
- Nontidal current
‘_Si; Date of observations Strength of flood Minimum before ebb
: Veloe- | Direc- : Veloe- [ Direc- | Veloe- | Direc-
Time | "y tion | Time | “jpy tion ity tion
Hours | Knots True Hours | Enots True Khnots True
(a) | Nov, 6-Dec. 4, 1912..._| —1.1 0.31 [ N.88° W,| —0.9 0.08 | N.23° E. 0.13 | 8.66° E,
(b) | Dec. 5,1912-Jan. 2, 1913 —1.5 .34 [ N.70° W.| —1.2 .09 | N.2°E. .14 | S8.81°E,
(c) | Jan, 3-31,1913__....... -1.2 .32 | NL70° W.| —1.1 .07 [ N.20°E .07 8.82° E,
Means.........- -1.27 .32 [ N.69° W, | —1.07 .08} N.21I°E 1| 8.75° E,

Table 43 gives the current data at station 5 for three 29-day series
of current observations in 1912 and 1913. The tidal current at this
station, as at station 4, is rotary, turning clockwise. 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 are
the same, respectively, but with the directions of the current reversed.
The time of the current is given with reference to the corresponding
phase of the current at Overfalls Light Vessel.

It will be noted from the mean values that the strength of flood
occurs about one and one-fourth hours earlier than the strength of
flood at Overfalls Light Vessel and sets northwesterly with a velocit;
of about 0.3 knot, similar to that at Northeast End Light Vessel.
The minimum before ebb occurs about one hour earlier than slack
before ebh at Overfalls Light Vessel and sets northeasterly with a
velocity of about 0.1 knot. The nontidal current shows a set S. 75°
E. with a velocity of 0.11 knot for the three-month period, November
6, 1912, to January 31, 1913.

Figure 27 is a diagrammatic representation of the tidal current at
station 5, Five-Fathom Bank Light Vessel, from a three-month
nonharmonic tabulation November 6, 1912, to January 31, 1913.
The current has been referred to the times of higch and low water
at Sandy Hook, N. J. Strength of flood occurs about two and one-



TIDES AND CURRENTS IN DELAWARE BAY 71

fourth hours earlier than the time of high water at Sandy Hook.
and sets N. 70° W. with a velocity of 0.3 knot. The minimum before
ebb occurs about one hour after the time of high water at Sandy
Hook and sets N. 20° E. with a velocity of about 0.1 knot. The tidal
current at this station is relatively weak. Cuwrrents of a knot or
more at stations 4 and 5 occur only with strong winds and are there-
fore chiefly nontidal. .

Offshore tidal observations covering a period of 40 hours were
made on the southern end of Five-Fathom Bank (latitude 38° 50.7’
N., longitude 74° 37.8’ W.), about 5 miles northwest of Five-Fathom
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F15. 27.—Current ellipse from nonharmonic tabulation, Five-Fathom Bank Light Vessel

Bank Light Vessel (current station 5), on’ September 28-30, 1920.
The results of these observations show that the time of tide at Five-
Fathom Bank is about 45 minutes earlier than at Breakwater Harbor,
Del., and that the mean range of tide, 4.3 feet, is approximately the
same at both places. Based on these observations the cotidal hour
for Five-Fathom Bank is about XII.2, while that for Breakwater
Harbor, Del., is about 1.0. The cotidal hour at any place is the
time in lunar hours after the moon’s transit across the Greenwich
meridian at which high water occurs at that place. The cotidal
hour at Five-Fathom Bank Light Vessel would be approximately
the same as that for Five-Fathom Bank, or XII.2.
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The results of an 87-day series of current ohservations at Five-
Fathom Bank Light Vessel in 1912-13 show the cocurrent hour at
this station to be X.5. The cocurrent hour at any place is the time
in lunar hours after the moon’s transit across the Greenwich meridian
at which the strength of flood occurs at that place. It will be noted
therefore by comparison between the cotidal and cocurrent hours
for Five-Fathom %{mk Light Vessel that the strength of flood at
this station occurs 1.7 lunar hours, or 134 solar hours, earlier than
local high water.

TaBrE 44.—Harmonic consltants, station 8 (Fenwick Island Shoal Light Vessel)

[From 87-day series, Nov. 5, 1912, to Jan. 30, 1913] -

North-and-South East-and-West
(magnetic) (magnetic)
Component

H x H 3

Knots Degrees Knols Degrees
0. 2601 194.16 0.1171 319.88

. 0080 242,28 . 0213 322,12
. 0079 256. 38 L0118 285, 31
.03 208. 26 -0231 354. 01

L0022 341.08 . 0025 I 180. 8%

Hourly current observations by means of current. pole and log
line were made by the officers and crew of Fenwick Island Shoa
Light Vessel (station 6) from November 4, 1912, to February 4, 1913.
An 87-day series, from November 5, 1912, to January 30, 1913, was
analyzed harmonically and the results of this analysis are given in
Table 44. '

Figure 28 represents the M. current ellipse for station 6, Fenwick
Island Shoal Light Vessel, derived from the constants above. The
velocities and directions of the tidal current are shown for each hour
with reference to the times of high and low water at Sandy Hook, N.
J., H representing the time of high water, and L the time of low water.
It is obvious that the current at station 6 is rotary, relatively weal,
and turns clockwise. The strength of flood occurs about 1 hour before
the time of high water at Sandy Hook, or simultaneously with the
time of strength of flood at Overfalls Light Vessel. The flood sets
N. 20° W. with a velocity of 0.3 knot. The minimum before ebb
occurs about 2 hours after the time of high.water at Sandy Hook,
or simultaneously with the time of slack water hefore ebb at Overfalls
Light Vessel, and sets N. 70° E. with a velocity of 0.1 knot. The
velocities and directions of the current derived from the current
ellipse of Figure 28 refer to the tidal current only, for the harmonic
analysis eliminates the nontidal current. Maximum and minimum
currents are represented by dot-and-dashed lines in Figure 28.

Current observations by means of current pole and log line were
made hourly by the officers anl crew of the Overfalls Light Vessel
(station 7) as follows: November 7, 1912, to February 6, 1913;
September 13 to December 18, 1918; February 22 to May 2, 1919;
July 1, 1919, to January 17, 1920; March 21, 1920, to January 20,
1921; March 13 to July 31, 1921; August 18, 1924, to May 14, 1925.
The total length of ohservations for these seven current series is
38.7 months, or approximately, 314 years.
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Overfalls Light Vessel is located about 4 miles off Cape Henlopen,
Del., and just outside the entrance to Delaware Bay. It is one.of the
important aids to navigation for vessels bound from and to Delaware
Bay. Vessels inward bound pass between Overfalls Light Vessel and
Cape Henlopen. Vessels leaving Delaware Bay usually follow the
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F16. 28.—Current ellipse for M3 component, Fenwick Island Shoal
Light Vessel

same course, although there is considerable deep water between the
lil%ht vessel and Overfalls, or South Sheal. Stron% tidal currents
obtain at Overfalls Light Vessel. The current is chiefly of the revers-

ing, or rectilinear type, due to the position of the light vessel at the
entrance to Delaware Bay.
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TasLE 45.—Current data, station 7 (Qverfalls Light Vessel)

[Referred to times of high water and low water at Sandy Hook, N. J.]

{
Flood strength | Ebb strength
. . i Flood Ebb
F?gs Date gif(‘%l;se“ 8 | Slack Vel ! (%l_lra- Slack Di ' vel r.tl_ura-
: et cloc-  tion : irec- eloc- | tion
Time | Direction ity - Time tion i ity
I .
Hours | Hours Hours | Hours
after | before after | before
ta: . Nov,8-Dec, 6, S| HW, True Knots | Hours| HW. | LW. True |Rnots |Houre
1912 ... 24 1.0 | N.30°W.| 201! 58 21 L1 |S48°E.: 2,20] 6.6
(b) | Dec. 7, 1912-Jan. !
» 1918 ... 2.6 L0 [N.32°W.[ L9%' 57 2.2 .9 |846°E.1 235| 6.7
(c) | Jan. t=Feb.2,1913 | 2.6 1.0 | N.38°W.| 2.061 54 1.9 .9 [B.38°E.| 241] 7.0
(d) | Sept. 13-Oct. 11,
1918 .o 1.9 L2 |N.58°W.| 173 | 6.4 2.2 1.6 |8.58°E.| 148 6.0
(e} | Oct. 3-31, 1918_...| 1.8 L1 [N.5°W.| L81| 6.5 2.2 1.6 |B.59°E.: 15| 59
(f) | Nov.1-29,19013___| L8 L2 |N.5°W.| L78| 6.2 19 16 [S.83°E.| 1L61| 6.2
g) | Mar.1-29,1910___| 2.1 L0 INLEB°W.l L82: 6.1 2.1 L4 1S 45°E,; 1,91 63
(h) | Apr.1-29, 1919.__| 2.0 L0 [N.51°W.| 191 | 6.1 2.0 1.6 {S.50°E.| L8| 6.3
() | July 1-29, 1019____| 2.1 1.0 [N.52°W.| L0661 59 L9 L5 {B8.48°E.| 2.26 | 6.5
N Aug. 1-20,1919__ | 2.4 .8 IN.5S°W.| L96| 56 1.9 1.3 [B.40°E.| 2.26 | 6.8
(k) | Sept. 1-29, 1919___| 2.2 L1 | N.60°W.| 1.8 ! 6.0 2.1 L5 |B.50°E. | 200| 6.4
(h 1 Oct. 1-29, 1919__..1 2.0 LG | N.5O°W.I L75: 6.2 2.1 L4 [S.4°E.| 1.77| 6.2
(1) | Nov. 1-29, 1919__.| 2.0 1.0 | N.6I°W.| L78! 6.2 2.1 L5 [S.49°E.| L80| 62
?n) Deec. 1-29, 1916 21 .9 [ N.G°W.!l 1721 6.1 21 1.2 [S.4°E.| 2200 6.3
0) Alpr. 1-29, 1920__.| 2.3 9 IN.45°W.[ 195 57 19 1.0 [S.42°E.| 242 6.7
(p) | May 1-29, 1920.__| 2.2 1.1 | N.s4°W.[ 1L84] 59 2.0 1.3 [S8.38°E.| 2.03| 6.5
(9) | June 1-29, 1920___| 2.2 1.1 N.51°W. L97 | 60 2.1 1.0 |8.43°E.| 230 6.4
(r) | Deec. 129, 1920.__| 2.5 .9 |N.48°W.| 1.63| 58 2.2 1.0 |8.46°E.| 1.73| 6.6
(8) | Apr.1-29,1921___] 21 L0 | N.89°W.f L70} 59 1.9 1.5 |SSM4°E,| 2.02| 65
() | May1-29,1021___; 20 1.2 {N.55°W.{ L83 | 6.C L9 1.3 [S.43°E.| 184! 6.4
(%) | June 129, 1921 __} 2.1 L2 | N.S0°W.| 1,63 | 61 2.1 L3 |8.42°E.| L78| 6.3
(m) | July 1-20,1921__.1 2.1 1.0 [ N.48°W.; L8| 60 | 20 L3 |S.43°E.| L77| 6.4
Means. ... 2.16 \ 1.03 | N.52°W 1.8 | 598| 204 | L31|S.47°E.| 1.97| 6.42

Table 45 gives the current data at station 7 (Overfalls Light
Vessel) for twenty-two 29-day series of current observations in 1912,
1913, 1918, 1919, 1920, and 1921. Since the times of the current
at all current stations in this publication have been referred to the
times of the current at Overfalls Light Vessel as a standard or refer-
ence station, it was necessary in the above table to refer the times of
the current at Overfalls Light Vessel to the times of high and low
water at Sandy Hook, N. J. It will be noted from the mean results
in the table that the time of slack water at the light vessel occurs
akout 2.1 hours after the times of high and low water at Sandy Hook.
The strength of flood occurs one hour hefore the time of high water
at Sandy Hook and sets about N. 50° W. with a velocity of 1.9 knots
per hour. The strength of ebb occurs 134 hours hefore the time of
low water at Sandy Hook and sets about S. 50° E. with a velocity of
2.0 knots. The duration of the flood, or northerly current, is about
6.0 hours and of the ebb, or southerly current, 6.4 hours.

Based on tidal observations at Five-Fathom: Bank and at Break-
water Harbor, Del., it has heen computed that the cotidal hour for
Overfalls Light Vessel is about XII.8. The results of several years
of current observations at this station show the cocurrent hour to
be XI.3. It will be noted, therefore, that the strength of flood at
this station occurs 1.5 lunar hours, or 113 solar hours, earlier than
local high water. Definitions for ‘‘cotidal hour” and ‘‘cocurrent.
hour” are given on pages 71-72, in the discussion of the relationship
between the current and tide at Five-Fathom Bank Light Vessel.
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Figure 29 is a diagrammatic representation of the tidalfcurrent
at Overfalls Light Vessel, based upon a resolved, nonharmonic
tabulation of currents at this station for a 29-day series, April 1 to 29,
1921, referred to the times of high and low water at Sandy Hook,
N. J. The figure shows the current to be only slightly rotary, in a
clockwise direction. The nontidal current, setting S.17° K. with a
velocity of 0.12 knot, is shown in the figure by the relationship of the
center of circle (' to the center of the circle from which radiate the
full black lines representing the hourly velocities and directions of the
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F16. 29.—Current ellipse from nonharmonic tabulation, Overfalls Light Vessel

current. It will be noted that the strength of flood occurs about 1
hour before high water at Sandy Hook, while slack water before ebb
occurs about 2 hours after high water, and the light vessel, swing-
ing to one anchor, then heads toward Cape Henlopen, Del. Actually,
a minimum current of about 0.3 knot obtains at this time, setting
toward Cape May, N. J. It will also be noted from the figure that
the strength of ebb occurs about 114 hours before the time of low
water at Sandy Hook, while slack water before flood occurs about
2 hours after low water, and at this time a minimum current of about
0.3 knot sets toward Cape Henlopen, Del.
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TasLE 46.—Current data, station 7 (Overfalls Light Vessel)

[Referred to times of high water and low water at 8andy Hook, N.J.]

Flood strength EDbb strength Length
Obser-
Date of ob- = Slack of ob-
servations |vations | Depth) Slack . 1 . serva-
with Direc- | Veloe- Diree- {Veloe-: °%
Time tion ity Time tion ity tions

Hours| Hours
after | before
HW.

1924 Feet | LW, f
Aug. 18-22__| Pole... 7 2.0 L2
D 7 2.1 Lo
15 2.1 1.0

35 2.0 1.0

55 19 .8

While a comprehensive tidal and current survey of Delaware Bay
and River was 1n progress during the summer of 1924, current meter
observations, in addition to current pole observations, were obtained
at Overfalls Light Vessel (station 7). The results of these observa-
tions are shown in Table 46. The observations were made by means
of a Price current meter with telephone attachment for recording the
velocities of the current at depths of 7, 15, 35, and 55 feet. No
observations of subsurface directions of the current are at hand but
it is reasonable to assume that the direction of the current at various
depths at this station is anroximate.ly the same as that for flood
and ebb at the surface. The data obtained during the 4-day period
of these observations, August 1S to 22, 1925, indicates only a slightly
reduced current toward the bottom.

In Table 46 the depths 15, 35, and 55 feet are, respectively, 0.2,
0.5, and 0.8 of the total depth of water at Overfalls Light Vessel, or,
approximately, the surface, middle depth, and bottom. It will be
noted from the table that the times of slack water (minimum current)
and strengths of flood and ebb (maximum current) occur practically
simultaneously at all depths. The velocities of flood and ebb, how-
ever, generally decrease with the depth.

The greatest flood and ebh velocities observed at Overfalls Light
Vessel (station 7) in 1912, 1913, 1918, and 1919, are as follows:

Wind
Year :g&’%‘g Current Direction | Velocity —
Direction | Velocity
Knots True Miles
1912 . Dee. 11 2.6 | 8. 38° W. 13
Dec. 27 3.6 | N.75° W,
1913 e Jan. 20 3.2(8. 7° E. 13
Jan., 12 3.4 | N.52°W. 34
1918 e Nov, 4 2.4 |8.31°W. 13
Nov. 18 2.2]8.3°W.
1919 e A]ir. 30 3.0{8. 8 E. 13
July 26 3.2 | N.14° E. 13

Stations S to 16, located in rather shoal water near the Delaware
Capes, were occupied by the field party of J. R. Goldsborough in the
summer of 1847. The current at these stations is chiefly of the re-
versing, or rectilinear, type. The results of the pole observations
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at these stations are given in Table 47. The times of slack and
strength are given in hours and tenths and are referred to the times
of the corresponding phases of the current at Overfalls Light Vessel.
The velocities of the current are given in knots and tenths and are
corrected to a medn range of tide. The directions of the current
are given to the nearest 5°. The duration of the flood and ebb is
given in hours and tenths of hours.

TaBLe 47.—Current data, stations 8~16, approaches io Delaware Bay

[Referred to time of current at Overfalls Light Vessel]

Flood strength Ebb strength '

Sta- Dateof Flood | Epp | Length
tion ob'serv:a- Slack dura-| Slack dura-l oo va.
No.|  tions Time | Direction Vﬁ};"’ tion Time| Direction Vlgtlgc- tion | “Hions

1847 Hours | Hours True Knots |Hours| Hours|Hours True |Knols |Hou,rs Days
8..| Sept. 17.=..| —1.3 | —0.8 | N.50° W, 0.9 6.0 |13 |~14 | N.35° E. 1.2, 6.4 13
9_.| Sept. 15-16__| —1.1 ; —1.5 | 8. 90° W. 1.2| 55 (—16|—20| N.85° E. 13 69 13
10..! Aug.26__.__ —L1! —1.8| N.85° W, 1.4 58 I(-L31—~1.518.80° E. 1L4: 6.6 15
11.. Sept. 6~7___.| —L 1 —L 8| N.65° W, 1.7} 6.0(—L1[—L0 |8 &° E. L9 | 6.4 1z
12..| Aug. 27__._. —0.4 | —1.2 | N.40° W. 21| 52|=L2|—0.9 8. 65° E. 20, 7.2 13
13..| Sept. 8-9___.| —L1 | —L7 | N.65° W. 1.3 5.8 (~13 [—1.4|8S.85° E. L7| 6.6 13
14__| Sept 18~17._| —1.1 [ —1.7 | N.45° W. 1.3 5.8 1{—1.3 [—1L.2 | 8. 80° E. 1.4, 6.6 14
15..| Sept. 18_____ —0.8 | —0.6 | N.65° W, 13| 47109 1-0.3 | N.85° E. 1.5 6.7 i\i
16..] Sept.28-29__| —0.5 | 4+0.1 | N.25° W. 1.9 58 (|—0.7 (+0.3 | 5. 20° E. 1.2 i 6.6 14

1 Party of J. R. GQoldsborough.

It will be noted from Table 47 that the duration of ebb at each
station is longer than that for the flood, at s“:'ion 12 being two
hours longer. At all stations, slack water befo. flood oceurs from
half an hour to one hour earlier than slack before flood at Overfalls
Light Vessel. This is due to the shoalness of the water at these
stations compared with the much greater depth of water at station
7 (Overfalls Light. Vessel).

The times of flood and ebb strengths occur much earlier at these
stations than at Overfalls Light Vessel with the exception of station
16. At the latter station, flood and ebb strengths occur a few minutes
later than the same phases of the current at station 7. Velocities
of flood and ebb strengths at stations 10, 11, 12, and 13 may differ
from existing velocities, owing to the changed conditions of the bottom
since 1847 when the current observations were made. Many changes
haye occurred in the extent and position of shoal areas off Cape May
since that time.

In general, the tidal current accompanying the tide approaches
Delaware Bay Entrance from the northeast. The observations at
stations 1 to 5 and also at stations S to 15 show that the current is
much earlier at these stations than at station 7 (Overfalls Light
Vessel). At station 6, (Fenwick Island Shoal Light Vessel) located
about 23 nautical miles southeast of station 7, the current is prac-
tically simultaneous with that at the latter station, while at station
16, located off Cape Henlopen in much shoaler water, the current is
actually later than that at stations 6 and 7. +«In general, the current
in the approaches to Delaware Bay is rotary, turns clockwise, and is
very we.a.llt). This is especially true beyond the 10-fathom depth curve.
Near the entrance to the bay, however, the current increases in

$0035—26——86
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strength to about 2.0 knots and becomes chiefly of the reversing, or
rectilinear, type. Because of river discharge from Delaware 1iéay,
the duration of ebb for stations near the hay entrance hecomes con-
siderably greater than that for the flood. '

THE CURRENT IN DELAWARE BAY

Delaware Bay is here understood to comprise the body of water
between the States of New Jersey and Deﬂ,ware, bounded on the
south by a line joining Cape May Light, N. J. and Cape Henlopen
Light, Del., and extending northward as far as Artificial Island, off
Stony Point, N. J. The entrance to the bay, between Capes Hen-
lopen and May is about 10 nautical miles in width. The bay is
about 42 nautical miles in length, and has a maximum width of
about 23 nautical miles.

The entrance to the bay, except for a 3-mile stretch in the vicinity
of Overfalls Light Vessel, off Cape Henlopen, is marked by numerous
shoals. Of these, Overfalls, or South Shoal, is the most prominent,.
These shoals are located chiefly off Cape May, N. J., and are separated
by several channels, prominent ones being Cape May Channel and

rough Channel.

In general, the water in the eastern part of Delaware Bay is quite
shallow, the hottom consisting of extensive flats and shoal areas.
The prevailing depths of water are from 7 to 15 feet with many
spots of less than 6 feet. The western part of Delaware Bay shows
similar characteristics. The eastern and western shores of the bay
are low and marshy and are dissected by many small rivers and creeks
which are narrow and crooked.

The main shoal area in Delaware Bay is Joe Flogger Shoal, a long,
narrow shoal lying about midway between Egg Is%and Point, N. J,,
and Murderkill Neck, Del., and extending in a northwest-southeast
direction. Lying east of this shoal is the Upper, or Main_ Ship,
Channel, marked by Fourteen-Foot Bank, Miah Maull, and Elbow
of Cross Ledge Lights. West of this shoal lies Blake, or Lower,
Channel.

Figure 30 shows the locations of 34 current stations occupied in
Delaware Bay by the following field parties of the United States
Coast and Geodetic Survey: J. R. Goldshorough, in 1847; F. H.
Crosby, in 1885; H. L. Marindin, in 1886; and W. H. Overshiner, in
1924. Observations at a majority of these stations were made in
the summer of 1924, when the Coast and Geodetic Survey made an
extensive tide and current survey of Delaware Bay and River from
the Delaware Capes to Trenton, N. J. Currents were observed on
cross sections of Delaware Bay in 1924, as follows:

1.—Between Capes Henlopen and May—stations 1, 2, 5, and 7.

2i—ogetween Jones Neck, Del, and Egg Island Pt., N. J—stations 24, 25,
ana 2o,

i.—s-‘?etweeh Bombay Hook, Del., and Bacon Neck, N. J.—stations 30, 31,
and 32.

Station 31 was a control station for current stations occupied in
Delaware Bay in 1924, and continuous observations b{*_(‘-ul‘l‘ﬁl_]t pole
and log line and also by current meter were made at this station for

321{ days from August 8 to September 11.
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In addition to observations in Delaware Bay proper, current
observations were also obtained at Mispillion Creek Entrance,
Maurice River Entrance, and Cohansey Creek Entrance. The data
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Fic, 30.—Current stations, Delaware Bay

derived from current observations at these 34 stations in Delaware
Bay are given in Table 48. For each station these data refer to the
tidal current near the surface, at a depth of about 7 feet, and are
based on observations made by means of current pole and log line.



TaBLE 48.—Current data, Delaware Bay

[Referred to time of current at Overfalls Light Vessel]

Flood strength Ebb strength
Sto- Flood Ebb I;Fl;%t_h
tion Location Party of— Date Slack dura- | Slack ] \ dura- | oo
No. Time | Direction Vieegc- ton Time Dt}:;;o' Vieno,c Hon | Tions
. Hours | Hours True | Knots | Hours | Hours | Hours | Truc | Ewnofs | Hours | Days
W. H. Overshiner.| August, 1924....__| —0.6 | —0.4 | N.65° W. L5 -0, —0.6 ; 5.50° E. 1.7 61 1
i . dooo_ e [ [ 0.3 0.0} N.25° W, Ly 6.0 0.3 0.5|8.3°KE, 2.0 6.4 1
J.R.Goldsborough_| September, 1847...) —11| —L1 ! N.i° W. 18 59 —12] —1.3|S.40°E. L9 8.5 15
H. L. Marinden.__| August, 18586 _ —0.5 | N.6:°> W. 1.3 55 —0.4 0.4 8.35° E. 2.1 6.9 215
W, H. Overshiner_{ August, 192¢_____. . —L38 [ N.35° W, 12 63| —0.4] —0.4|S.15°E. L7 6.1 Ila
J. R. Goldsborough| September, 1847. ..} —12| —L3 | N.60° W. 22 80| —L.2| —1L2|8.3°E. L7 6.4 1
W. H. Qvershiner_| August, 1924__.___ —1.6| —23 | N.30°W. 0.8 61| —1L5] —20(8. 5 E, 14 6.3 1
J. R. Goldsborough| August, 1547. —11| —L9[N.50° W. L1 57| —1.4( —1.6[8.35°E. 1.3 6.7 1z
034 C‘.zpe Henlopen..... do fi! —20| —21|N.53°W. 1.3 6.6 —1L4| —2.3|S.85°FE. L1 58 1o
10 | off Cape May ______ —1.3| —L6[N.35° W. L& 56| —L7| —23[S.2A°E, 13 6.8 12
—1.6| —21|N.10°W. 11 59| —-1.7| —0.7|8 5°RE, L1 6.5 Lo
do ~1L8! —27 L7 62 —16}"—20}18 5 W. L7 6.2 g
W.H. Overshiner- 0.8 —0.1 L0 +6| —0.6 0.2]8.55°E. L6 7.8 1,y
J.R. Goldsborough 01| —0.6 17 52 —0.7 0.8 |8 2°E, L7 7.2 1y
.................. —0.4] —L4 L3 48| —L6( —0.8 |8 5°W. L8 7.6 I
w. H Overshiner._ —0.6| —L4 14 60| —0.6] —0.4)8.20°W, 13 6.4 1y
| F. H. Crosby._____ 01| —0.6 0.5 &1 —0.8( —0.3|&30°W. 0.6 7.3 1o
X @ J.R. Goldsborough LO0| —0.4 1.4 50 0.0 0.8 | 8.9°E, 1.5 7.0 Ly
19 | Off Brandywine Shoal L - —0. 1 —0.8 14 &9 | —-0.2| —0.1}]85.30°E, L5 6.5 1
2f) + Mispillion Cruek Entrance . 0.0 0.6 0.6 4.3 0.3 LO!S.10°E, 0.6 6.1 Lo
21 | Off 14-Foot Bank Light_______ ___[-.--- 0.4 —-0.4 L2 5i5] =01 L2|8.25°FE, 1.6 6.9 1
22 | Maurice River Enttance . _.._.__._|..--- [ 0.5 L1 6.6 0.6 0.918 5 W.l 0.8 58 1
23 | Off Murderkill Neek ... ... _[-.--- -0.2( —0.2 0.5 6.6 0.4 1.218.60° E, 0.5 5.8 1
a4 | Off Deep Water Point_ ... —0.2 0.5 0.9 6.5 0.3 —0.2]|85.2°E. 0.7 59 1
35 | Off Elhow of Cross Ledge Light--|-__ L3 1.4 1.4 5.8 0.9 20| 8.15°E, 21 6.8 3
26 | Off Egg Island Point__ . ___.___[._... 0.6 0.5 0.9 680 0.6 1.6 | 8.25° E. 1.0 6.4 1
27 | Off Geose Point___ o _______|..... do. L7 L5 L4 5.4 L1 22| 8.35° E, 20 7.0 13
B3 (R L L SR (R, do. LS 25 L2 5.6 L4 1,6 | 8.35° E. L6 G.8 1g
99 | Cohansey Creck Entrance. ._____|.---. do._ qeptemher, 1924 __ 0.2 0.5 ) DY 2 [P 0.1 | N.60°E., L1 | . Lo
30 | Off Bomb‘ly Hook. oo s do. August, 1924 _____ 25 L5 19 5. 3 2.0 2.7 ] 8,40° E, L7 6.9 1
31 |eeecdon e |aamee do. 25 2.2 L6 5.6 21 2.9 |8 E. 20 6.8 3214
2 | .. doo s do. do_ - L5 L6 0.9 8.7 1.2 L2]845°E, L1 6.7 1
33 | Off Liston Point_ ... . ____|._--. do. September, 19247 2.8 2.2 29 5.3 21 3.3 :5.40° E. 2.5 7.1 1
34 | Off Stony Point_._ ... |- dooo August, 1924___... 3.4 2.9 22 5.4 28 3,7]8.35° E. 2.2 7.0 1
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In Table 48 the times of slack water and strengths of flood and

ebb are given in hours and tenths of hours and are referred to the
-times of the corresponding phases of the current at Overfalls Light
Vessel. The durations of flood and ebb are also given in hours and
tenths of hours and it will be noted from the table that the duration
of ebb at nearly all the current stations in Delaware Bay is much
greater than that for the flood. The velocities of flood and ebb
strengths are given in knots and tenths of knots and are corrected
to a mean range of tide. The true directions of the flood and ebb
currents at times of strength are given to the nearest 5°.
—In general, it will be noted from the table that the current turns
earliest in the shallower reaches near the eastern and western shores
of the bay and latest in the deeper, central part of the bay. The
deeper portion of the bay, referring to Figure 30, is located by con-
necting with straight lines Overfalls Light Vessel, Brandywine Shoal
Light, Fourteen-Foot Bank Light, and Elbow of Cross Ledge Light.
These aids to navigation mark the Main Ship Channel, which is &
natural channel with a depth at mean low water of 35 feet or more,
leading from the entrance of the bay to the vicinity of station 31,
where a 32-foot dredged channel begins. This channel has a width
of about 215 miles at the bay entrance between Cape Henlopen and
the shoals off Cape May and a least width of about 11 mile off Elbow
of Cross Ledge Light.

It will be noted from Table 48 that at stations 5, 6, 7, 8, 10, and
11, located in the shoal areas and channels of Delaware Bay Entrance
in the vicinity of Cape May, N. J., the current turns one-half to
one and three-fourths hours earlier than it does at Overfalls Light
Vessel. The maximum depth of water at these stations is about 45
feet, while the average depth is considerably less than that.

It will be noted %rom the table that at stations 2, 3, and 4 the
current occurs approximately simultaneous with that at Overfalls
Light Vessel. Comparing data for station 2 in Table 48 with that
for the control station (station 81), it is found that the current occurs
about two hours earlier at the navigable entrance to Delaware Bay
than it does off Bombay Hook.

Current stations 14, 19, 21, 25, 28, 31, 33, and 34 were located
along the axes of the natural and dredged channels of Delaware
Bay. The data in Table 48 show that the current becomes later
and later at each of these stations from Delaware Bay Entrance to
Artificial Island. At station 34, in mid-channel off Stony Point,

. d.,1t becomes later by about three hours.

Along the eastern shore of the bay in Bay Shore Channel, Fishing
Creek Shoal, and Maurice River Cove the current turns earlier than
it does along the axis of the channel. This is shown by the data in
Table 48 for stations 12, 16, 17, and 22.

No current stations have been occupied by the Coast and Geodetic
Survey in Maurice River Cove, but the following excerpt from a
report of a hydrographic survey in Delaware Bay in the vicinity of

aurice River Cove in the summer and fall of 1885 is noteworthy:

A comparison of all of the stations established in this area as to times of high
and low water, together with a perceptible increase of rise and fall observed in
the bottom of Maurice River Cove, seems to indicate that ‘the tide (current)

fiows directly into the bay, following the channels, and turns back into the cove
from the vicinity of Brandywine Shoal. This would also account for the fact
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that along the east side of Egg Island Point the flood tidal current sets very
strong to the southward.!

The data in Table 48 for stations located along the western shore
show that the current in this part of Delaware Bay also turns earlier
than it does along the axis of the channel. At station 24 on the Dela-
ware shore the current turns earlier than it does at stations 25 and 26
on the cross section off Egg Island Point, while at the eross section
off Bombay Hook the current turns earlier at station 32 on the New
Jersey shore than it does at stations 30 and 31. In general, slack
and strength of current along the eastern and western shores of
Delaware Bay occur from half an hour to one hour earlier than cor-
res¥onding phases of the current along the axis of the channel.

he greatest velocities of the current on the flood and ebb occur at
stations which are located on the axis of the channel. The average
velocity of flood at time of strength at these stations is about 114
knots, although in the narrow portion of the hay above Bomhay
Hook the flood attains an average velocity of 2 or more knots per
hour. Ebb strength averages about 2 knots at these stations, dimin-
ishing to about 114 knots at channel stations where the bay widens
considerably and increasing to about 234 knots at the head of the hay.

At stations along the eastern and western shores of the bay the
strength of flood and ebb averages from one-half to 1 knot, although
in freshet seasons stronger ebbh currents would obtain at stations
located at creek and river entrances.

In general,it will be noted from the data in Table 48 that the duration
of ebb for all current stations in Delaware Bay is greater than that of
the flood. The average duration of flood at these stations is about
5.8 hours and that for the ebb about 6.6 hours. Thus it will be seen
that the duration of ebb near the surface in Delaware Bay exceeds
that of the flood by about an hour. This is due primarily to river
discharge. Along the axis to the channel the durations of flood and
ebb are approximately 5.5 and 6.9 hours, respectively. For stations
20, 22, 23, and 24, however, the period of flood is greater than that
of ebb, these periods being 6.5 and 5.9 hours, respectively, the flood
running longer than the ebb by about half an hour. A glance at
Figure 30 shows that these stations are so located that they receive the
full effect of the flood which progresses up the bay from the entrancein
a northwesterly direction.” The ebb, on the other hand. follows
mainly a southeasterly direction along the channel and its effect is not
felt so strongly at these stations as it 1s in the channel, where stronger
ebb velocities and longer ebb durations obtain.

The direction ,of the flood current in Delaware Bay is generally
northwesterly as shown by the data in Table 48. This is in conform-
ity with the axes of the natural and dredged channels of the bay.
At stations 12, 15, 16, and 17, the flood anﬁ ebb currents set north-
easterly and southwesterly, respectively, indicating that in the shoal
portion of the bay between Cape May and Egg Island Point the
current follows the contour of the eastern shore in this part of the ba.r.
At all current stations in Delaware Bay, the ebb sets generally directly
opposite to that of the flood.

1 From U. 8. Coast and Geodetic Survey Report for 1888, p. 47.
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At the 21 current stations occupied by the field party of W. H.
Overshiner in 1924, in Delaware Bay, observations of subsurface
currents were also made, a Price current meter with telephone
attachment being used for this purpose. These observations were
made at three depths—0.2, 0.5, and 0.8 of the depth at each station.
The results of these observations are given in Table 49. The veloci-
ties have been reduced to a mean range of tide and are given to
the nearest hundredth of a knot. The times of the cuirenit at each
station are referred to the same phases of the current at Overfalls
Light Vessel, off the entrance to the bay. The durations of flood
and ebb as well as the times of the current at each station are given
to the nearest hundredth of an hour, and the directions of the cur-
rent at flood and ebb strengths are given to the nearest degree.

At most of these stations currents were observed for either a half
day or a whole day. . Stations 1, 2, 5, 7, 24, 25, 26, 30, 31, and 32
were located on cross sections of the bay. Station 5 at the hay
entrance was occupied for 11 days, station 25, in midchannel off
Elbow of Cross Ledge Light, for 3 days, and station 31, the control
station, in midchannel off Bombay Hook, for 321{ days. At all
these stations the current is of the reversing, or rectilinear type,
and generally the ebb runs longer than the flood by an hour or more.
With the exception of a few stations at or near the entrance to the
bay, the time of the current is generally later at each station than
at the reference station, Overfalls Light Vessel.

In addition to the subsurface velocity determinations at each

station, subsurface current directions were also observed by means
of a bifilar suspension current direction indicator, a device per-
mitting simultaneous determinations of the direction of the cwrrent
at the three depths at each station. It will be noted from Table 49
that at times o? flood and ebb strengths the directions of the current
at 'is_;ubsurface depths are approximately the same as those at the
surface.
VIn general, the velocity of the current decreases as the depth
increases in accordance with the distribution of velocity in ordinary
hydraulic flow. This is true at Delaware Bay Entrance at times
of ebb strength as will be noted in Table 49 for stations 1, 2, 5, and 7.
On the flood, however, at stations such as 2 and 5, located at the
entrance to a tidal waterway and in the path of the fresh waterx
run-oft from this waterway, the velocity shows an increase from the
surface downward for a considerable depth. Tt will be noted from
Table 49, that at station 2 the velocity of the flood strengths at the
lower depths is greater than that for the ebb strengths. This con-
dition also prevails at the 32-foot depth at station 5.

The difference in the vertical distribution of the current velocity
is evidently due to the nontidal or fresh water discharge from the
Delaware Eiver. 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 waters are moving in the same direction and, therefore,
the vertical velocity distribution is similar to that in water under
hydraulic motion. On the flood the nontidal water near the surface
tends to move seaward, and thus decreases the velocity of the tidal
current near the surface. With increased depth the effect of the
nontidal water diminishes, and hence the full velocity of the flood
current is attained at some distance from the surface.
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TaBLE 49.—Current data for various depths, Delaware Bay

[Referred to time of current at Overfalls Light Vessel]
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In consequence of the diminution of the flood strength near the
surface by ?resh water, an increase in the duration of the flood period
may bhe expected with increasing depth. This is unmistakably
shown in the current data for station 2 in Table 49. The station 1s
located in mid-channel, in deep water off Cape Henlopen. It will
be noted that at the surface the ebb runs about 20 minutes longer
than the flood, while at a depth of 56 feet the flood runs longer than
the ebb by about half an hour. Similar current conditions are to
be noted at stations 21, 25, and 31, all located in mid-channel.

PHILADELPHIA |

ﬁ:‘)‘ 29 G

NAYTICAL MILES
[ I T T I | J
0 S T s0

Fin, 31.—Current stations, lower Delaware River
THE CURRENT IN THE LOWER DELAWARE RIVER

The lower Dealaware River is here understood to comprise the navi-
gable waterway between the States of New Jersey, Delaware, and

ennsylvania from the northern limits of Delaware Bay to the vicinity
of Philadelphia, Pa., and Gloucester, N. J. This portion of the
Delaware River is about 43 nautical miles in length. Off StonK
Point, N. J., in the vicini ty of Artificial Island, the river has a widt
of about 214 nautical mi.es. Off Deepwater Point, N. J., it narrows
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in width to about three-fourths of a nautical mile. A deep, dredged
channel extends from the mouth of the river to Philadelphia. This
channel is generally 800 feet wide in the straight reaches and 1,000
feet wide in the bends, and is flanked on either side by numerous
small shoals and islands.

Figure 31 shows the locations of 39 current stations occupied in
the lower Delaware River. Observations at all of these stations,
with the exception of those at station 9, located off New Castle,
Del., were made in the summer of 1924, by the party of W. H.
Overshiner. Station 9 was occupied by the party of H. L. Marinden
in 1886. Currents were observed on cross sections of the lower
Delaware River in 1924 as follows:

1.—Between New Castle, Del., and Pennsville, N. J.—Stations 10, 11, and 12.
2—Off Christiana River entrance—Stations 15, 16, and 17.
3.—O0ff Oldmans Point, N. J.—Stations 20, 21, and 22.

Station 21 was the control station for this portion of the river in
1924, and observations by current pole and log line and also by
current meter were made at this station for 1815 days from July 28
to August 9 and from September 10 to 17.

" In addition to observations in the Delaware River proper, current
.observations were also obtained at Salem River Entrance, Christiana
River, Schuylkill River Entrance, and at several water-front stations
off docks and piers at South Chester, Chester, League Island Navy
Yard, and Greenwich Point, Philadelphia. The data derived from
current observations at these 39 stations in the lower Delaware
River are given in Table 50. For each station these data refer to
the tidal current near the surface, at a depth of about 7 feet, and are
based on observations made by means of current pole and log line.



Tasre 50.—Cwrrent data, lower Delaware River
[Referred to time of current at Overfalls Light Vessel]

Sta- Loat Party ot D ack Flood strength E‘lood Cack Ebb strength be Le;:tgth
tlon ocation ary ot ate Slack | Direc- | Veloe- | GUra-  Slaex { Diree- | Veloe- | S8 | ohser-
No. Time tion ity tion Time tion ity Hon | ations
Hours | Hours Truc Knots | Hours | Hours | Hours True Knots | Hours | Days
1 | Off Reedy Island ‘W. H. Overshiner.j September, 1924_ 29| 25 1.7 5.6 2.5 3.6 | 8. 15°W, 2.2 6.8 ig
2 | Off Elsinghorough Point_ do. 1924.. 3.4 2,9 L5 5.4 28 3.7|8. 5°E. 1.6 7.0 1,
3 | Oft Reedy Point ... 3.4 2.8 1.9 5.4 2.8 2918, 20°E. L7 7.0 1g
4 | Salem River Entrance. 3.4 2.9 1.0 5.2 2.6 4.3 | 8.50° W, 1.0 7.2 1y
5 | Off Delaware City, Del. 3.7 3.4 1.6 5.3 3.0 4.1 (8. 50°E. 1.7 7.1 1
6 | Off Finns Point.__. 3.8 3.7 2.0 5.2 3.0 4.4 |8, 30° E. 1.9 7.2 1.
7| Off Penns Neck. 3.9 3.8 16 5.9 3.8 4.6 8.40°W. 1.4 6.5 1y
8 |- dO - 3.7 3.6 L9 857 3.4 41| 8. 45°W. 1.8 6.7 1
9| Off New Castle, Del H. L. Marlnden_.- August. 1886..._ 3.8 3.6 2.6 58 3.6 4.1] 8. 45°W, 2.0 6.6 7
b (11 Y U Y W. H. Overshiner.| August. 1924.... 3.8 3.5 2.2 58 3.6 4.4 (8. 50°W. L6 6.8 1
b 1 A P ﬂn ............ ——— 4,2 3.1 1.4 5.3 3.5 4.2 1 8. 45° W, 1.7 7.1 1
12 [.oo.. 40 3.9 L6 5.4 3.4 3.9 | 8.45°W, 1.6 7.0 1
13 | Off Deepwat.er oint....... 4.2 3.7 2.2 5.5 3.7 4.4 [ B 2B°W, L8 6.9 1
14 | Christiana River....._...... 3.4 2.8 0.6 5.2 2.6 2.3 8 4% E. 0.8 7.2 1,
15 | Off Christiana River Entran: 4.0 4.1 0.9 5.8 3.6 3.5 8 15° W, 0.8 6.8 la
16 ... (s (s R 4.5 3.7 1.3 5.2 3.7 3.9 8. 15°W. 1.4 7.2 1g
17 jo.-.. [ [ T 4.3 3.7 1.3 5.3 3.6 4.4 8.35°W., 1.2 7.1 1
18 | Oft Pennsgrove, N.J__ 4.3 4.1 1.4 5.5 3.8 4.8 | 8. 35°W. 1.6 6.9 1
19 | .do oo 4.2 4.2 1.6 5.7 3.0 4.8 1 S.40° W, L6 6.7 1
2 | OfF Oldlnans Point...--- 4.4 4.2 1.7 5.5 3.9 4.3 |8.35°W 1.3 6.9 1
21 ... do ............... July, 1924 _. 4.7 4.1 1.6 a3 4.0 51| 8.35° W, 1.7 7.1 1813
3 I [ S d August, 1924 4.6 4.0 15 5.4 4.0 4.0 | 8. 90° W, L5 70 1
3 | o Oldmans Cree d 4,9 4.3 1.6 5.3 4.2 4.5 | S.40°W, 1.4 7.1 1
b ) T 4,5 4.1 L5 5.7 4,2 4.5 [ 8.65°W 1.0 8.7 1
25| Off Marcus Hook, Pa. 4.6 4.0 1.6 55 4.1 53 Westo._.. 1.4 6.9 b1
28 | Off South Chester, Pa... 4.1 3.3 0.5 57 3.8 42)8,.30°W, 0.1 6.7 3
27 | OfF Chester, Pa..--——-—- 4.8 4.4 0.1 5.0 3.8 4.9 8.50°W, 1.2 7.4 15
28 | Off Eddystone, Pa— - _|-cea O o August 1024, 4.9 4.6 L& 5.6 4.5 4.7 8.55° W, 1.7 6.8 1
29 | Off Darby Creek Entrance...____|----_d0_coceeen September, 1924.( 4.3 5.5 1.1 6.1 4.4 3.5 8, 65° W, 0.7 6.3 Iy
30 | Off Thompsons Point. oo 4O July, 1924 ...l 52 50 L7 5.1 4.3 5.9 West___..| L 7.3 1a
31 ! Off Billingsport, N.J . 5.3 &.1 1.8 5.8 5.1 55| 8.80°W L& 4.8 1
32 ... do.__--__. eptembc y 1024, 4.8 4.8 0.9 5.8 4.4 41 |N.75°W 0.9 8.8 1
33 | Off Hog Island...-.. July, 1924 .____ 5.4 5.0 1.2 5.2 4.6 53 8.60°W L7 7.2 1
34 | Off Red Bank, N. J__.._ _do.. 5.3 4.4 L6 6.0 53 6.3 8.65°W 1.5 6.4 1
35 | Schuylkill River Entrance . 4.2 4.4 0.5 61 4.3 4.5 8, 10°W, 0.3 6.3 1
368 | Off League Island Navy Yard.._.|--.__.doooeooooo. September. 1924, 4.7 4.5 1.0 8.5 52 A10S.s0°W 0.3 59 13
.y TSRO« [+ TR IR ISR ERPRER ; | SEREEEEEE FP R 3.9 3.4 0.3 7.0 4.9 58]8.30°W 0.2 5.4 1,
33| Off Horseshoe Shoal. .o O 1924 ... 5.6 5.1 L3 58 5.4 58 (8.850°W 1.3 6.6 1
39 | Off Greenwich Point_ ..o | dO et baptember, 1924 5.1 3.9 0.6 5.1 4.2 4.4 [ 8.10° W 0.5 7.3 14
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In Table 50 the times of slack water and strengths of flood and ebb
are given in hours and tenths of hours and are referred to the times of
the corresponding phases of the current at Overfalls Light Vessel.
The durations of flood and ebb are also given in hours and tenths of
hours, and it will be noted from the table that the duration of ebb at
nearly all of the current stations in the lower Delaware River is much
greater than that for the flood. The velocities of flood and ebb
strengths are given in knots and tenths of knots and are corrected to
a mean range of tide. The true directions of the flood and ebb at
times of strength are given to the nearest 5°.

It will be noted from Table 50 that the time of any particular phase
of the current in mid-channel occurs later in going upstream from
Reedy Island to Philadelphia. For instance, at station 1, off Reed
Island, slack before flood occurs 2.9 hours after the time of slack
‘before flood at Overfalls Light Vessel. At station 38, off Horseshoe
Shoal Bell Buoy, however, the same phase of the current occurs 5.6
hours later than the time of slack before flood at the reference station,
Overfalls Light Vessel. Therefore, slack before flood off Horseshoe
Shpal Bell Buoy occurs 2.7 hours later than it does off Reedy Island.

n general it will be noted from the table that the current turns
earliest in the shallower reaches near the shores of the river, at creek
entrances, and at dock stations, and latest in mid-channel.

A four-year series of tidal observations has been made at the
Government Pier, Lewes, Del. (Station B, fig. 10), and also at Reedy
Island Quarantine Station (Station B, fig. 12). The results of these
observations show that high tide at the latter station occurs about
two and one-fourth hours later than it does at Lewes, Del., while low
tide at Reedy Island occurs about three and one-half hours later than
it does at Lewes, Del. It will be noted from Table 50 that the time
of flood strength in mid-channel, off Reedy Island, occurs two and
one-half hours later than the time of flood strength at Delaware Bay
Entrance (Overfalls Light Vessel). Flood strength, therefore, off
Reedy Island, occurs about the time of local high water. It will
likewise be noted from Table 50 that the strength of ebb in mid-
channel occurs about three and one-half hours later than at Delaware
Bay Entrance (Overfalls Light Vessel). Ebb strength, therefore, off
Reedy Island, occurs about the time of local low water. The tidal
movement in the lower Delaware River, as deduced from the relation
of the time of current to the time of tide, is therefore of the progressive-
wave type. '

The results of a three-months series of tidal observations at
Edgemoor, Del. (Station I, fig. 12), compared with several years of
observations at Lewes, Del. (Station B, fig. 10), show that high and
low water occur three and three-fourths and five hours later, respec-
tively, at Edgemoor than at Lewes. Flood and ebb strengths at
current station 18, Figure 31, in mid-channel off Edgemoor, occur
four and four and three-fourths hours later, respectively, than the
same phases of the current at Overfalls Light Vessel. This relation-
shi‘) hetween the times of current and tide at Delaware Bay Entrance
and in mid-channel off Edgemoor also shows the tidal movement in
the lower Delaware River to be of the progressive-wave type.

However, the results of a three-months series of tidal observations
at Baldwins, Pa. (Station L, fig. 12), compared with a long series of
observations at Lewes, Del. (Station B, fig. 10), show-that high and
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low water occur four and one-fourth and 6 hours later, respectively,
at the former station than at the latter, while flood and ebb strengths
at current station 28, Figure 31, in mid-channel about a mile south
of Baldwins, occur four and one-half and four and three-fourths hours
later, respectively, than the corresponding phases of the current at
Overfalls Light Vessel. The strength of flood therefore comes
approximately at the time of local high water, but the strength of
ebb occurs about one and one-fourth hours earlier than the time of
local low water.

Comparative tide and current observations therefore show that in

the lower Delaware River from Reedy Island to Marcus Hook, Pa.,
the strengths of flood and ebbh currents occur approximately at local
high and low tides, respectively, for any given point. From Chester
Isiand to Philadelphia, however, such a relationship bhetween the
time of current and tide does not hold true, the difference in time
between maximum current and maximum tide ranging from ahout
half an hour to one and one-half hours.
« In general, it will be noted from Table 50 that the current turns
later and later at mid-channel stations from Reedy Island to Phila-
delphia. The current turns earlier near the shore than it does in
mid-channel, as shown by a comparison of the time of current at the
cross sections off New Castle (stations 10, 11, and 12), off the Chris-
tiana River Entrance (stations 15, 16, and 17), and off Oldmans
Point (stations 20, 21, and 22). ‘

Station 14 was located in the Christiana River along the eastern
edge of the channel at a bend in the river about 1,600 yards from
Christiana North Jetty Light. It will be noted that the time of
current at this station is about an hour earlier at slack and strength
gl.a,n it is in the Delaware River off the entrance to the Christiana

iver.

It will be noted from the table that the current turns earlier at
dock stations than it does at stations in mid-channel as shown by the
data for stations alongside docks at Chester, South Chester, League
Island Navy Yard, and Greenwich Point

At the entrance to the Schuylkill River the current turns about an
hour earlier than it does in the main ship channel of the Delaware
River. This will be noted from Table 50 by comparing the data for
station 35 with that for station 34. The latter station was located in
The Elbow.

The axis of the lower Delaware River lies in a general northeast-
southwest direction. Therefore, the flood sets generally north-
easterly and the ebb southwesterly. The dredged cﬁmmel, however,
is crooked, owing to numerous bends in the river. At stations
located in mid-channel the current sets about fair with the axis of the
channel.

The velocities of flood and ebb at mid-channel current stations in
the lower Delaware River average about 2.0 knots, the ebb being
generally somewhat greater in velocity than the flood. However,
at station 9, off New Castle, Del., the flood strength, 2.6 knots, is
greater than that of the ebb. This is in agreement with the data for
station 10, off New Castle, one of the stations located on a cross
section of the river. A glance at Figure 31 shows that the full effect
of the flood is felt along the Delaware shore north of Bulkhead Shoal,
while the effect of the ebb is felt in mid-channel. Likewise, the fact
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that flood strength is considerably greater than ebb strength at
station 24, off Oldmans Creek, is no s})ubt due to interference with
the ebb caused by Marcus Hook Bar, a sand bar several miles in
extent.

It will be noted from the table that the duration of ebb is much
reater than that of flood, being approximately one and one-fourth
ours greater. For the 39 cwrrent stations in the lower Delaware

River the average durations of flood and ebb are 5.6 and 6.8 hours,
respectively.

t all of the stations listed in Table 50 with the exception of
station 9 subsurface current velocity observations were also made by
means of current meters. Generally, these observations were made
at three depths—two-tenths, five-tenths, and eight-tenths of the
depth at each station except at shallow creek entrances. The
direction of the subsurface current at these depths was determined by
means of a bilfilar direction indicator at all stations listed in Table
50, except stations 9, 26, 27, and 39.

The data derived from these observations are given in Table 51,
The times of slack and strength of current are given in hours and
hundredths of hours, since differences in time of current at various
depths at the same station are frequently small. The velocities of
the current at times of flood and ebb strengths are given in knots
and hundredths of knots, and have been corrected to a mean range of
tide at each station. For comparative purposes, pole observations
are listed for every station except station 37 where it was not possible
to use the current pole. Generally, a 15-foot pole, submerged to a
depth of 14 feet and giving current determinations at an average
depth of 7 féet, was used. Owing to shoal water at station 32, a
4-foot pole was used, giving current data at an average depth of 2
feet for that station. '
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TaBsLE 51.—Current data, lower Delaware River

[Referred to time of current at Overfalls Light Veassel}
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TaBLE 51.—Current data, lower Delaware River—Continued
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It will be noted from Table 51 that the time of slack before flood
generally becomes earlier from the surface downward, while the time
of slack before ebb occurs about the same time from the surface to
the bottom. It will also be noted that the velocities of flood and
ebb at times of strength generally decrease as the depth increases.
This is true for most stations listed in the table. Nota,gle exceptions
to this general rule are to be found on inspecting the data for flood
at station 36 and ebb at station 27. These were dock stations located
at League Island Navy Yard, Philadelphia, Pa., and the Sun Ship
Co. Pier, East Chester, Pa., respectively. In general, the velocity
of flood decreases slowly with depth, and at some stations actually
increases in strength. On the contrary, the ebb generally decreases
in strength rapidly with increasing depths. Near the surface the
velocity of ebb is considerably augmented by fresh-water discharge.
At the surface the duration of ebb is considerably greater than that
of flood, but with increasing depth the duration of flood generally
increases while that of the ebb decreases. At all stations in the
lower Delaware River listed in Table 51, however, with the excep-
tion of station 37, the duration of ebb at the bottom depths is greater
than that of the flood.

THE CURRENT IN THE DELAWARE RIVER—VICINITY OF
PHILADELPHIA AND CAMDEN

This section of the Delaware River comprises that portion of the
river along the water fronts of Philadelphia, Pa., and Camden, N. J.,
from Kaighn Point, N. J., to Port Richmond and Petty Island.
From Kaighn Point to Cooper Point, N. J., the Delaware River
averages a%out half a nautical mile in width from shore to shore and
is of considerable depth.

Figure 32 shows the locations of nine current stations in this
section of the Delaware River, at which observations were made
between the years 1886 and 1924. Stations 1 and 9 were dock
stations along the Philadelphia water front occupied in September,
1924, In July of the same year currents were o%served on a Ccross
section between Philadelphia and Camden at stations 5, 6, and 7,
where the new bridge hetween these cities is at present under process
of construction. Current pole observations were made in mid-
channel, off Cooper Point, N. J. (station 8), in the summer of 1886,
while in 1902 slack water observations were made on a cross section
between Philadelphia and Camden af stations 2, 3, and 4. The data
derived from current observations at these nine stations in the Dela-~
ware River are given in Table 52. These data refer to the tidal
current near the surface at a depth of about 7 feet and are based
mainly on observations made by means of current pole and log line.

In Table 52 the times of slack water and strengths of flood and ebb
are given in hours and tenths of hours and are referred to the times of
the corresponding phases of the current at Overfalls Light Vessel.
The durations of flood and ebb are also given in hours and tenths of
hours and it will be noted from the table that the duration of ebb at all
stations is much greater than that of flood. The velocities of flood
and ebb strengths are given in knots and tenths of knots and have
been corrected to a mean range of tide at each station. The true
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directions of the flood and ebb at times of strength are given to the
nearest- 5°.

It will be noted from Table 52 that the current turns about a third
of an hour earlier on the floced and ebb along the Camden water front
than it does in mid-channel or along the T’hiladelphia water front.
Strengths of floed and ebb occur considerably earlier at dock stations
along the Philadelphia water front than in mid-channel.
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Fi1c. 32.— Cunnt stations, vicinity of Philadelphia and Camden

Along the water front the veloeity of flood and ebb at strength is
about one knot. In midstream, flood and ebb strengths average
about 13; knets. The directicn of flood and ebb in midstream
varies considerably in this portion of the Delaware River owing to
the hend in the river. Thus the directions of flood and ebb in mid-
stream at the Philadelphia-Camden Bridge and off Cooper Point
differ by about 40°.



TaBLE 52.—Current data, Delaware River, vicinity of Philadelphia and Camden

[Referred to time of current at Overfalls Light Vessel]

Flood strength Ebb strength
o L Party of- Date Slack Elo.d Slack fulz)-g- Le‘l’l‘gth
tion ocation arty of— A a ura- acl . ; obser-
No. - . Direc- | Veloc- | tion f Direc- | Veloc- [ tion )
Time tion ity Time tion ity vations
Hours | Hours Tru Knols | Hours | Hours | Hours True Knots | Hours | Days
..... Off Pier 38, Philadelphia.__.._...[ W. H. Overshiner_.| September, 1924 5.2 5.1 5.2 8.45° E. 0.8 7.2 13
2. Off Chestnut Street Pier_..___...| F. A. Kummell .| January, 1902___ 52 5.0 7.2| 157
do. do.. --|-----do, 5.2 5.3 - 7.2 157
. A0 - do. May, 1902 52 4.3 7.2 48
| I Philadelphia-Camden Bridge....| W. H: Overshiner.| July, 1924 5.5 5.8 6.3 S.10°W. L7 6.9 1
[ I R , [ MO --de do. 5.5 5.4 5.8 (8. 5°W. 1.4 6.9 1
S _...-do. e o do -.-do 5.7 5.1 5.6 8.15°W. L1 8.7 1
8____. Off Cooper Point___...._.___._._. H. L. Marinden_.| July, 1836 5.4 5.3 6.3 8.55°W. L7 7.0 104
[ Off Port Richmond........___... W. H. Overshiner.| September, 1924. 48 18 4.9 [ 8.60°W. 0.2 7.6 18

86

ATAYS. OLLEAOTH ANV LSV00 ‘S ‘N



TIDES AND CURRENTS IN DELAWARE BAY

R XRER

et et et el el o ot

2BVIRRVBRRBVBRYBBBRE
e prp e g R IR T

ity

mwmuswwmmnwmmmw
AdrdrArAA S SSSS

0.74
0.88
0. 69

0.49
1 71

Krots I{;mra .Day
T.

Direc- |Veloe-| tion
tion

EDbb strength

R RS EEEEEERE
LELLAELLELEERE

True

Time

nﬂ%%%%%&%mw&&%%ﬁwﬁ

I
e
BB S S S 3Sid il

LBRRRBRVBAVBRBIRANA
aaa&a&sa&aaaaa&;aaa

508| 623 | 8.47°E.

s | Hours | Hours

d Camden
dura- | Slack

Q@ AN
Flood
tion

SBSATTIBIRBLBBRILIIR
maa&&&&aaaaaaaaaataas

$2R22NFBBIRVGY AR

ty of Philadelph

tver, vicini

[Referred to time of current at Overfalls Light Vessel]

TaBLE 53.—Current data, Delaware R
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The duration of ebb greatly exceeds that of flood at all stations in
this portion of the Delaware River. Based on a’long series of slack-
water observations on a cross section of the river off Chestnut Street
Pier, Philadelphia, the durations of flood and ebb in this section of the
river are 5.2 and 7.2 hours, respectively. o

At current stations 1, 5, 6, 7, and 9, listed in Table 52, subsurface
current velocity observations weére also made by means of current
meters with telephone attachment for counting the number of revo-
lutions of the current meter cups at each subsurface depth. Gen-
erally, these observations were made at three depths — two-tenths,
five-tenths, and eight-tenths of the depth at each station. The
direction of the subsurface current at these depths at stations 5, 6, 7,
and 9 was determined by means of a bifilar direction indicator.

The data derived from these observations are given in Table 53.
The times of slack and strength of ¢urrent, referred to the same

hases of the current of Overfalls Light Vessel (Delaware Bay

ntrance), are given in hours and hundredths of hours, which permits
differences in ﬁxe time of current at various subsurface depths at
each station to be readily seen. The velocities of the current at
times of flood and ebb strengths are given in knots and hundredths
of knots and have been corrected to a mean range of tide at each sta~
tion. For comparative purposes, pole observations are listed for each
of these stations. A 15-foot pole, submerged to a depth of 14 feet
and giving current determinations at an average depth of 7 feet,
was used.

At the dock stations, 1 and 9, where observations were-made for
but 13 hours, it will be noted that the times of slack and strength of
current occur about simultaneously at all three meter depths. A%
times of flood strength at stations 1 and 9 the current attains about
the same velocity at all depths. This is likewise true of the ebb at
the latter station. At station 1, however, the velocity of the ebb
decreases as the depth increases. . T

The data for stations 5, 6, and 7 show that the current at all depths
turns earlier along the Camden water front than it does in mid-
channel or along the Philadelphia water front. Likewise the veloci-
ties of the current at times of strength of flood and ebb are less for
each depth along the Camden water front than they are in mid-
channel or in the deeper water along the Philadelphia water front.

THE CURRENT IN THE DELAWARE RIVER—PHILADELPHIA
TO TRENTON

This section of the Delaware River which is about 30 nautical miles
in length, is crooked, and has many bars and shoals. By means of
dredging, the channel has been improved so that the river is navigable
for steamers, schooners, and barges to 14 feet draft from the Penn-
sylvania Railroad bridge at Fisher Point, N. J., to the city of Trenton,

. J. The river is also the approach to the Delaware and Raritan
Canal which has its entrance at Bordentown, N. J., about 4 miles
below Trenton.

No current observations prior to 1924 for this section of the Dela-
ware River are on file in the office of the Coast and Geodetic Survey._
In the summer of 1924 the party of W. H. Overshiner occupied six
current stations from Fisher Point, N. J., to Bordentown, N. J.
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The locations of these stations are shown in Figure 33. Currents
were observed both by means of current pole and current meter.
The data derived from current observations at these six stations in
the Delaware River are given in Table 54. These data refer to the
tidal current near the surface at a depth of about 7 feet, except at
station 3, and are based mainly on observations made by means of
current pole and log line.

In Table 54 the times of slack water and strengths of flood and
ebb are given in hours and tenths of hours and are referred to the
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F16. 33.—~Current stations, Delaware River, Philadelphia to Trenton

times of the corresponding phases of the current at Overfalls Light
Vessel (Delaware Bay Entrance). The durations of flood and ebb
are also given in hours and tenths of hours and it will be noted from
the table that the duration of ebb at all stations except at station 3
exceeds that of the flood by one and three-fourth hours or more,
due to fresh water run-off in the river. The velocities of flood and
ebb strengths are given in knots and tenths of knots and have been
corrected to a mean range of tide at each station. The true directions
of flood and ebb strengths are given to the nearest 5°.



TaBLe B4.—Current dala, Delaware River, Philadelphia to Trenton
[Referred to time of current at Overfalls Light Vessal}
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Current station 1, located in midstream off Fisher Point, N. J.,
was the control station for current stations occupied in this portion
of the Delaware River. The current turns about one and one-fourth
hours earlier on the flood at this station than it does in midstream off
Whitehill, N. J. On the ebb, the current turns about three-fourths
hour earlier at the former station than at the latter. The flood
attains its strength off Whitehill about three-fourths hour after the
time of flood strength at the control station off Fisher Point, while
ebb strength at the former station occurs about two hours later
than it does at the control station. Off Whitehill, the current begins
to ebb about the same time that it starts to flood at the reference
station, Qverfalls Light Vessel. When the current begins to flood
off. Whitehill, the current. at Overfalls Light-Vessel is approximately
at.quarter ebb. stage, having been ebbing for one and one-half hours.

e flood and ebb at ea,cﬁ station sets approximately fair with the
direction of the channel, the former setting northeasterly and the
latter southwesterly. At strength, the current averages about one
and one-fourth knots in velocity in this stretch of the Delaware
River. It is noteworthy that at five of the six current stations, in-
cluding the control station itself, the velocity at flood strength ex-
ceceded that at ebb strength, and at the remaining station the velocit
of the current at flood strength equaled that at ebb strength. It
should be borne in mind, however, that the observational period at
all stations except the control station-was short, being about 26
hours at each station, and also that the observations were made
during the month of July and therefore at a time when the ebb
would not be materially influenced by fresh water discharge.

At the Rancocas River Entrance the durations of flood and ebb
are about equal, but in the Delaware River proper the duration of
ebb greatly exceeds that of flood. The average durations of flood
and ebb at the five stations in this section of the Delaware River
are 5.1 and 7.3 hours, respectively.

In addition to current observations by means of pole and log line
at the six stations in this section of the Delaware River, meter
observations were also made at various depths to determine the time
and velocity of the current at two-tenths, five-tenths, and eight-
tenths of the depth at each station. At stations 1, 2, 5, and 6 the
directions of the current at these depths were determined by means
of. a. bifilar direction indicator. The data derived from these ob-
servations are given in Table -55.

In Table.55, the times of slack and strength of current, referred
to-the:same phases.of the current. at Overfalls Light Vessel (Delaware
Bay Entrance), are given in hours and hundredths of hours. The
durations of flood and ebb for various depths are also given in hours
and hundredths of hours. The velocities of the current at times of
flood and ebb strengths are given in knots and hundredths of knots
and have been corrected to a mean range of tide at each station. For
comparative purposes, pole observations are listed for each of these
stations. A 15-foot pole, weighted with lead so as to submerge to a
depth of 14 feet and giving current determinations at an average
depth of 7 feet, was used at all stations except station 3, which was
located at the entrance to Rancocas River. At this station a 4-foot
pole was used. :
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TaBLE 55.—Current data, Delaware River, Philadelphia to Trenton

[Referred to time of current at Overfalls Light Vessel]
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At station 1, which was the control station, continuous observa-
tions were made for a period of eight days. At stations 2 to 6,
inclusive, continuous observations were made for 26 hours at half-
hour intervals by means of a Price current meter with telephone
attachment for counting the number of revolutions of the meter
cups during the observational period of 60 seconds. Pole obser-
vations were made hourly as a check on the observations made by
means of current meter.

It will be noted from the data in Table 55 that the times of slack
water before flood and ebh at various depths is practically simul-
taneous at each station. This is also true of the time of strength
of current at the various depths at each station.

The strengths of flood and ebb at each station decrease generally
as the depth increases. At all depths at each station the velocity of
flood is generally greater than that of ebb; the duration of ebb,
however, is greater at all depths than that of flood.



APPENDIX
GENERAL CHARACTERISTICS OF TIDES AND CURRENTS

[Reprinted from United States Coast and Geodetic Survey Special Publication No. 11]
I. TIDES, GENERAL CHARACTERISTICS
DEFINITIONS

The tide is the name given to the alternate rising and falling of the level of the
sea which 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, éike the lunar day, therefore, has an average length of 24 hours and 50
minutes.

With respeet to the tide, the “moon’s meridian passage” has a special signifi-
cance. 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 referred to as the upper and lower
meridian 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 inferval.” Likewise
the interval hetween the moon’s meridian passage 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
phenomenon 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 accompany a tide having a very moderate rise
and fall while at another place a like rise and fall may be accompanied by a very
weak current. Furthermore, the time relations hetween current and tide vary
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 distinct 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 context indicates the sense intended; hut 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 minimpm 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 begin, 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.

106
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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 a maximum. The rise then
2ontinues at a constantly decreasing 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 increas-
ing constantly for about three hours, when it is at a maximum, and then decreas-~
ing for a period of three hours till low water is reached.

he rate of rise and fall and other characteristics of the tide may 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 staff gradu-
ated to feet and tenths and plotting these heights to a suitable scale on cross-
section paper and drawing a smooth curve through these points. A more con-
venient method is to make use of an automatic tide gauge by means of which
the rise and fall of the tide is recorded on & sheet of paper as a continuous curve
drawn to a suitable scale. Figure A shows a tide curve for Fort Hamilton,
N. Y., for July 4, 1922,

In Figure A the figures from 0 to 24, increasing from left to right, represent
the hours of the day beginning with midnight. Numbering the hours con-
secutively fo 24 eliminates all uncertainty as to whether morning or afternoon
is meant and has the further advantage of great convenience in computation.
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Fie. A.—Tide curve for Fort Hamjlton, N, Y., July 4, 1922

The figures on the left, increasing 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 ¥receding or following
low water is known as the “‘range of tide” or ‘‘range.” 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) attraets 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 measured 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 he considered 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 gives rise to the forces that cause the ocean waters
to move 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-producin;
force of a heavenly body varies directly as its mass and inversely as the cube o
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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)%, or
somewhat less than one-half.

When the relative motions of the earth, moon, and sun are introduced into the
equations of the tide-producing forces, it is found that the tide-producing forces
of both sun and moon group themselves into three classes: (@) Those having a

eriod of approximately half a day, known as the semidiurnal forces; (b) those
ving a period of approximately one day, known as diurnal forces; (¢) those
having 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 of the various seas to these
forces is very profoundly modified by terrestrial features. As a result we find
the tides, as they actually occur, differing markedly at various places, but ap-
parently with 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 predomi-
nance of these semidaily forces that there are at most places 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 reflection in variations of range,
but the principal variations are due to astronomic causes, being brought about
by variations in the position 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 aver-
age. 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 lag of a day or two
between the occurrence of spring or neap tides and the corresponding 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 effects 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, resulting 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 decreased rise and fall. These tides are called ““apogean tides’* and the corre-
sponding range the ‘‘apogean range.”

In the response to the moon’s change in position from perigee to apogee it is
found that, like the responses in the case of spring and neap tides, there is a 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. Like-
wise, 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 place,
and in some regions it may have a negative value. This lag is known as the
‘“‘age of parallax inequality”’ or ‘parallax age.”

The moon does not move in the plane of the Equator, but in an orbit making
an angle with that plane of approximately 2314°. During the month, there-
fore, the moon’s declination is constantly changing, and this change in the posi-
tion 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
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increases, morning and afternoon tides beginning to show decided differences,
and at the times of the moon’s maximum semimonthly declination these differ-
ences are very nearly 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 declina~
tion, this lag being 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 semimonthly declination, when the dif-
ferences between morning and afternoon tides are at a maximum, the tides are
called “tropic tides,” since the moon is then near one of the Tropics.
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Fi6. B.—Tide curves, San Francisco, Calif., October 18 and 24, 1922

The three variations in the range of the tide noted above are exhibited 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 approximately 2934
days in length; the month of the moon’s distance (the anomalistic month) is
approximately 2714 days in length; the month of the moon’s declination (the
tropic month) is approximately 2733 days in length. It follows, therefore, that
very considerable variation in the range of tide oceurs during a year due to the
changing relations of the three variations to each other.

80035—26——8
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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 B represents graphically the differences in the
tide at San Franciseo 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
:%uatoria.l tide for San Francisco, while the lower diagram represents the tropic

ide.

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 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 fort-
night, 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 oc-
curred, 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 that the afternoon rise and the morning fall more time than the evening
fall. Even more striking are the differences in extent of rise and fall of morning
and afternoon tides. The tide curve shows that there was a difference of a foot
in :26 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. Of 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 ‘“‘lower 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. Those
bodies of water which offer relatively little response to the diurnal forces will
exhibit but little diurnal inequality, while those bodies which offer relatively
considerable 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. When 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 frequently 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 A may be taken as repre-
senting 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 éne low water occur 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 decination is zero, the diurnal tidal forces tend to vanish
and there are generally two high and two low waters during the day at such
times. Galveston, Tex., and Manila, P. 1., may be mentioned as ports at which
the tide is frequently diurnal, while 8t. Michael, Alaska, may be cited as a port
at which the tide is largely diurnal.

The mixed type of fide is one in which two high and two low waters ocecur
during the tidal day but which exhibits marked diurnal inequality. 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
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the greater inequality; or the diurnal inequality may be features of 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 predominating tide at that
place. At the time of the moon’s maximum semimonthly declination the semi-
diurnal type exhibits more or less diurnal inequality and thus approaches the
mixed type; and when the moon is on or near the Equator the diurnal inequality
of the mixed type is at a minimum, the tide at such times resembling the semi-
diurnal type. 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.

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 A=A cos
(at+a)+Beos (bi+8)+ . . . . Intheaboveformula each term represents
a constituent of the tide which is defined by its amplitude or semirange, 4, B,
etc., by an angular speed, a, b, etc., and by an angle of constant value, «, 8, ete.,
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 {ide-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 hypothetical tide-producing hodies 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

assage, the oscillation produced by each of these simple tides may be written
in the form h=A cos (ai+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.

Each 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 ¢onstants.
. The periods of revolution of the hypothetical tidal bodies or the speeds of the
various component tides are computed from astronomical data and depend only
on the relative movements of sun, moon, and earth. These periods being inde-
pendent 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 place to place according to
the type, time, and range of the tide. The mathematical process 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 practical purposes be disre-
garded. In the prediction of tides it is necessary 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 is obvious that the principal lunar tidal component will be one which gives
two high and two low waters in a tidal day of 24 hours and 50 minute%, or more

exactly in 24.84 hours. Its speed per solar hour, therefore, is 2;1%= 28°.98

This component has been given the symbol M;. Likewise, the principal solar
tidal component is one that gives two high and tv;o low gvaters in & solar day of
24 hours. Its angular speed per hour is therefore ><2260 =30°.00. The symbol
for this principal solar component is S;.

Since the moon’s distance from the earth is not constant, heing less than the
average at perigee and greater at apogee, the period from one perigee to another
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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 My high water. In other
words, the tidal component which is to take account of the moon’s perigean
11118%\£ement must, in a period of 13.78 days, lose 180° on M, or a.g the rate of
378 13°.06 per-day. Its hourly speed, therefore, is 28°.98— 32:106=28°.44.
This component has been given the symbol Ns.

The moon’s change in declination is taken account of by two components
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 compo-
nents should, therefore, be such that when the moon is at its maximum declina-
tion they shall beth be at a maximum, and when the moon 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 speeds, therefore, is 2——4;6103 56
=1°.098. The mean of the speeds of these two components must ?e that of
the apparent diurnal movement of the moon about the earth, or 22—%1= 14°.49,

Ki+0,_
F0_

The speeds are therefore derived from the equations

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

It is customary to designate the amplitude of any component by the symbol of
the component and the epoch by the saymbol 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 enumerated above are the principal ones. Between 20 and
30 components permit the prediction of the time and height of the tide at any
given place with considerable precision.

From the harmonic constants the characteristics of the tide at any place can
be very readily determined.! The five principal constants alone permit the ap-
proximate determination of the tidal characteristics very easily. Thus, approxi-
mately, the mean range is 2M,, spring range 2(M;+S;), neap range 2(M:—8,),
perigean range 2(M;+ N.), apogean range 2 (M;— Ny), diun‘l,a.l inequality at time

of tropie tides 2(K;+ 0,), high water lunitidal interval ﬁ + The various ages

of the tide can likewise be readily determined. Ag roximately, the ages in hours
are: Phase age, 8;°— M,°; parallax age, 2(M;°— N, }J, diurnal age, K°;—0°. The
type of tide, too, may be determined from the harmonic constants through the
ratio ﬁj—l— S; - Where this 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-produc-
ing forces, group themselves into three classes. The tides in the first class have
periods of approximately half a day and are known as semidiurnal tides;
the periods of the tides in the second class are approximately onc 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 than half a day, and these are known as
shallow-water tides.

- The class to which any component tide belongs is generally indicated by the
subscript used in the notation for the component tides, the subseript giving the
number of periods in a day. With long-period tides generally no subscript is
used; with semidiurnal tides the subscript is 2; with diurnal tides the subscript
is 1, and with shallow-water tides, the subseript is 3, 4, or more. Thus Sa repre-
sents a solar annual component, P, a solar diurnal component, M; a lunar semi-
diurnal component, 5, a solar shallow-water component with a period of one-
quarter of a day, and M, a lunar shallow-water component with a period of one-
sixth of a day.

14°.49 and K;— O,

1 8ee R. A. Harris, Manual of Tides, Part ILI (United States Coast and Geodetic Survey Report for 1804,
Appendix 7).
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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 tical
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 he lost.

The principal tidal plane is that of mean sea 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 heights of the tide over a period of a year or mare 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 cffects of prevailing wind, atmospheric
pressure, and other metes rological 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 level. 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 ses 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 low waters during 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. -

Where the tides exhibit considerable diurnal inequality in the low waters, as on
the Pacific coast of the United States, thelower 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 high
waters over a 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 ahove the plane of mean high water.
A higher plane is therefore of importance for many puiposes, and the plane of
higher high water is preferred. This plane is determined as the average of
all the higher high waters for a period of a year or more. Where the tide is
freguently 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 somefimes used. Where a very low

lane is desired, the plane of mean spring low water is sometimes used, its name
indicating that it is determined as the mean of the low waters occurring at spring
tides. Another plane sometimes used, which is of interest because based on
harmonic constants, is known as the harmonic tide plane and for any given
place is determined as M1+ 8;+X;+ 0; 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 he
corrected to a mean value. The principal variations are those connected with
the moon’s phase, parallax, and declination, the periods ¢f which are approxi-
mately 2934 days, 2714 days, and 2714 days, respectively.

In a period of 29 days, therefore, the phase variation will have almost com-
pleted a full cycle while the other variations will have gone through a full cycle
and but very little more. Hence, for tidal quantities varying largely with the
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phase variation, tidal observations 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, constitute the more
satisfactory period.

As will be seen in the detailed discussion of the tides at Fort Hamilton, 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 variations, 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 comparison with simultaneous observations at some
near-by port for which mean values have been determined from a series of con-
siderable length.
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Fia. C.—~Velocity and direction curves for current, Hudson River, July 22, 1922

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 movement of the tidal current and
the vertical movement of the tide are intimately related parts of the same ']?he-
nomenon brou%lht 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 tempera-
ture. 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 currents experienced at any point being the resultant of the
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two classes of currents. In some places tidal currents predominate and in others
nontidal currents predominate. Tidal currents generally attain considerable
velocity in narrow entrance to bays, in constricted parts of rivers, and in passages
from one body of water to another. Along the coast and farther offshore tidal
currents are generally of moderate velocity; and in the open sea, calculation
b?setli‘ 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
occurs, 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 direection. The flood current is the one that
sets inland or upstream and the ebb current the one that sets seaward or down-
stream. The change from flood to ebb gives rise to a period of slack water during
which the velocity of the current is zero. An example of this type of current is
shown in Figure C, which represents the velocity and direction of the current
as observed in the Hudson River off Fort Washington on July 22, 1922,

In Figure C 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 flood 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. -

The lower curve of Figure C is the direction curve of the current, the direction
being given 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 hourly 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 reversing type.
Instead of- flowing in the same general direction 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 D, which represents the
velocity and direction of the current at the beginning of each hour of the after-
noon on September 24, 1919, at Nantucket Shoals Light Vessel, stationed off
the coast of Massachusetts.

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 again by way 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, define a somewhat
irregular ellipse. If a number of observations are averaged, eliminating acci-
dental 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 12t 25=, In other words,
the current day, like the tidal day, is 242 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

ive rise to a period of slack water. When the velocity of the rotary tidal current
18 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 a maximum velocity by
an interval of about three hours and being followed in turn by another maxi-
mum after a further interval of three hours.
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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 char-
acterized by diurnal inequality.
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Fic. D.—Rotary current, Nantucket Shoals Light Vessel, afternoon of September 24, 1919

As related to the moon’s changing phases, the variation in the strength of the
current from day to day is approximately proportional to the corresponding
change in the range of the tide. The moon’s changing distance likewise brings
about changes in the velocity of the strength of the current which is approxi-
mately 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 diurnal variation in the tide at any place being generally greater than
the diurnal variation in the current.
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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 con-
stant and simple relation to the times of high and low waters. In a progressive
wave the time of slack water comes, theoretically, exactly midway between
high and low water and the time of strength at high and low water; in a sta-
tionary wave slack comes at the times of high and low water, while the strength
of current comes midway between high and low water.

The progressive-wave movement and the stationary-wave movement 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 oceurring 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.
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F16. E.—Tide and current curves, New York Harbor, ‘October 9, 1919

The tidal movements of coastal waters are rarely of simple wave form; never-
theless, 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 E, which
represents the tidal and current curves in New York Harbor for October 9,
1919, the current curve being the dashed-line curve, representing the velocities
of the current at a station in Upper Bay, and the tide curve being the full-line
curve, representing the rise and fall of the tide at Fort Hamilton, on the eastern
shore of the Narrows.

The diagrams of Figure E 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 ordinates of the two curves approxi-
mately equal. The time axis or axis of X represents the line of zero velocity for
the currents and of mean sea leve] for the tide, the velocity of the current being
plotted in accordance 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 E it is seen that the corresponding features of tide and current
in New York Harbor bear a very nearly constant time 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 E we find strength of ebb occurred about 0.6 hour after the
time of low water, both morning and afternoon; slack before flood oceurred 2.2
hours before high water; strength of flood 0.4 hour after high water; slack before
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ebb 3.0 hours before low water. 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 disturbing effects of wind and weather.

Apart from the disturbing effect of nontidal agencies, the time relations between
tide and current are subject to variation in regions where the tide exhibits con-
siderable diurnal inequality; as for example, on the Pacific coast of the United
States. This variation is due to the fact, previously mentioned, that the diurnal
inequality in the current at any given place is, in general, only about half as

at as that in the tide. This brings about differences in the corresponding
eatures of tide and current as between morning and afternocon. However, in
such cases it is frequently possible to refer the current at a given place to the
tide at some other place with comparable 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 direc-
tion. In the case of the rectilinear current the effect of a steady nontidal cur-
rent is, in general, {0 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 F,
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.
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F1a. F.—Effect of nontidal current on tidal current

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 velocity component represented by the line CD, it is evident
that the strength of ebb will be increased by an amount equal to CD, while the
flood strength will be decreased by the same amount. The current conditions
may now be completely r(?)resented by drawing, as & new axis, the line EF
parallel to AB and distant from it the length of CD.

Obviously, if the velocity of the nontidal current exceeds that of the tidal
current at the time of strength, the tidal current will be completely masked
and the resultant current will set at all times in the direction of the nontidal
current. Thus, if in Figure F the line OP represents the velocity component
of the nontidal current in the direction of the tidal current, the new axis for
measuring the velocity of the combined current at any time will be the line GO
and 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 occur mini-
111%m and maximum velocities represented, respectively, by the lines ES and
In so far 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
determined either graphically by the parallelogram of velocities or by the usual
trigonometric computations.
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VELQOCITY OF TIDAL CURRENTS AND PROGRESSION OF THE TIDE

In the tidal movement of the water it is necessary to distinguish clearly between
the velocity of the current and the progression or rate of advance of the tide. In
the former case reference is made to the actual speed of a 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 iz 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. Ina
progressive wave the tide moves approximately in accordance with the formula
r=+/gd in which r is the rate of advance of the tide, g the acceleration of gravity,
and 5 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 is theoretically very great; but actually there is always some progres-
sion 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 the produet 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, 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
gimplest method consists in making use of the well-known ratio of the mean
ordinate of the cosine curve to the maximum ordinate 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 Immediatley
a8 the product 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 a velocity at strength of 1 knot will carry a floating object is,
in nautical miles, 0.6366 X 6.2=38.95, 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 momenetary, and graphically it is represented by the
instant when the current curve cuts the zero line of velocities. For a brief
period each side of slack water, however, 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?

To give slack water in its ordinary usage a definite meaning, we may define
it to be the period during which the velocity of the current is less than one-tenth
of a knot. Velocities less than one-tenth of a knot may generally be disregarded
for practical purposes, and suckh velocities are, moreover, difficult to measure
either with float or with current meter. For any given current it is now a
simple matter to defermine the duration of slack water, the current curve furnish-
ing 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
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stronger the current the less the duration of slack—and from the equation of the
sine curve we may easily compute the duration of slack 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=A sin 0.4831f, in which A 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
y=0.1 and solving for { (this value of ¢ giving half the duration of slack) we get
for the duration of slack the following values: For a current with a strength of 1
knot, slack water is 24 minutes; for currenis of 2 knois 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, 224 minutes.

HARMONIC CONSTANTS

The tidal current, like the tide, may bhe regarded as the resultant of a number
of simple harmoniec movements, each of the form y=.A4cos (af+a); hence, tidal
currents may be analyzed in a manner analagous 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 con-
stants 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 compo-
nents of the current by primes and of the fide by double primes, we have

M’y 8/5: N'a: K1t O'1='In2M”g.: 8:8'3: N5 KK''y: 0,0y

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 observations it 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 is in effect reduced o approximate mean value,
since the changes in the tidal current from day to day may he taken to approxi-
mate the corresponding 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 approxi-
mately the same as the variation in the range of the tide. ence, the velocity
of the current from a short series of observations may be eorrected 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 current 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 Riverin New York Harbor and Seymour Narrows in British Colum-
bia are examples of such straits, and the currents sweeping through these water-
ways are not tidal currents in the true sense, but hydraulic currents. The ve-
locities 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 eurrents.



Page
Ageof tide, diurnal age - —cocccmmeacnan. 28,109
parallax age... 28,108
phaseage. -uocameenoeo-n 28,108
Amphtuda of component tide.--woo.o_—oo... 111
Annual variation, lunitidal intervals, At-
lantic City, N.J - 9
Philadelphia, Pa.._. 8,9
Anomalistic month____..cccooa.o.. 109
Apogean tides -. 108
AppendixX_ oo e irececiciccccaaa. 106
Approaches to Delaware Bay, cturent dgot:;';. 76',6787'
current stations, location of - _._......__. 84
‘Cocurrent hour ... cceememceiiaaae 72,74
Component tide..-. - 111
amplltud(\ ............... 111
[ 11T | R, 111
Cotx dal hour... [ 72,74

Current, ebb..
flood

mean values.. 120
nontidal, effect of. [ 118
rectilinear. coee__...... - - 115
rotary -- R
Sk . eeeea 115,110
strength. . oo 115,116
L 7 T 114,115
Datum planes, tidal- .ol 1
Declinational planes..._..-occoeooocne_aoones
Delaware Bay, annual variation in tide level 38
character of tidal movement - ._..___...._.
current dat8. . ooocian

currentinthe.._....__._

current stations, location of. il
difference in range on two sides of bay..... 37
extreme tides, Lewes, Del . .____...__._.... 39
harmonic constants, tides, Lewes, Del..._. 39
hydrographic features. ... ... 3,78

relat]l)oerln of river level to tide level, Lowes,

tidein the. oo aaes 33-39
tide stations, location of - - oo ooooooo 33
variation in duration of rise......._....... 37
variation in lunitidal intervals_..___..._._. 35

variation Inrange_ - ..coooommmeaeoe.
Delaware Waterway, annual variation of

high water. ..t 57,58
annual variation of low water......__.... 58, 59, 61
annual variation of range___ ... .._.___._.__ 60, 61
component parts of .. .-t
slope ef. o —ne s 55

tldal SUMMALY - - o oo ammvcmcam o wmmnn
Delaware Rlver—Pm!adelphm to Trentun,
current data. U
current in the
current stations, location of..
hydrographic features 5,
Delaware Rlver—vicinity of Phlladelphla
and Camden, current data.__._......_-. 99
currentinthe__ .. ____..... - 96,100

current stations, location of.-. 97
hydrographic features_...-.____.._ 4,06
tida] data, Philadelphia and Camden... 47 |
tidal data, Philadclphia, summary. . 32
tide at Philadelphia and vicinity.. 46,48
tide in Schuylkill River ..--... , 50
tide stations, location of .- ... 47
Distance traveled in a tidal cyele._ - 119
Diurnalage.______._.__._.._.__ --- 23,109
Diurnal mequahty- ---- 109,110
Diurnal tide.. ... eeaas 110 112

Page
Duration of rise and fall, Philadelphia....-. 10-12
EDll)zll;ation of slack water-.ccocamee_.oe 119, 1
Eflects of wind and weather on tides.......-—
Epoch of component tide.. -o.ooocaaeooanae
Equatorial tides.
Extreme tides. - —oeecocmeeimae e ccacmaee 19, 20
Falcon temporary light vessel station, current 65,66
Fenm&i:"fsi&i{& “Shoal Light Vessel, current 72" .
_____________________________________ 7
harmo:uc constants, currents._._______._.. 72
Five-Fathom Bank Light Vessel, cocurrent
hourfor.- ..o 72
cotidal hour for. 71

effect on tidal régime
Half-tidelevel. .. . oo eine 113
Harmonic analysis._ - - ceoocecciomcnoaaiaans
Harmonic constants_..____..._...__ 27,111, 112, 120
Harmonic constants, currents, Nortb east
End Light Vessel. ... ... 69
Fenwick Island Shoal Light Vessel......-- 73
Philadelphia, Pa 2
tides, Lewes, D
High water.__..____.

tropic lower___._
Intervals, lunitidal

Int.roduction- - 11%
Lngm'i-ia%'séi'ﬂfédﬁ.' temporaryy........... 65,66
Fenwick Island Shoal 68,72,73

Northeast End
Overfalls_ ...
Long-period tides._.-
Lower Delaware River, comparison between
time of tide and time of current...-._..-- 89, 90
current A8E& .- - - .- 9
currentinthe.. ... __....._.. -
current stations, lncation of_-
hydrographic features
tidal data

pri
tropic higher._.
tropic lower.____
Lunitidal intervals. .
annual varintion, Atlantic Ci
Philadelphia, Pa
Mean range of tide. - ...
Mean range from annual variation_.___._.... 26, 27



122

Meanriverlevel...__ . o o . oo
mnlllml I\;arlation in river level, Philadel-
phia, Pa_ e 3
annlllml mean river level on staff, Phlladel-
phia, P
Mean sea level _____________
relation to mean river level.
Mean tidelevel ... ... ___.._._
relation to mean riverlevel. ... ... ...
Mean values_.______ . oo 113,114
Maeteorological effects upon durations of rise
andfall . s ..
upon mean river level ..._..
upon plane of high water_
upon plane of low water..

Nogglct%nl current..
Northeast End Light Vessel, current at.

current data. 68
harmonic constants, currents. . . 69
Overfalls Light Vessel, cocurrent 74
cotidal hour for.. 74
72-76
74,76
78
28, 108
2%, 108
96-100
98,99
current stations, loca
duration of rise and fall 10-12
neral remarks. . .
arbor improvement
harmonic constants, tides..... 27,28
highest high water_._
high-water planes. . 15-20
hydrographic features. . 4,96
lowest low water.._ 24
low-water planes. - 20-24
lunitidal intervals. .. 510
mean riverlevel ___._____. .- 12-14
mean tide level .______..__... - 24-25
meteorological effects on tide. - 28-32
range of tide__..__..____.__.. -~ 25-27
summary of tidal data.______..__.. 32
tidal data, Philadelphia and Camden .
tidal data, Philadelphia, summary. - 32
tide at Philadelphia and vicinity.. - 4648
tide in Schuylkill Rlver ....... - 48-50
tide stations, location of 47
Progression of tide and ve.locn.y of tidal cur-
rent... - 119

Progressive wave 117
Range or tide

INDEX

Range of tide—Continued.
extre

Rise, and fall of tid 107
Kiver discharge, effect oh duration of ebb. 82, 96, 100
effect on plane of low water................
Schuylkill River, hydrographic-features..._. 4
idal data 48
tide in the. 48-50
tide stations, locationof __________________ 49
Semidiurnal tide. .- -cccumerm e maaaaa 110,112
Shallow-water tides. 112
Slack water, 115
duration of . . o eoeon e 119-120
Spring range. , 1
Spring tides. . oo a 19,108
Stationary wave_.__o-ocooeeaoo. 1
Storm tides. .o creem e cemcmcm— e . 19,20
Strength of current. .« .coioooomoeeoo. 115, 116, 120
ebb._ . s 115
flood. ... 115
variations in....cacoeaccaaoaooo 116
Summary, tidal conditions, Delaware Water-
way. -
Synodical month....
Tidal current -
rectilinear. oo
rotary.__...... 115
time of, in relation to time of tlde ........ 117,118
Tidal cycle, distancs traveled in 119
Txda.l datum planes. .. ..o.ocoanan 113
21 day, I %
Tlda.l Y, length of - . ccecnnnnan i(o)g
Tlde-produclng forces__ -- 107,108
Tides, general characteristies__..__...____._. 106, 10
Time of current in relation to time ol tide__ 117,118
Tropiecmonth . . e eemaem 109
Tropic tides..cccueceeao- .. 109
Types of tide.. - 110,111

Upper Delaware River, annual variation in
tide level. a—-
comparison of tide level and river dlscharge. 56, 58
eﬂect, ot‘ harbor improvements on tidal ré-

50, 52
hydrographlc features. . .ooooooeom 4, 5, 50, 100
relation between annual variation in ran, e?s
of t:iietaa_nd annual variation in tide level. 58, 61
L S —
tide in the
tide stations, location of........... -
Vanatlons in range of tide____._. - 08, 100
Variations in strength of current._. ... ._... 116,117
Velocity of tidal currents and progression of

he tide. -
‘Wind and weather, effects of . L. 28-32




