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P R E F A C E  

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 Sail 
F’rancisco Bay, Special Publication No. 115. The purpose of these 
publications is to make available to the mariner, the engineer, the 
scientist,, ancl 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, ancl 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 ancl River. The current 
data are largely from a comprehensive survey macle during the 
summer of 1934. In addition to the tidal observations made by this’ 
survey, observations macle by the United States Engineer office have 
been included. 

As a general intmduction to tides and currents the first two sections 
of Special Publication No. 111 dealing with general characteristics 
o€ tides and tidal currents are reprinted in the appendix. 
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TIDES IN DELAWARE BAY AND RIVER 

INTRODUCTION 

Delaware Bay and River m d  their tributaries form one of the ini- 
portsnt wiit,erways on the Ahn t i c  coast. Located on it are the 
coiiuiierc.ially ini ortnnt ports of Philaclelphiit, Wilniinaton, Chester, 

domestic trade of which ,miount. to severd billion dollars annually. 
From its source in the vicinity of the Chtskill Mountains, the river 

flows ap rosiniately 300 niiles in it southerly direction, and empties 
into the gay  below Liston Point. The tidal influence estends to the 
vicinity of Trenton, which is at the head of navig&m, approsiniately 
115 nnuticttl niiles from the entrance to the bay. 

Into Delaware Bay and River enipty nunierous tributwy rivers and 
creeks draining .z total area of tqprosiinately 13,000 square statute 
miles. Among the largest of these rivers are the Rancocas, Schuyl- 
kill, Cliristinnn, Salem, Maurice. and Cohansey. A lock canal 
between Delaware City and Chesa ealie City serves as connecting 

under c.onstruction at the present time a sea-level cand between these 
two bays. 

Tidal observations, first recorded in this waterway about 1840, 
have been mttde at  intervals in various localities up to the iesent 

considerable iniportance was attached to tidal phenomena and were 
taken prininrily for establishing a plane of reference for the vanous 
hydrographic. surveys then in progress, both the methods of obserpin 
and the instrunients used were undeveloped, and the results obtalne 
were subject to vaiious sources of error. The various kinds of time 
used were factors of great uncertainty in ninny cases in these e d y  
days, and it was not 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, especkdy in 
the relation of the zero of the staf€ to h e d  bench marks on shore. 

In 1854, with the advent of a tide gituge which registered auto- 
matically the heights of the tide on a niarigrm, the results showed a 
c.onsiderable ini rovenient, the personal equation having been entirely 
eliminated. Tle  need for knowledge of tides, not only for reduction 
of soundings, but for scientific study of the tidal phenomena and their 
relations, was niore and niore keenly felt and a greater iniportrtllce 
was attached to these observations. From this time on rapid strides 
were iiiade in tides. Autonintic gauges were instdled at many laces 

slight interruptions for years. From these observations various 
datum pl?nes have been deteimiined and c.onstants derived for use 
in redicting4he tinies and heights of tide for the tide tables. 

#lie results of these observations have also permitted a better 
study of the tidd phenomena and have added considerably to our 
knowledge of tides 111 general. 

Marcus Hook, Ganiden, Y and Trenton, the combine8 foreign and 

link between the Delaivare and c! P iesapenke wat,erways. There is 

time. Since these earlier observatkms were made at a t h e  w E' en no 

% 

on the Atlantic md Pacific coasts, and were maintained mt K but 
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FIG. I.-Delaware Bay and River 



Part 1.-TIDES IN DELAWARE BAY AND RIVER 
By L. M. ZESKIND, Liedenant ( j .  g.), United Slates 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 Ca es and 

found convenient t o  divide the waterway into five sections. Tlie 
f i s t  section includes dl of the bay and the river to  Artificial Island 
(3 miles north of Liston Point); the second, Artificial Island to 
Pldadel hia; the third, Schuylldl River from its mouth to the Fair- 
mount B am; the fourth, the port of Philadelphia; and the fifth, 
Philadelphia to the head of navigation at  Trenton. 

2. DELAWARE BAY 

The United 
'States 8oast Pilot describes the boundary between the bay and 
river as being inarked 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 &sed line of demarcation between the bag and the 
river, this must therefore be taken as an arbitrary division. For 
the urpose of this publication the bay is taken to estend to the 

The open ocean tide enters Delaware Bay between Cape May, on 
the New Jersey side, and Ca e Henlopen, on the Delaware side, and 

direction up the bay. 
Where it meets the ocean, between Cape May and Ca e Henlo en, 

until a t  Miah Maul1 Light it reaches a maximum width of about 
23 nautical miles, then narrows to a width of 5 miles nt its upper 
estremity. The bay covers an area of approsimately (350 square 
statute miles with an average de th at mean low water of 17 feet. 

The largest of the man tributary rivers which discharge into the 

henton. It is divided into two parts, the first dealin wit R tides, 
the second with currents. For the purposes of this pub 9; iFation it is 

The u per liinit of Delaware Bay is rather uncertain. 

sout r iem part of Artificial Island. 

sweeps over numerous sand s K oals as it progresses in a northwesterly 

the bay has a width of about 10 nautical miles. I t  gra c! ually wi i ens 

Extensive flats with but few sand 73 eaclies line both shores of the bay. 

bay are the Maurice and F ohansey. 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 2% nautical 
miles at its lower end to half a 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 channef 

3 



4 U. S. COAST AND GEODETIC SURVEY 

with a minimum width of SO0 feet aiid a depth varying between 30 
and 35 feet at  mean low water, is maintained by the United States 
Engineers. 

this section of the 

the State, and flows in n generally northeasterly direction f,lrt or ap- Of 
port of Wilmington. 

prosiniately 17 miles, reaching the Delaware at a point 2 niiles 
southeast of the city of Wilniington. The river drains an area of 
a prosimatelv 530 square statute miles. The tidal influence extends 

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 t4hree. When iniprove- 
ments are completed the canal will have a depth of 12 feet and a 
width of 150 feet and will ac.conimod&te the larger bay boats. 

The most important of the rivers enterin 
Delaware is the Christiana, near the mouth o B which is located the 

t P irougliout , h o s t  the entire length. 

The Christiana rises in the western 

4. SCHUYLKILL RIVER 

Scliuylkill River, the largest. tributary of the Delaware system, has 
its source in Broad Mountain in the northeastern part of Schuylkill 
Count,y, Pa., and flows in a general southeasterly direction for ap- 
roximately 130 miles, emptymg into the Delaware River just below 

ghiladelphia, at the League h n d  Navy Yard. It drains an area of 
a prosimately 2,000 s uare statute miles in t,he southeastern part 

river for a distance of 7% nautical miles to Fairmount, where it is 
stop ed by a dam. Dredged channels make it possible to carry a 
deptyi of 15 feet up.the river to the dam. 

o P the State of Pennsyvania. P The tidal influence astends up the 

5. DELAWARE RIVER-VICINITY OF PHILADELPHIA 

. The ort of Philadelphia, which depends upon Delaware Bay and 
River P or carrying a large part of it.s commerce, is one of the most 
important on the Atlantic seaboard. Dee -draft# vessels coming up 
the bay reach the docks without any difficu t and millions of tons of 
cargo, both foreign and domest,ic, with a v k e  rnnnin%into billions, 
pass throu h this port annually. Since 1S90, when t e islands ob- 

has had a clean sweep past the The tidal flow, however, is 

The depth of channel at Philadelphia at  the time of the survey in 
July, 1934, was 31 feet, the width opposite Market Street, 2,000 feet. 
Across the river from Philadelphia is Camden, a large nianufacturing 
city. 

strutting t % e channels were removed and the river dredged, t,he tide 

interrupted when it reaches Petty Port sland, about 1 mile above the city. 
. 

6. DELAWARE RIVER-PHILADELPHIA TO TRENTON 

The Delaware River as it passes Philadelphia becomes of lesser 
commercial importance. Above Philadelphia the only shi pin is by 

Philadelphia to 9!4 feet at  Duck Island, 3 miles south of Trenton. 
The average width of river is 1,000 feet. As the tide aclvances 
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. 

shallow-draft boats, the channel decrea.sing from a depth o F P  31 eet at 
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At, Riverside, N. J., tlie Rancoms River empt,ies its drainage waters 
into the Delaware’. The Delaware and Raritaii Lock C a d ,  used by 
barges and small boats, links the Delaware wat.erway at  Bordentown, 
N. J., with the New York waterway at  New Brunswick, N. J., on the 
Rnritan River. 

THE TIDE AT PHILADELPHIA 

The principal series of tidal observations in the Delawz~xe waterwily 
is that obtained from an automatic gauge, which was ninintained 
almost continuously between 1901-1W), at  the foot of Clitrstnut 
Street, Philadelphia. For the tables and discussions that follow? tlie 
period from 1901 to 1920 lins been taken. Since the niore iiiiportmit 
tidal nwiations go througli R complete cycle in approsimittely 19 years, 
it is customary to accept the values of tidal constants based upon a 
lg-year series as tlie mean viilues. The values derived for the full 
series at  Pliiladelphin will therefore be niean ~ d u e s .  

The tides were gmpliicdly recmded on a Coast and Geodetic Survey 
automatic gauge, tlie heights heina referred to the zero of the Lsed 
st& near by by a comparison of t%e height of the curve above the 
arbitrary datiuii traced on the tide roll with the reading on staff. 
The zero of the staff was connected by levels with several bench niarks 
near the tide station. By frequent check level lines run between tlie 
tide st& and the bench niarks it wits found that the elevation of the 
zero of staff Bad 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 
re resented in feet above tlie zero of the &sed staff. 

%herever possible tides at the different stations dong the river 

It is to be borne in mind that a distinct difference esists between 
the open ocean and the river tides. In discussing Philadelphia we are 
dealing with a river station, and facts brought out in this connection 
can not be taken to a ply necessarily to  open ocean tides, such as 

were referred to Philadelphia ns n stmdmd st a t’ 1011. 

are encountered in the P ower put of Delaware Bay. 

7. LUNITIDAL INTERVALS 

The true lunitidal intervd, 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 nioon’s 
transit. Since standard time is most coiiinionly used, and the moon’s 
transit is iven in astronomic. tables for the meridian of Greenwich, 

standard time of tide and the transit of Greenwich, and then to reduce 
it to the true 1uniticIal interval by applying a single correction, which 
obviously iiiust be constant for any articular localit . 
the first ’39 days of July, 1915. A suiiinier nionth was selected be- 
cause the tides me less apt to be affected by wind and weather during 
this season. In  columns 7 and 8 of the table are given tlie intervals 
for successive high and low waters. Intervals derived from the lower 
transits of the moon are in parentheses. The mean or true intervals 
a t  the foot of the table are obtained by subtritcting 0.18 hour (the 

it is foun 8 more practical to compute a lunitidal interval for the 

In  Table 1 are given the high anflow waters at  3 hiladelphia for 
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2 - -______  
3 - - - _ _ _ _ _  
4 - - _ _ _ _ _ _  
5 _ _ _ _ _ _ _ _  

correc.tion referred to above) froiii the average values for the month. 
In esmiiining the individunl values of the table, it will be seen that 
both the high and low water intervals under o n regular periodic 

in the Appendix. 
monthly variation, depending on the phases of t a e moon, as explained 

TABLE I.-High and low ioalers, Philadelphia, Jzclu, 1916 

4.4 

5.1 
(17. 5) 
5.8 

6.5 

(16.8) 

(18. 3) 

(1% 9) 

I Moon's 

11 - -______ 
l?- - _ _  - 
13 _ _ _ _ _ _ _ _  
14 _ _ _ _ _ _ _ _  

Time of- 

11.4 
(23.8) 

13.2 
(0.6) 
13.0 
(1.4) 
13.8 

- - _-  - - - 

Duration 01- 

16 - - _ _ _ _ _ _  
17 - - - -____  
18 _ _ _ _ _ _ _ _  
19 _ _ _ _ _ _ _ _  
?o - -______  
21 - _ _ _ _ _ _ _  
22 - - _ _ _ _ _ _  
23 - - _ _ _ _ _ _  

Lunitidal 
interval 

(19) 
15.3 
(3.7) 
16.0 
(4.4) 
16.8 
(5.3) 
li. 6 
(6.0) ia 5 
(6.9) 
19.4 
(7.9) 
30.4 
(0.0) 

Height of- Rmge 
- 
Fall 

- 
Low 
rater 

- 
Fall 

- 
Low 
rater 

LOW 
vnter Rise Kigh 

mter 
Eigh 
vater Rise Eigh 

rater 

!lour8 
4.8 
17.4 
5.8 
18. 1 
6.6 
19.0 
7.2 
20.0 
8.0 
21.0 

9.0 
21.8 
10.0 
22.5 
11.0 
?3 9 

12.0 
0.0 
13.7 

0.7 
13.3 
1.3 
14.0 
1.8 
14.5 
2 7  
15. 0 
3.5 
15.8 

4. 1 
16.6 
4.7 
17.4 
5.4 
18. 2 
6.4 
19.1 
7.3 
20. 3 

a 3  
31.2 
9.4 
32 3 
10. e 
23.4 
11.7 

0.4 
l?. i 

13. , 
14. 

15. I 
3. I 

- -___  

1. i 
2. 1 
3. ! 

16. , 

- - -__  ----- 

Yours 
12.7 
0.6 
13.3 
1.6 
14.0 
2.5 
14.8 
3.2 
15.7 

4.3 
16.3 
5.3 
16.7 
6.0 
17.7 
7.3 
18.7 
7.9 
19.6 

8.7 
20.0 
9.7 

10. a 
21. 0 
10.7 
22.3 
11.4 

_ _ _ _ _  

m. a 

23. a 
11. a 
23.9 

12 5 
0.7 
13.1 
1.5 
14.0 
21 
15.0 

3.5 
15. 
5. ( 
16. i 
6. I 
17. L 
7. : 
19. ( 
a! 

20. I 

9. : 
?l. I 
10. : 
21. I 
10. I 
33 1 
11. 
23. 

__- - -  -_---  

Hours 
4.7 
5 .1  
4.9 
5.0 
5.0 
5.0 
5.2 
4.8 
5.3 

4.7 
5. 5 
4.7 
5.8 
5.0 
5. ? 

4.7 
5. 3 
4.8 

5. 1 
4.6 
5.3 
4.3 
5.0 
4.5 
5. 1 
4.3 
5.2 
4.4 

5. 1 
4. Y 
4.8 
4.9 
4.7 
5.1 
4.9 
5.1 
4.6 
5.3 

4. s 
5.6 
I 4  
5.6 
4.3 
5.6 
1.2 

5.4 
4.3 

5.3 
4.5 
5. 1 
4.3 
5. I 
4. t 
5. I 
4. f 

_ _ _ _ - _  

fours 

7.9 
7.1 
7.4 
7.5 
i. 4 
7.5 
7.6 
7.2 
7.7 

7.3 
7.3 
7.5 
6.7 
7.5 
6.7 
8.4 
6.7 
7.9 

8.0 
6.7 
8.4 
6.8 
8. 2 
7. 1 
8. 0 
7.3 
7.9 
7.2 

7.7 
7.3 

7.8 
7.3 
7.7 
7.3 
7. 
7. e 
7.7 

7.2 
7.3 
7. 8 
7.3 

I .  2 
8. 1 
7.3 
bC 
7.3 

8. L 
7. : 
8.1 
7. < 
7. I 
7. : 
7. 
7. ' 

_ _ _ - -  

a. 9 

-___-  

y. a 

30U78 
1. ? 
11.4) 
1. 4 y: "5' 

;) 

(1. 8) 
1.5 

(?. 1) 

1.8 
(3 9 
2.0 
(" 1) 
?. 2 
(1.7) 
?. 4 
(1.9) 
3.3 

(1.8) 
1.9 

_ _ - _ _  

(i 
(;: ;) 

(;: 

(1.3) 
1. 3 

(1.2) 
1.3 
(1.0) 
1.4 

(1.0) 
1. 4 
(1.2) 
1.5 (;: 3 
(1.4) 
1.8 
(1.5) 
1.9 
(1.6) 
1.9 
(1.0) 
1.8 
(1.6) 
1.7 
(1.6: 
1. 5 
(1.51 
1.5 
(1. 1: 
1. 3 
(1.5, 
ss. 5 
1.41 

.--_-. 

_. 

Yours 
9.1 
(8.6) 
8. s 
(8. S) 
8.9 
(9. OJ 
9.0 

(9.0) 
9.2 

(9.4) 
9.1 
(9.7) 
8.7 

(9.6) 
a9 
10.1) 
9. 1 
(9.8) 
9. 1 

_ _ _ _ _  

't 3 
(9.9) 
8.6 
(9.4) 
8. 6 
(9.3) 
8. 5 
(9.9 
a 4  

(8.9) 
8. 6 

(8.8) 
8.7 

1.8. 7j 
8 7 

(9. OJ 
9.0 
(8.7) 
9.6 
is. SJ 
9. 9 

(8.81 
10.0 
(8.9: 
9.8 
(8. 9: 

9. i 
(8.9: 
9.6 

(8. 9 
9.3 

(5.6 
9.2 

(8. 9 

._-__. 

Feet 
10. 1 
9.3 
9.7 
9.7 
9.4 
9.5 
8. s 
9.3 
9.1 
5.9 

6.2 
9.0 
8.3 
9.8 
8.8 
9.4 

8.1 
9.4 
8.6 

10. 1 
9. 1 
10.7 
8.9 
10.3 
9.1 
10.2 
9. 1 
10.0 
9.2 

9.9 
9.4 
9. s 
9.5 
'9.3 
9.3 
9.3 
9.6 
8.8 
9.6 

9.3 
10.2 
9.0 
10.3 
8.9 
10.4 
9.0 

10.5 
9. 1 

10.3 
9. 1 
10.3 
9.2 
10. I 
9.2 
10. I 
9. < 

, - - - - _. 

-_____  

Fret 
_____. 
3.8 
3.8 
4.0 
4.1 
3.8 
4. 1 
3.6 
4.4 
3.9 

3.8 
3.3 
3.8 
. L O  
4.6 
4.9 
3.2 
3.4 
3.5 
4.1 

4.4 
4.7 
4.4 
3.9 
4.3 
3.9 
4.2 
3.9 
4.0 
3.9 

4.3 
4.3 

4.2 
4.0 
3.7 
4.1 
3.8 
3.9 
3.3 

4.1 
3.8 
4.3 
3.7 
4.1 
3.7 

3.7 
3.9 
3.6 

3.6 
3. f 
3. i 
3. I 
3. : 
3. I 
3. I 

_ _ - _ _ _  

4. a 

a. 

Ftct 
_-- - -  
6.5 
5.9 
5.7 
5.3 
5.7 
4.7 
5.7 
4.7 
5.0 

4.4 
5.7 
4.4 
5.8 
4.3 
4.5 

4.9 
IL 0 
5.1 

6.0 
4.7 
6. 0 
5. 5 
6.3 
4. s 
6.3 
4.9 

. 6.1 
5. 2 

6.0 
5.3 
5.6 
5.3 
5.3 
5.6 
:A 2 
5. e 
4.0 
83 

5. 1 
6.4 
4.5 
5. t 
4.5 
0. 7 
5. ( 
6. t 
5. : 

5.: 
6. : 
5. ! 
6. I 
5. I 
6. 
5. ' 

__---  

a. : 

Fret ___- - -  
6.3 
5.5 
5.7 
5.6 
5.6 
5.4 
5.2 
4.9 
5.2 

5. 1 
4.9 
5. 2 
4. a 
5.2 
3.9 
6.2 
4.7 
5.9 
4.5 

5.7 
4.4 

5.0 
5.9 
5. 2 
6.0 
5.2 
GO 
5.3 

5.7 
5.3 

5.6 
5.5 
5.6 
5. 2 
5.5 
5.7 
5.5 

5.5 
5.4 
5.9 
5.3 
6.3 
5.2 
6.4 
5.3 
6.6 
5.5 

6.5 
5.5 
6.6 
5.9 
6.4 
b.4 
6.2 
5.6 

6.3 

______-  

Sums _ _ _ _  _ _ _  - 
Means-.. - _ _  . 270. L 

1.9: 
420. ! 
7. 5' 

509.0 
8.91 

528. : 
9.4! 

219. I 
3.91 
- 

303. 
5. 5 

_- 
309.1 
5.52 
- 
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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 
litt81e variation in the intervals for the day. It is evident, therefore, 
that when the moon is at its greatest nortli and south declinat,ion, 
both the high and low water intervals vary amon! themselves by 
the greatest amount, and when the nioon is on t i e  EquatQr the 
variation is the least. 

Froin the table i t  is seen that the lunitidal interval for any tide 
does not vary over an hour frnni the inean for the month. I t  is 
obvious, however, that during tlle niontlis when stornis 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.-Lwiifidnl htervals, Philadelpl~ia: Monthly means for 1901 am1 1920 

- 
High-water Lowwater 

intervals intervals 
Month I 1901 

-- 
Hours 

1.61 
1. M 
1.56 
1.35 
1.29 
1.32 
1.37 
1.27 
1.36 
1.43 
1.53 
1.42 

Hours Hours 
1.80 5.99 
1. 59 9.08 
1.86 9.06 
1.29 9.03 
1.42 8.97 
1. aS 8.96 
1.43 890 
1.43 8.96 
1.44 8.97 
1.66 8. 97 
1.63 9.04 
1. 51 9.09 -- 

193 

Hours 
9. 15 
8.95 
9.17 
E. 97 
s 91 
5.58 
5.95 
5.95 
8.86 
9.01 
9.08 
9.13 

107.09 
9. no 

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

In Table 3 we have the annual means of HWI and LWI for a 
The value for 

series of observations a close approximation to the mean value may 
be had. For Philadelphia the accepted values for the high and low 
water Iunitidal intervals are taken as the means of the two groups in 
Tablo 3, or 1.49 hours for the BWI and 8.97 hours for the LWI. 
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Hortrs 
1.45 I 
1.35 
1.47 
1.5s 
1.62 
1.53 
1.50 
1.17 

15. 02 
1. 50 

Hours 
Y.00 ! 
9.01; 
9.10 ~ 

9. U3 i 
9.0s I 9.03 
9.00 

8. 93 
8.93 I 

90.13 ’ 

S.% I, 
-_ 

, 9.01 I 

Wows 
1. 35 
1.41 
1.40 
1.45 
1. $2 
1.50 
1.5ti 
1. 57 
1.50 
1.49 

flours 
s . 1  
8.68 
8.93 
s. 87 
S. 92 
s. Q4 
895 
8.00 
8. w 
9.00 

14.13 
1.47 

s9. I 
s. 94 

I n  Table 4 is s h o ~ m  the annual variation of lunitidal inbervnls for 
Each a. miod of 20 years divided into 2 groups of 10 years each. 

groups of observations. 
vaiie i of the table, therefore, represents the mean for ten 29-day 

TABLE 4.-Liaiitidal i t i t r r d s ,  I’liiladelphia, antiiiol zlnriafiotr 
- ___.___.- -- -- I HWI I LWI 

Month 1 series 
1901-191c 

Elours 
9.02 
9.01 
8.00 
8.97 

8.85 
aas 
a w  am 
a.84 

a 09, 
8. $9 

9.00 

An examination of the table brings out the fact that bot,li high, 
water and low water lunitidal intervals g o  tlirough n periodic seasonal 
change. This is shown best by an inspeckion of the graphs of talle 
aniiual variation. From these it is readily seen that the intervnls 
are greatest in the winter m o n h  and lowest in the suninier moat,lis. 

In  Figure 2 are represented t.he annual variation of both high snd 
low w a h  intervals based on the mtire 20 years of observat,ions. The 
HWI curve, after reaching it.s maximum in Februmy, drops sharply 
to a low level in April, and remains at  t,liis level during s ring and 
summer. In the fall it begins to iise again. The LW?c~rve; is 
somewhat different. Although it similarly reaches its peak in Febru- 
ary, the decline from then on is not so abrupt., and does not! rencll n 
mininium until midsummer. I n  tahe early fall it begins t.o me.  
Another conspicuous difference is observed in the clifferelice in r&nw 
of annual vmation between the two intervals, it bel noted t1ia.t tEe 

low water. 
variation of the high water is considerably greater Y t ian t1in.t of the 
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That bhe variation in luiiitidnl intervals is related to and de >endent 
on the rimr level can not be doubted, for we find that in 5 anuary 
.and February, when the river level is lowest, the lunitidal intervals 

- '- -I FIG. 3.--4nnual variation in lunitidal intervals, Philadelphia 

are-greatest and when in the summer months the river level is highest, 
the%nitidd intervals are lowest. This fact may he explained as 
follows: When the river level is low, greater friction is offered the 
tidal wave and its rogress is impeded; when the river level is himhest, 
the friction offerexis the least and the tidal wave is propagatebwith 
a greater speed. 

FIG. S.-Annual vmiation in lunitidal intervals, Atlantic City 

Figure 3 shows the annual variation of hi h and low water lunitidal 
intervals for Atlantic City, based on near Y y 10 years of continuous 
observabions froiii 1911 to 1920. 
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It is to be noted that Atlantic City is located on the open ocelln 
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 PhiladelplGa the 
difference between t r e  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 Atelantic 
City. It is further noted that unlike Philadel bia, where the masi- 

t,he mwiniuni at Atlantic City oc,c.urs cluring the autunin nionblis and 
the intervals are on a downward trend during the winter months. 
Likewise the values of the intervals instead of reachin a niasinium 

niuni value €or both high and low wnter intern s s oc.c.urs in February, 

during the suinmer months, as at PldadelplGa, reac. f 1 a mininiuin 
duiing the early sprin . 

In the reduction o ~ H W I  and LWI for tables of ticlal clata t,liat 
follow, use is macle of tlie annual variation above described. Since 
in many cases it is impossible to et a simultaneous comparison of the 

value of ticlal const,ants, it is found practical to derive from the graph 
of annual variation a correction factor de ending upon tlie time of 

ear in which observations were made. I$ correcting the int.ervals Xy this factor, we obtain a value whic.11 as a rule will approsininte the 
mean values for the station in question. 

subordinate stations with a stan 3 ard station for a reduction to mean 

8. DURATION OF RISE AND FALL 

The cluration of rise, or the tinie cluring w1Gcli the tide is rising, is 
obtained by subtracting from the time of high water tlie tinie of the 
preceding low water, and the duration of fall, or tlie t h e  cluring which 
the tide IS fallin , is obtained by subtrz .t' from the tinie of low 

obsemations the duration of rise may be derived by subtract.ing from 
the high water interval tlie low water interval, and the cluration of 
fall, vice versa. 

The mean duration of rise of tide is clerivecl by substracting the 
niean low water lunitidal interval from t,he mean high wat.er lunit.ida1 
interval, and the cluration of fall, vice versa. Obviously the mean 
durat.icm of rise plus the niean duration of fall must equd t,he tinie of 
a t.ida1 cycle, or 12.42 hours. Refemin to Table 1, we find that the 

inore or less than the time of a tidal cyle. This is due in large part 
t80 wind and weather. In  w i n k  mont,lis, when tlw storin effechs are 
felt most, the inclividud cluration of rise or fall niag vary as niuc.11 as 
an hour or two froni its mean d u e ,  the wind aclvnncing or ret,arcling 
the tidal niovement of the water. 

Referring again to Table 1, colunins 5 ,  6, 7, and 8, it is evident that 
the variation is greater between the inclividual values of t8he duration 
of rise and fall than the lunitidal intervals. However, for n month 
of observations the cluration of rise, as clerivecl from the mean of the 
high and low water intervals will wree almost exactly wit.11 thnt 
c1eteimiineil from the times of higli an8 low waters. 

water the time o f the preceding high water. In% or a month or inore of 

duration of rise plus the clumtion of P all for an individud cyde is 
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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 betwee'n the means for the two years. 

TABLE 5.-Duration of rise and fall, Philadelphia; monthly means for 1001 and 
10,ao 

1901 
Rise _ _ _ _  
Fall _ _ _ _  
lea0 

F ~ I  __._ Rise _ _ _ _  

1 Jan. 1 Feb. 1 Mar. 1 Apr. 1 May June 1 'July I Aug. 1 Sept. 1 Oct. 1 Nov. Dec. l e a n s  
-___----- 

Hours I Hours i Hour8 I Hours Hours Hours Hours Hours Hours Hours Hours Hours Hours 

7.38 7.24 7.50 7.68 7.88 7.64 7.53 7.69 7.61 7.54 7.51 7.67 7.56 

5.07 5.06 4.61 4.74 4.93 4.97 4.89 4R7 5.00 497 4.971 4 . W I  4.91 

5.04 5.18 4.92 4.74 4.74 4.78 4.89 I 4.73 4.81 4.88. 4.91 4.751 4.86 

7.a5 7.3617.81 7.08 7.49 7.45 7.53 7:5517.42 7145 7.4517.621 7.51 

From the means of the annual values for HWI and LWI 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 ualin 12.42 houis or the tinie of a tidal cycle. 

greater than the duration of rise by ap roximately 2% hours. This is 

fresh water run-off, opposes the flood tide. In the fall of the tide, the 
fresh water seeking its way t,o the ocean adds its stren th to the tidal 

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. I t  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 wateiway from the entrance to the bay 
to the extremity of tidewater at  Trenton, the duration of rise clecreas- 
in and duration of fall increasing in going upstreani. 

Seferring 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 diflerences between the two 
the indicate a probable change in the durations o rise and fall at 
PhJadelphia. 

TABLE 6.-Duralion of rise and fall, Pli.iladelphia, an.vmal varialinn 

It is apparent, there 1 %  ore, t at  for Philadelphia the duration of fall is 

characteristic of river tides where t i e  f pernianent current, clue to 

ebb and prolongs t.he time during which the tide is fa !5 ing. 

YPS are 

Month Duration Duratlon I of rise 1 offal1 / /  Month Duration Duration i ofrise 1 or mi 

4 81 7 61 

1.91 7.51 
4.59 7:5311 

Hours 
4.92 
4. 93 
1.98 
4.99 
5.00 
4. os 

Hours 
7.50 
7.19 
7.44 
7.43 
7.12 
7.44 
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Table 6 gives the annual variation in duration of rise and fall at  
Philadclphia for the period 1901 to 1930. Between the highest and 
lowest monthly values of each there is a difference of 0.32 hour or 13 
minutes. In Pigure 4 the variation in the duration of fall is repre- 
scntml graphically. 
An inspection of the grnph indicates that the duration of fall, like 

the luniiiclal intervals, has nn annunl periodicity. From a niininiuni 
in Fehruary it riscs sharply to n mnsiniuni during March and from 
then on gradually declines. Obviously cluration of rise will be 
represcntccl by II complementary curve, with rise least in March and 
greatest in February. 

raphs of annual variation in river level and high 

between these and the annun variation of duration of fall. 

Reference to 

F water for Phila d elphia, on ages 15 and lS, indicates a similarity 

9. MEAN RIVER LEVEL 

One of the most important results of nutomatic tide gage operation 
for long periods of time is the estxhlishnient of the lane of mean sea 
level for many places along the Atlantic and Paci H c seaboard. I ts  

FIO. 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.) 

I t  
is the average height of the sea, and is cleterminecl by avera ing the 
hourly hei hts of tide for a period of tinio depending on the dg egree of 

A distinction must here he made between sea level and river level, 
since at Philadelphia we are dealin with a station that is located on a 

may or may not he 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 ddnition, 
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 

laces suhjcct to tidal influence is determined in the same way as sea 
revel. 

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. 

Mean sea level is that plane about which the tide oscillates. 

accuracy c f esired. 

river, and therefore the term “sea f evel” does not apply. River leveI 
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Date Feet Date Feet 
__ - 
1 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  7.06 11 _ _ _ _ _ _ _ _ _ _ _  ~ _ _ _ _ _ _ _ _ _ _ _  5.31 
2 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  7.09 12 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  7.09 
3 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  6.94 13 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  7.W 
4 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  6.59 14 _ _ _ _ _ _ _ _ _ _ _ _  ~ _ _ _ _ _ _ _ _ _ _  7.05 
5 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  6.68 15 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  7.00 
6 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  6.12 16 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  7.17 
7 _________________._______ 6.47 17 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  7.16 
8 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  7.W IS _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  6.78 
9 _________________..______ 6.04 19 . . . . . . . . . . . . . . . . . . . . . . .  6.90 
10 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  6.55 20 _ _ _ _ _ _ _ _ _ _ _  ~ _ _ _ _ _ _ _ _ _ _ _  6.60 

Sum _ _ _ _ _ _ _ _ _ _ _ _ _ _  70.00 
Mean _ _ _ _ _ _ _ _ _ _ _ _ _  l- 7.00 

Sum _ _ _ _ _ _ _ _  - - - - _ _ _  - 66.63 
Mean. _ _  - - - - - - - - I 
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Date I Feet 
!-- 

31. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  6.95 
22 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  6.93 
23 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  6.69 
24 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  9 6.92 
25 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  6.84 
26 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  i 8.85 
27 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  1 6.81 
23 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I  6.93 

30 
39 I 7.08 

TABLE 7.-Daily river level on stafl, Philadelphia, July, 1916 

In Table 7 is given the variation in river level at Philadelphia for 
each chy of Jdp, 1915, R ty i c J  sunmer month. It is seen from the 
table that during the rnontl! daily river level may vary by as much 
as 1.2 feet. It is also evident that even for EL summer month, when 
the effect on the tide of variations in ineteorologicd conditions is the 
least, there can be a difference of as much as 0.34 foot in the means 
of three 10-da;v groups. 

TABLE .%--Monthly riuer leosl o n  stag, Philadelphia, for 1901,1907,1916, and 1920 
- 

- 
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 3.30 
feet. February, being a winter month, is subject to variable nieteoro- 
lo ical conditions, and the particular value in question is 0.9 foot 

the next nearest value. 
variation of a foot or more in level. At an open ocean station wide 
variation in the monthly values is infrequent. 

beow 5 For any year, however, there is a 

TABLE Q.-River level on staff, Philadelphia; annual means, 1901 to 10.20 
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Table 9 represents the annual means of river level at Philadel hia 
from 1901 to 1930, divided into two groups of 10 yems each. ft 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- 
del hia may be taken as 6.53 feet, the mean for the 20-year period. 
I% the foregoing tables and discussions there was manifested con- 

siderable variation in river level from da to day, month to month, 

and the height at  any time will differ under varying nieteorolo ical 

oves a short eriod of time may differ considerably from a mean value 

. and year to year. River level is easily a d ected by wind and weather 

conditions. It is to be expected, therefore, that a vahe for river f eve1 

determined P rom a long series of observations. 

TABLE IO.-River levels on staff, Philadelphia; annual variation 

Series 
1901-191c Month 

I 

Series Meam 
1911-1920 ~1901-1QaO 

6.55 I 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 a t  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 1911-1930, 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 sunnier 
months and between the maximum and minimum there appears to 
be a diherence 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 tohere was a similar regularity in the lunitidal in- 
tervals and duration of rise. Just as in the latter curve we found 
the mininium to occur in February, here too the river level is a 
minimum cluri this month. The maximum, however, remains 

the river level begins to drop sharply until it reaches its minimum 
in February. Between the maximum value of 6.76 feet in April 
and minimum of 6.03 feet in February there is a difference of 0.73 
of a foot. 

almost constant 3 uring the spring and summer months. In October 
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io. THE PLANES OF HIGH WATER 

Because of the varying positions of the sun and moon witl,, res ect, 
to the earth we may have various lanes of lligli water; higher figh 

water, spring high water, neap high water, perigean high water, and, 
spo e m  high water. 

&en the moon is new or full-that is, wheii the tidal effects of 
moon and sun conspirethe high water is higher than usual, a.nd in 
averaging up these values oyer a considerable enod of time the plane 

first or tliirz quarters-that is, when the tidal f0rc.e exerted by the 
iiioon is o posed to that of the sun-the neap tide is produced and an 
arerage of  a considerable number of high waters taken at such tinies 
gives the plane of neap high water. 

The moon makes a revolution around the earth in approsimntely 
27% 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 tinies when 
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water, lower hi@ water, tropic hig R er high water, tropic lower high 

of spring hi& water is derived. Similarly w P ien the moon is in the 

FIG. 5.-Annual vill.istioii in river level, Phihddyhir 

it  is farthest away, .or in a ogee. The hi h water produced when the 

of a number of such high waters gives the plane of perigean lligh water. 
Likewise the plane of apogean high water is the werage of a number 
of high waters occurrin when the moon is in apogee. 

high-witer planes; that is, higher high water, lower high water, tropic 
higher high water, and tropic lower high water. For any day there 
me two high waters, one of wliic.11 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 se arately over a considerable period of time the higher and lower 
daily !i) iigli 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 

tropic higher high water and tropic lower high water p anes. 

iiioon is in perigee is calles Lhe perigean P iigh water, and the average 

Periodic changes in t s ie moon's declination also introduce several 

P higher and lower o 7 these high yaters determine, res ectively, the 
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June Jill:, 1 dug. I sept. 1 clot. 1 Wor. j Dw. 

9.23 9.0s 9. 19 9.02 8. s6 I 6.4s 

'-I------ .- -- -_ 
F ~ t l  FPPI Fer1 Fcct 1 r;; 1 Frit I Fcrl 
9.55 9.35 9.63 9.58 8.95 8.60 9.02 
9.45 9.29 9.10 9 .0 i  8 9 0  9 . 2 6 1 9 . 1 9  

The discussions that follow will be liiiiited to the five planes: Mean 
high water, sprinf high water, nea high water, tropic higher high 

of sufficient importance to warrant detailed &.cussion here. 
In the ninth column of Table 1 are shown the values of hi h water 

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 aniounting to 3.6 
feet. As the tabular values are for a suiiimer iiionth when the tide 
is least affected by ineteorological conditions, we must attribut'e most 
of this variation to lunar influence. 

Again in Table 1, colunin 9, it  is seen that on July 3, when the moon 
was on the Equator, the hiah water diurnal inequality, or difference 
between the two highs for %e day, is nil, while on July 9, when the 
moon is at  its greatest north declination, the high water diurnal 
ineyuidity is a maximum. 

TABLE ll.-Monthlv nrenn high rvater on sto# for  1901, 1907, 1919, an.d 1920 

water and tropic ower high water, t R e other lanes not being deemed 

throughout a representative summer month. From these vn 7 ues it is 

ivertns 

Fml 
$.95 
8.96 
8.95 

9.451 9.3s 
-- 

9.431 9.271 9.261 9 . W /  9.301 Y.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 approxiniately 1 foot results betvc-een the highest and 
lowest values. 

TABLE l2.--High uater on slaf, Philadelphia; o.rinual matas, 1901 to 1920 

Year Sear I Feet 

Table 12 gives the yearly vdues from 1901 to 1920 divided into 
two lO-year groups. Between the highest and lowest of these yearly 
means there IS a difference of 0.39 foot, although the mean vtllues 
for the two 10-year groups agree closely. It is ap went, therefore, 
that only an approximate value for high water can E e derived from a 
year or less of observations. 
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Year 

1901 ____________________-.-..-______._____ ""I 2.49 
1902 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  2.52 
1903 . . . . . . . . . . . . . . . . . . . . . .  _ _ _ _  ______._____ 2.52 
lsoL _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  2.46 
1805 _ _ _ _  ~ . . . . . . . . . . . . . . . . . . . . .  ~ ___..._____ 2.44 
1906 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ~ _._.______. 2.48 
1907 _ _ _ _  ~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  2.45 
1909 _ _ _ _  ~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  2.49 
lsOg ._______..............._._.___________ 248 
1910 ________________________.__.______.___ 2.39 I 

Sum _____________._____ ~ _ _ _ _ _ _ _ _ _ _ _  24.69 
Mean - _ _ _ _ _  -. . . . . . . . . . _ _  - _ _ _ _ _ _ _ _ _ _  2. 47 

- 
Year 

1911 _____________.__-----_-_-_._---__.--- I--- 2.44 
1912 __________________..-...--.--.---.-.- 251 
1913 . . . . . . . . . . . . . . . . . . . .  ~ __._._.____ ....'. 248 
1914 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _  2.45 
1915 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  2.45 
1916 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  1 441 
1917 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  2.39 
1918 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  2.36 
1919 _._._._._..._.___________.___._______ 2.42 
1920 _ _ _ _ _ _  __.__ ____________.___._________ 248 

Sun1 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  24.39 
Mean __________.___.__._._________ 3.44 

In Table 13 t,he yearly heights of high water above river level are 
shown. In  coni arin !t'ables 13 and 13 a cons icuous difference is 
noted between t.ie big1 water as referrecl to st and the hi h water 
referrecl to river level. In  the foniier the greatest difference etween 
the highest and lowest was 0.39 foot while in t$e latter case the 
diflerence is 0.16 foot.. I t  a.ppeai-s, therefore, t,liat t,he planes of lGgh 
water and river level niust pass through a somewhat, similar annual 
variation. This will be discussed later in corn aring the two graphs. 

Since the inclination of t,he moon's orbit to t P ie plane of the earth's 
asses t.lirougli n complete cycle in approiimately 19 years, 

during w idi it  raries from IS?,'" to 3 S ? $ O ,  the tidal force also asses 
through a cycle of variation during this period of time. In or : er to 
reduce to a mean value i t  is necessary to a ply a correction to the 
individual yea.rly values in Table 13. T a b i  14 shows the corrected 
annual nieans of ligh water for each of the 20 years of observations. 

TABLE I$.-High water above riiw lezlel, Philadelphia; annual means corrected for 
longitude of moon's node 

5 P 5  afp 

equator K 

Year \ Feet 1 Year 1 Feet 

A coniparison of Tables 13 and 14 shows that although the means for 
the respective 10-year groups vary sli htly, the mean value of high 
water for the 20-year groups representdin 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 acce ted value 

mean of the yearly values of the second group in Table 14 is 0.04 
of mean high water above river level we may take 2.46 F eet. The 

! See R. A. Harris' Manual of Tides, Part 111, U. S. Coast and Geodetic Survey, Report for 1894, p. 24i. 
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foot higher t,lian those of the first group. While this figure is small, 
it may indicate a corresponding rise iii the plane of high water during 
the period 1911 to 1930. 

In  Table 11 the month1 values of himh water indicated a seasonal 
change in the lane of hig K water. TaQe 15, which gives the annual 

variation of the lane, and it is noted that from a minimum of 8.57 
variation base $ on 20 years of observations, shows a regularity in the 

feet on staff in I? ebrurtry it rises to a maxiuin of 9.38 feet in June. 
TABLE 1S.--High water on staff, Philadelphia; annual variation 

._ 

Month I ziL: / /  Month I j /  Mouth i water 

Fed j I Feet 
January _ _ _ _ _ _ _ _  I 2% 11 April ----------.-- I %3 1 July _-___________  1 9 28 1 October _ _ _ _ _ _ _ _  I 9.10 
February _ _ _ _ _ _  S 2 7  May _ _ _ _ _ _ _ _ _ _ _ _  9.35 August _ _ _ _ _ _ _ _ _ _  9131 I November _ _ _ _ _  8 7 2  
March _ _ _ _ _ _ _ _ _  8.90 June _ _ _ _ _ _ _ _ _ _ _ _  9.38 , September _ _ _ _ _ _  9.21 I nerember _ _ _ _ _ _  8.59 

FIG. B.-Aunusl variation in high water, Philadelphia 

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

I 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 phenu mena appears to be characteristic of river tides where 
the tidal nioveqmt is restricted to narrow channels. Still mother 
difference noted 111 that while the river level remains more or less con- 
.stant during the spring and summer months, and cloes not begin to 
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drop until October, the high water, after reaching n maximum in 
June, begins to decrease almost immediately. 

Spring hi h water is that high water which occurs at  the tinie of 

various tides due to varying lunar positions do not occur at  exactly 
the same time that the moon unclergoes the chan es, but follows them 

thc moon’s various changes is called the age of the tide. 
The interval of time by which the sprin tide follows new or full 

moon is called the phase age of the tide. 50 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 

From 2 years of observations, 1901 to 1902, the spring 
k g h  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 approxmately 9 er cent greater than mean high water above 

planes may also be determined from the harmonic constants.2 
The plane of neap hi h water is derived in a similar manner to that 

the same two years as above, the lane of neap high water above 

river level is thcrefore approximately 13 per cent less than that of 
mean high water. 

From tabulations of tropic tides for the two years 1901 and 1902, 
i t  is found that tropic *her high water is 2.76 feet above mean river 
level and tropic lower h g h  water is 1.80 feet above mean river level. 
Tropic higher hi h water is, therefore, 0.29 foot greater than mean 

cent greater than that of mean hi h water. Tropic lower hig water 

high water above mean river level is approximately 27 per cent less 
than that of mean hi h water. 

Besides the sever 3 high water planes above described which are 
brou ht about by mtnronomical causes there is an important plane due 

water. Because of varyin wind and weather conditions there are 
times when the plane of hi % water rises considerably higher than the 

rise of high water several feet above a-ierage. In order to have a 
,plane which shall take account of these estraordinary heights of tide 
:the highest high water is taken for each month and averaged for the 
year. 

of spring tic K e. It is well to call attention here to the fact that the 

by a k e d  interval. This interval of time by w 7l ich the tides follow 

eriod of time. 

the same plane. The pane P 
of spring high water w % en the moon is at  first or third quarter. For 

mean river lerel is 2.15 feet, and t f e rise of this plane above mean 

high water, and t a e rise above mean river level is approximate1 12 per 

is 0.67 foot lower than mean hig E water, or the rise of tropic lower 

larg f y to meteorological causes, the plane of extreme or storm high 

,average. This is articu B arly true in a river waterway where the 
storm effect on tid 3 planes is extremely pronounced and may cause a 

of spring high water as well as other 

I 

Manual of Tldes, Part 111. U. 8. Coast and Geodetb Survey, Report lor 1894, p. 144. 
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1902 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  1901 _ _ _ _ _ _ _  ~ _ _ _ _ _ _ _ _ _  
1903 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
19134 ________.________ 

1906 ___.___.__.______ 1905 ______._.________ 

1907 _________._______ 
1 W l _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _  
lsog _-___. - - - -. . - _  --- 
1910 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

Sums _.________ 
Means _ _ _ _ _ _ _ _  

Eigheat Aver- 
age Highest Year Aver- 

sge 

Fed Dotc 1 Fed 
4.10 Apr. 3 _ _ _ _ _ _ _  
4.25 Oct. I 1  _ _ _ _ _ _  6.88 
3.72 Oct. 21 _ _ _ _ _ _  
3.96 Oct. 19 .._-__ 

191G..-. _ _ _ _ _ _ _ _ _ _ _ _  4.01 Juno l i  _ _ _ _ _ _  4.88 

3.93 Jan. i _ _ _ _ _ _ _  
3.87 Dec. 15 _ _ _ _ _ _  4.14 Mar. 30 _ _ _ _ _  4.88 
3.96 Feb. I _ _ _ _ _ _ _  4.88 I 1915..-. _ _ _ _ _ _ _ _ _ _ _ _  4.47 Jan. 14 _ _ _ _ _ _  5.1% 

Feb. P I  _ _ _ _ _ _  I 
(Apr.22 _ _ _ _ _ _  I} 4’48 1 l9 l i  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  4.09 -4pr. G. _ _ _ _ _ _  5.48 

4.04 Jan. 22 _.____ 5.58 1918------ _ _ _ _ _ _ _ _ _ _  4.02 A r I 1  4s 

40.58 _ _ _ _ _ _ _ _ _ _ _ _ _ _  50.90 1620 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  4.15 Dec. 14 _ _ _ _ _ _  4.98 
4.06 _ _ _ _ _ _ _ _ _ _ _ _ _ _  5.09 - 

8uItls ___.___. 
Means - _ _ - _ _ _  4.W .._____.______ 

-- 

4.75 Oct. I _ _ _ _ _ _ _  t: 1911-- - - . - - - - - - - - - - -  

- 1919---- _ _ _ _ _ _ _ _ _ _ _ _  4.14 d;. s:::::: 5.08 

40. m I _ _ _ _ _ _ _ _ _ _ _ _ _ _  
~ _ _  
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TABLE 17.-Louf waler on staf, Philadelphia; annual means, 1901 lo 1990 

21 

Year I Feet (1 Year 1 Feet 

3.73 
3.96 
3.92 
3.66 
3.59 

3.75 
3.61 
&MI 
3.88 

37.21 
3.73 

a 73 

- 

3.1 
3.59 
3.66 
3.73 
3.53 
3.79 
S 83 
3.93 
4.04 
3.92 

37.95 
3.80 

F’rom a corn arison of the above table wit8h t,hat of Table 12 

vary in a somewhat similar manner. Between the highest and lowest 
yearly vdues of Table 16 there is a difference of 0.4G foot, and be- 
tween the two 10-year groups a difference of 0.0s foot. 

TABLE 18.-Low water below river leifel, Philadelphia; annual means, I901 to 1920 

(annual mean o F high water on st&> i t  is seen that the annual means 

Year I Feet I Feet II Year 

a 74 
2.82 
3.77 
a 75 
2 79 
2 so 
2 76 
2 79 
280 
283 

27.85 
279 

2 85 
282 
2 81 
2.73 
R 78 
2.71 
269 
2 67 
3.74 
3.78 

27.67 
276 

I I I  I 

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 0.1s foot. 

TABLE l9.-Low wder below river level, Philodelphiu; annud mean8 corrected for 
longitude of vnoon’s node 

Pear j Feet I Feat II Year 
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Month 2; 1 Month :$yr 11 Month 

Fed I Fret I 
January _ _ _ _ _ _ _ _  3.65 April ____________ !  4 Do July _ _ _ _ _ _ _ _ _ _ _ _ _  
February _ _ _ _ _ _ _  3.54 M a y  _ _ _ _ _ _ _ _ _ _ _ _  I 3: ;P 1 August _ _ _ _ _ _ _ _ _ _  
March _ _ _ _ _ _ _ _ _  3.58 June _ _ _ _ _ _ _ _ _ _ _ _  3 . B  September _ _ _ _ _ _  

_-- ~- 
::zr " Month 1 :::,, 
Feel I Fret 
3.64 October _ _ _ _ _ _ _ _  3.90 
3.77 November _ _ _ _ _  3.84 
3.83 December _ _ _ _ _  1 3.80 

I 

The annual variation in the plane of low water based on the 80 years 
of observations from 1901 to 1920 is shown in Table 20. Between the 
highest and lowest monthl values there results a difference of 0.46 
foot. Comparing this diierence with that derived between the 
m&ximum 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 plane 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 lane of low 

and niinimum it passes through two cycles. If we compare Figurese6 
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 ma.simum in April 
to a second minimum in July, and then increases to a second maximum 

water, for instead of passing through one cycle with a sing f e 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 ha.d 
by a study of the relation between river discharge and tlie planes of 
high and low water. It will be shown later that river dischar e has a 
pronounced influence on both planes, but with a reater e ect on 

vn.riation of this plane as due in large part t o  the river dischar e.  

obher datum planes froni a tabulation of the two-year series 1901 and 
1903, and corrected for inclination of the moon's orbit. 

TABLE 2l.-Low water plan.ss, Philadelphia; below mean river level 

Mean low w a t e r _ - - - - - - _ - _ - - - - - - - - - - _ - - _ _ _ - - - - - _ - - - - - - - - - - - _ - - - - - - _  '3.77 
Spring low water ___________________________________________-- - -__--  2.83 
Neap low mater ________________________________________- - - -_ -_- - -__  2.66  
Tropic lower low water ________________________________________- - - - -  2.96 
Tropic higher low water _________________________________________- -_  2.67 

As in the case of the high water lanes where it was seen that the 
t.ropic higher high water constit utef tlie highest plane given, here we 

that of low water. We may, therefore, ascribe t a e characteristic 

Table 21 below contains, besides mean low water, the results P or 

Feet 

I I I -~ 
FIG. 7.-Annual variation in low water, Philltdclphia 

find t.liat the tro ic lower low water is the lowest plane. .t4 conspicu- 
ous difference to ?3 e noted, however, is the smaller differences between 
the heights of the various low water planes as compared with those 
of high water. For esaniple, between the highest and lowest of the 
low water lanes we have a difference of 0.30 foot, as compared with 

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 tshe greater difference esisted between the maximum 
and miniinuni monthly values of the hi h water. 

From the table it is seen that, below t f e plane of river 1evel.spring 
low wat.er falls 2 er cent lower than niean low water. In  the pre- 
ceding section we ound that spring hi h water rose 9 per cent bigher 
than mean high water. Tlie plane o neap low water is 4 er cent 
higher than mean low water, compared with 13 er cent or neap 
high water below mean high water. Tro ic lower P ow water is S pfr 

higller high water above iiiean high water; and tropic higher low water 
is 4 per cent, higher than mean low water qompared with 27 per cent 
for tropic lower high water below mean lugh water. 

0.9G foot P or the diflerence between the highest and lowest of the 

P f F 

cent lower than mean low water, coinpare z with 12 per cent for tropic 
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Frtt 
4.30 
4.16 
3.92 
4. 22 
4.11 
4.17 
3.97 
4 . E  
4.35 
4.32 

Just as we defined the plane of extreme high water as t,he 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 23 gives the yearly averages of the ext,renie 
low wateis below niem river level, together with the dat.e and value 
of the extreme low wa.ter of enc.h year. 
TABLE 2Z-Extreiue loiu wcrlet below mean rirw leael, Philadelph.ia; annual means 

and lowest 

Datr I 
Feb.5 _ _ _ _ _ _ _  
Jan 4 _ _ _ _ _ _ _  

{Ma;. %----.I 
Jan. 13 ._____! 
Apr. 21 _ _ _ _ _ _ I  
Dee. 1 _ _ _ _ _ _ _ I  
Dee. 8 _ _ _ _ _ _ I  

JSn.21.?3..-1 
Feb. 9 _ _ _ _ _ _ _  
F e b . l _ . _ _ _ _  I 
Feb. 7 _..____I 

41.79 I _ _ _ _ _ _ _ _ _ _ _ _ _ _  1 
1.18 I ___.__________ 

-li 
Pert 

5.12 
6.32 11 
5.42 

5.74 

5.42 

I- I 
Ffrt Date 
4.34 Dee.% _ _ _ _ _ _  I 
4.47 Jan. 6 _ _ _ _ _ _ _ !  
4.61 Dre.9 ..___ I 
4.35 Jan. 13. _ _ _ _ _ ’  
4.10 Dec. 15 ..____ 
4.21 Feb. 28 _ _ _ _ _ _  
3.99 Mar. 11 _ _ _ _ _ !  
4 04 iUar.29..---’ 
4:Oe 1 Feb.2; _ _ _ _ _ _  I 
3.99 D e c . I i _ _ _ _ _  i 

Feel 
5.12: 
6.62 
8.62 
6.42 
5.22 
5.32 
5.52 
5.92 
6.82 
5.82 

moo 
G 00. 

As in preceding tables the 20-yetw eriod of observatioiis is divided 

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 aguin there is an indication that there has been a lowering in. 
the plane of low water, and the ttniount 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 
a proximately 0.7 foot, the hi hest. value occurring in 1913 when the 

plane of average extreme low water may be taken as the mean of the 
30 years of observations, or 4.20 feet, from which we find that the 
plane falls 50 er cent further below mean river level than does the 
plane of mean P ow water. 

The lowest low water during the eriod 1901 to 1920 occurred on 

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 23 that. 
extreme tides occur mostly during the winter months. 

12. TEE PLANE OF MEAN TIDE LEVEL 

Mean tide level may be defined as the plane lying midway between 
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 tphere appears to be con- 

into two 10-year groups. For the B rst group, 1901-1910, we get n; 

p r ane of extreme low water fe fi to 4.61 feet below river level. The 

March 29, 1919, when the low water P ell to 6.82 feet. This represents 
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1903 ......................................I 5.391 

1906 ...................................... 1 5.2s 

1901 ...................................... 5.22 
1905 ...................................... 1 52.3 

1907 ...................................... 5.22 
1908 ...................................... I 5 . S  

siderable difference between the two planes. This fact may be attri- 
but,ed to the difference in character of the tide curve for a river st'a- 
tion. At Philadelphia a cpnpaiison of the yearly values of river 
level and tide level will show a very nearly constant relation. From 
20 years of observations i t  is found t.hat the plane of mean tide level 
is 0.16 foot below the plane of niean river level. The above value 
may be derived directly froiii niean hi h and low water planes by 

I t  is obvious t,hat t.he rnph of annual variation of mean tide level 

eshibit, t,he nienii of annual variation of the high and low water 
pl aim. 

taking half of the difference between t, I? e two. 

.will follow closelp that o !i niean river level and bhat both cmves will 

-wat.ers, and the inenn range of tide inay k e defined RS the difference 

niem f ow water. Varioug mnges, mag t. a erefore, be obtained from 

13. THE RANGE OF THE TIDE 

Range of tide is the difference in liei .lit between high and low 

in liei lit between the plane of mean hi h water and the plane of 

the preceding high and low water tables. 
It! is seen from Table 1 that t.lie range of tide eshibits siniilnr varia- 

tions during a month as do the other tidal constants. Table 53 gives 
t.hc pearly range of tick t i t  Philrtdelphin from 1901 to 1920, clivided 
.into txo 10-yenr groups. 

TABLE 23.-Rirt~ge of f ide,  PhilaJelphia; nnnuub nieairs, 1901 to 1920 

Year 
_ _ - ~  
le01 
1902 ...................................... 
1903 ...................................... 
l a . - . .  .................................. 

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

_- 
Feet I Year Feet -- 

I 5.13 1911 ..................................... 5.43 
5.30 ' 1913 ..................................... 5.48 
5.13 1913 .................................... 6.46 
5.06 1914 ..................................... 5.33 

Tear 

1911 ..................................... 
1912 ..................................... 
1913 ..................................... 
1914 ..................................... 
1915 ..................................... 
1916 ..................................... 
191; ..................................... 
1918 ..................................... 
1919 ..................................... 

--- --___~.-- -- 

1805 ...................................... ..................................... 
1906 ...................................... ..................................... 
1907 ....................................... ..................................... 
1908 ...................................... ..................................... 
1909 ...................................... ..................................... 
1910 ...................................... ..................................... 

Sum ............................... .......................... 
U'aIean .............................. ............................. 

Feet _- 
5.30 

5.2s 
5.16 

5.13 
5.07 
5.03 
5.16 
5.33 

5.33 

5. 23 

5.34 
5.20 
5.10 
5.01 
5.08 
5.14 

5.26 
-- 

52.56 
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In Table 29 the corrected mean ran e of tide for tlie period 
1901-1910, is 5.18 feet, and for the pcrio % 1911-1920, it is 5.26 feet. 
I t  ap ears, therefore, that the range as cleteimiinecl froni the Mter  
perioc lp is 0.0s foot greater than the earlier period. Tlie niean of 
the two mu s, or 5.22 feet, may be acceptec as the niean range of 
tide at  P K c r  iila elphia. As in the case of the tidal planes there appeilrs 
to be a regular seasonal change or periodicity in tlie range of the 
tide. Figure S represents the variation graphically for t,he periods 

It is apparent froni a glance at the figure that for both the period 
1901-1910 and 1911-1930, the curves of m u a l  variation are similar 
and that for the latter period the heights are consistently greater. 
Tlie graphs resemble in nmny 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 niay t'herefore attribute tlie niinunl 

1901-1910 alld 1911-1920. 

FIG. 8.-Annual variation in raugv of tide, Phi!%lelphi:t 

variation of ran e as produced largely by river conditions. In  

up the river, tlie ertter will be the annual variation of range of tide. 

low waters tlie mean of the two curves represented in Figure S will 
therefore be the difference between Figures 6 and 7. 

The 
lowest range occurs during the nionth of $'ebruary and the highest 
during tlie nionth of July. Between the .masinium 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 t,he 
rker  discliar e will be shown later. 

of this annual variation in the recluction of observed ranges to their 
mean values for stations where no simultaneous companson with a 
standard station is possible. By ap lying to tlie observed range a 

another section o P this publication it will be shown that the fsrtlier 

Since range of ti r e is by definition tlie difference between high and 

I t  is apparent that Figure S resembles E'iaure 6 more closely. 

In  the tab 7 es of tidal data further on in this volunie, use is made 

factor depending upon tshe time of '0 R servation 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 ran e of tide it follows that for the various 
high and low water planes cke 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 wrying meteor- 
ological co~idit~ions there will also be corresponding ranges. These 
ranges are mean ran e,  spring mange, neap range, perigean range, 
apogean range, great 5 iuiiial range, small diurnal range, great tro ic 
range, small tropic range, estreme range, and greatest range. &e 
designations of s ring, neap, perbean, and apogean ranges are evi- 
dent from the de l 'nitioiis of the hig% and low water planes of the same 
name and need no further descii tion. 

Great diurnal range is the di ;e erence between the planes of higher 
high water ancl lower low water. Small diurnal range is tslie differ- 
ence between the planes of lower high water and hi her low water. 
Great tro jc range is the difference between the %nes of tropic 
higher liig R water and tropic lower low water. Sm af 1 tropic range is 
the difference between the planes of tropic lower high water and tropic 
higher low water. Extreme ran e is the difference between the 
planes of extreme Ligli water ant' 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 in1 ortant of these ranges 
a t  Philadelp B ia. These values are derived f rom tlie high and low 
water planes of the nreceding sections. 

TABLE ~8.-Tidal  ranges, Philadelphia, Pa. 

Feet 
Mean range. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  Small tropic range _ _ _ _ _ _ _ _ _ _ _ _  4.46 
Spring range _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  Estreme range _ _ _ _ _ _ _ _ _ _ _ _ _ _  -- S. 27 
Neap range _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  Greatest range _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  13.50 
Great tropic range _ _ _ _ _ _ _ _ _ _ _ _  

In  the above table the best known values for Philadelphia are 
shown. The mean range is tlie mean of the 20 years of obseivations. 
from 1901 to 1920. reat tropic, and small tropic 
ranges are based on the two years of o % servatioiis from 1901 to 1902, 
and the estreme range and greatest range are brtsed on the 20 years 
of observations from 1901 to 1930. 

Spring, neap, 

14. HARMONIC CONSTANTS 

Harmonic constants are used rimnrily in the prediction of tides 

the hourly heights of the tide. In the Coast and Geodet,ic Survey the 
derived constants are used to give settings on the tide- reclicting 

constants can be used also in tlie deteilniiiation of the tidal planes 
and in deriving the ages of the tide.5 

At Philadelphia harmonic analyses of the hourly ordinates of 
tide have been made for the pears 1901 aiid 190% 
of series in each case is 369 days. Table 26 gives the mean v ue 

for the various ports of the wor r cl aiid are based on an analysis of 

machine, by which the tide is preclictecl for many places. 5 armonic 

The leYh 
: For a discussion of harmonic analysis see Harmonic Analysis and Prediction of Ttdes, by Paul S d U r c -  

man, U. 8. Coast and Geodetic Survey, Special Publication No. 9s. 
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for the various constants based on the two years. In  the table the 
amplitudes of the com onents are given in column headed H and the 

TABLE 26.-Harn~onic constants, Pkiladelphia 

[Values in parentheses have been inferred frnm other constants1 

epochs in column hea (F ed K .  

_ _ _ _ ~ ~ ~ ~  ~ -- 
i 1801 I 1901 

Componeut I I Component 

--I--/ -- 
I H / K :  

As noted above tlic ages of the tide inay be derived from harmonic 
const.n.nt,s. 
Phase age, in hours _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  0.984 ( S ~ O - M I O )  
Parallas age, in hours-. 1. 837 (M20-Nnoj 
Diurnal age, in hours _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  0.911 ( K I O - O ~ O )  

As previously defined the phase age of the t,icle is the interval by 
which spriw tides follow new or full moon, or the interval by which 
the neap ti8e'follows the moon's first or tliir(1 quarter. From the 
above forniula w e  derive for the phase age of the tide at  Philadelphia 
3s.4 hOUM. 

The I)arallax w e  of the tide is the interval by which perigean and 
apogean tides fonow, rmpec.t.ively, the timcs when the moon is in 
perigee and npo ee. From the formula above we derive for the 

The diurnal age of the tide is the interval by which the tropic 
tide follows the 1110011's senii-monthly inaxiniuni north ancl south 
declination. We derive for Philadelphia from the formula above a 
value of 13.7 hours as the cliurilal a.ge of tho title. 

The formu1a.s for the va.rious ages are given below: 

parallces age at P !i iladelphin 38.6 hours. 

15. EFFECTS OF WIND AND WEATHER 

In the foregoing sections we found that the planes of extreme high 
water and &streme low water and the extreme range of tide were 
niuch greater than the avera e.  The plane of extreme high water 
rose 1 
likewise fell I?.; feet below mean low water, ancl the extreme range 
was 3 feet greater than the mean range. I t  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 s o m e  
what greater than the average. Assuming that to the average high 
water and to the averacre low water is applied the increase which 
would be brought aboutxy a coincidence of a spring tide, a perigean 
tide, nnd a tropic tide, it would be found that the high water and low 

feet above mean hig 7 i water; the estreme low water plane 
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wiiter planes thus produced woulcl be approsimabely 1 foot. less than 
the estreme high and low water planes, nncl the range woidd be 
aq)rosiniately 3 feet less than the estreme r,r.nge. It is evident, 
derefore, that the estrenie tides must be clue to ot-her than astronomic 

If we investigate the meteorological conditions a t  the tinies of the 
extreme t,icles represented in Tables l G  and 33 we find in the majority 
of cases high winds or sudclen changes in barometer or both. We may , 
therefore, conclude that the planes of extreme high ancl 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 
la1 ely to the winter months when storms are most prevalent, 

wind and a falling barometer, and the lowest low waters occurred 
when the wind was blowing from the northwest nncl the barometer 
had been low ancl was rising. At times, however, we find that the 
extreme tides occur with a normal barometric pressure, strong 
winds alone producing the effect, on tlie tide. If we refer to Figure 1 , 
showing the Delaware Wateiway, 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 arid thus produce a high water tliat is higher than 
usual. Likewise an increasing bnronietric pressure tends to lower 
the low water nncl a decreasing barometric pressure tends to ra.ise 
the high water. 

storms that corresponding to a lowering of 

wnter and corresponding to a rise in the plane o hi h water there is 
generally a rise in the plane of low wa,ter. The f g  e ec.t of the storin 
therefore is to raise or lower the river level, and this brings about 
higher or lower high ancl low water planes. 

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

The lowest low water a t  Philaclelphiit during the period 1901 to 
1930 occ.urrei1 on March 39, 1919, at  about S a. m., and resulted from 
strong northwest winds which began to blow with considerable force 
the clay previous nncl reacliccl a mn.ximum velocity of 36 niiles per 
hour at  noon on tlie 29th. 
ping and reached the lowest level of 39.45 on t.he evening of the 27& 
or approximately 36 hours prior to the extreme low water recorded. 
The barometer t.hen 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 3.35 feet on March 29, 
re >resenting a clivp of over 5 feet in 36 hours. Coincident with the 
fa I 1 of river level we find that the low wnter and high water planes 
also fell, the former drop ling ripprosimstely 5 feet and the latter 
4 5  feet. It is evident, t h erefore, 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 - 0.3 foot, fell 4.4 

?eet from the preceding high water and rose 5.1 feet to the succeeding 

causes. 

an 5 t,liat tlie highest high waters generally occurred with an easterly 

It is observed clurin 
the plane of low water t 7 iere is generdy a lowerin of the plane of high 

On the 36th the barometer began dro 

80035-- 
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high water. From the predicted tides the above ranges shouldzhave 
been 5.2 feet and 5.8 feet, respectively. We see, therefore, that the 
ran e .of tide was decreased approximately threefourths foot because 

ing the storm shows a range of 2.8 feet from the hi h anel low water 

5.1 feet, or a difference of 2.3 feet. #or the entire period of the storm 
the average decrease of range was approximately 1% 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 ticle, ancl, 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 ancl calculated times of tide. On March 29 the calculated 
time for the low water was cj :30 a. m., anel the observed time was 7 :43 
a. m. The actual time of tile, therefore, was approximately 1 M  
hours 1a.ter than the redictecl time. For the calculated times of low 

m., respect,ively, and for the corres ondin observed times we have 
8:lS and 11:42 p. m. Between t1e y ? i c t e d  and observed times 
of low water there is a difference o more than two hours, mcl 
between the reclictecl and observed times of high water a difference 

For the entire period of the storm the low water occurred approui- 
mate1 1j,4 hours later and the high wat,er approximately one-half 
hour T ater than the predicted tides. I t  is seen, therefore, that not 
only is there a lowerin of the low water plane but a change in time 

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 he decreased and the cluration of fall in- 
creased by a similar amount. For the 38th a cluration of rise of 
about 3 hours and a duration of fall of 10 hours is derived. Under 
normal conditions the duration of rise should have been approsi- 
mately five hours, and the cluration of fall approximately seven 
hours. 

The highest high water during the period 1901 to 1920 occurred 
at 4.55 p. m., on October 11, 1903, when a heiaht of 6.7 feet above 
mean river level was recorded. A study o r  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 froni the northeast at  Philadelphia with a. 
maximum velocity 01 37 miles per hour, the wind at the entrance to 
the bay was from t,he east, driving the ocean waters into the bay and 
river. 

As in the case of the northwest storm the entire tidal regime 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 l l th ,  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 
also rose, the former rising approxiniately 4 feet and the atter 
a proximately 5 feet. Here again it is observed that the effect of 

of t % e storm. An exmination of the range of tide for the day prececl- 

on the night of the 2%h, which com ared with a ca I culated range of 

anel high waters on t l e evening of the 28th we have 6:09 and 11:17 p. 

of nearly ha s an hour, the observed tide in each case occurring later. 

of tide, the greatest e P ect being on the time of low water. 

Pane 
t % e storm was to greatly change the river level and consequently the 
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high a.nd low wnter planes. It, is to be noted that here, too, tlie 
sforni had a vreat,er effect on the low water plane than on that of 
high water. %'or the part,icula.r 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 heidit of 6.7 feet we 
find that the tide rose 3.0 feet above the predictex height. 

For the range of tide it is found t'hat t,he hioh water, corresponding 
to a stafl reading of 13.3, rose 3.7 feet from h e  receding low water 
and fell 4.5 feet to t,he following low water. R. rom t.he redicted 
tides these ranges should have been 5.S and 6.0 feet. For &e entire 
period of t.he storni it is found that the merage decrea.se of act.ual 
range over the calculated was more than 1% feet. If we osamine 
the t,inies of t,ide, it will be found that for the highest tide observed 
during the storrii the high and low wat>ers were but little affected. 

In  the revious discussion it RRS slionm t1ia.t in b0t.h tbe northwest 

From a study of t.he highest, and lowest. tides re resented in Tables 16 
and 22, it nppenrs that as a general rule the p f ane of river level and 
consequently the plnno of high wat,er and the plane of low water is 

storni an B the easter1;y storm t.he entire t,idal r6gime was disburbed. 

FIG. 9.-Predicted and observed tide curves, Philadelphia, March 1-2, 1914 

either increased or decreased according t.0 whether t,he wind is blow- 
ing u or down the waterway, and that the range of tide is decreased 
and t i c  time of the tide occurs Inter when t,he storm winds are from 
the north sector. 

In the above cnses re resentino highest hioh water and lowest 

but the general sha e of the t,ide cmvc was not changeYa preciahly, 

An interesting case in whic.h the. e.ntire t.idal regime has been 
altered and the shape of the t.ide curve consequently greatly modified, 
is shown in Fi ure 9. During the blizzard at  Philadelphin in March, 
1914, the win 5 bega,n blowing from t,he nort,hwest on March 1, at 
the rat.e of 25 miles per hour and at 6 a.. ni., on Marc.h 2 it reached 
a velocity of 40 niiles which was niaintaiiied for L considerable period. 

In  Figure 9 is shown the tide curve regisbered on auboniatic tide 
gau e at Philadelphia during the height of storm, together with the 
preficted or calculrtted curve. The horizontal lines represent mean 
river level. An inspection of the figure shows a conspicuous cliffer- 
ence between the two curves, there being registered by the rtutoniatic 

low water the times and P ieights or tide were ahered b tlie st.ornis, 

there being two hig Y 1 wrtt,ers n.nd t,wo low waters on each c 7 ay. 
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gauge but onehigh and one low water cliiring the 24 hours when normally 
tshere shoulcl have been two high waters and two low waters. The 
effect of the storm was to chive the water out of the river and bay 
and thus tend to nullify the tide. It is seen th:tt the tick began to 
fall at 4 p. m. on March 1 and continued to fall until 3 p. m. on 
March 3, a duration of fall of 32 hours. During most of the t.ime 
the height of ticle was below niem river level. The average river 
level on staff for March 2 was 2.61 feet, conipared wibh 6.53 feet for 
mean river level. In  other words, it dropped aliiiost 4 feet helow 
normal and for the particular clay in question it was 1 foot below 
the plnne of mean low water. The tide above discussed is estremely 
unusual, the general effect being as previously described. 

16. SUMMARY OF TIDAL DATA 

In Table 37 is given R summary of tidal data for Philadelphin ns 
derived and clisc.usset1 in the foregoing section. It is to he noted that 
while the more important constants are based on 30 years of obser- 
vations, the spring, neap, and tropic ranges and planes are derived 
from but 2 years of ol>servations itntl can therefore be taken only as 
approsimnte values. 

TABLE 27.-Tidd data, Philadelphia 
T I Y E  RELATIONS Hours 

High-water interval - - - - - - _ - - - - - - _ _ - - - - - _ - - - _ - _ - - _ _ - - - _ - - - - - - - - - -. - 1.49 
Low-water interval ________________________________________- - -_ - - - -  5. 97 
Duration of rise _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _________________._________ 4.93 
Duration of f a ~ - - _ - _ _ _ - - - _ - - - _ . - - - . - - - - - - - - _ - _ - - - - - - - - - . - - - _ - - - _ - -  7.49 
Phase Bge -_----..-_--_-----_--..--_...--.----.--__-.-_---------------- 3S.4 
Parallas age-_ - - -_ - - - - - - - -_ - - -_ - - - - - - - - - - - - - -_ - - -_ - - - - . . - - - - - - - - - -  35. 6 

13.7 
RANGES FWt 

Mean range 5.32 
Spring range 5. 51 
Neap 4. S1 
Great tropic range- - ________________________________________- - - - - -  5. 71 
Sinall tropic range 4. 46 
Estreme r a n g e - - _ _ - - _ _ - - - _ - - - - - _ - _ - - - - - - - - - - - - _ - - - - - - - - - - - - _ - - - - - - -  S. 27 

Ratios 
Cfreat,est range ________________________________________- - - - - - - - - - - -  13.50 
Spring rangetinean range-_ - 1.05 
Neap rangetniean range-_ 0.92 
Great tropic rarigetmerzn range _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  I. 09 
Estreine rangesinean range _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  1. 55 
Greatest rangesniean range _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _  _ _ _ _ - _ _ _ _ _ _ _ - -  - _ _ _ _ _ - -  - _  9. 59 

Feet 
2. 46 
3. 68 
2. 15 
2. 76 
1. SO 
4. 08 
6. 6S 
2. 77 
2. 83 
2. 66 
2. 96 
2. 67 
4 20 
6.82 
0. 16 

HEIGHT RELATIONS 

Mean high water above mean river level _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Spring high water above mean river level- - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Neap high water sbove mean river level- - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Tropic higher high water above inean river level . . . . . . . . . . . . . . . . . . . . . .  
Tropic lower high water above mean river level _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _  
Estreine high water above mean river level 
Highest high water above mean river level- - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Mean low water below mean river level _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
'Spring low water below mean river level _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ - - - - -  
Neap low water below inean river level _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Tropic lower low water below mean river level _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - -  
'Tropic higher low water below niean river level-_- - _ _  _ _ _ _  _ _ _ _  _ _ _  _ _ _ _  _ _  
Estreine low water below mean river level _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - - - _  
Lowest low water below mean river level _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - _ - - - - -  
Mean tide level below mean river level _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  
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THE TIDE IN DELAWARE BAY 
The earliest observations of tlie tide in Delaware Bag on record in 

this office were made in 1836 at Cape May landing. From this 
time on, scatkered tidal observations were macle on staff or tape 
gauges at various places dong the ha . In 1919 an autoniatic gauge 
was estddishecl on tlie Goveiiiment Jier a t  Lewes and wtw operated 

Fn;. IO.-Tide stations, Delaware Bay 

with slight, inteiiupticns until 1923. This series of four years repre- 
sents the best, obtained in Delaware Bay. There are also t.wo otlier 
series for Goreinniciit Pier given in Table 2S, four months, 1SS3-84, 
and three mcnths, 1910-1914. In ccmpnring the values for tlie dif- 
fercnt series slight differcaces are obseircd. While there is a close 
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agreement between the 1910-1914 and 1919-1923 series, a sli h t  
discrepancy is observed between these and the 1883 series. &is 
difference ma 111 part be accounted for by the breakwater construc- 
tion work tagng place at  Cape Henlopen beheen tlie e.arlier and 
later ob3ervations. The aweement between the three series is good, 
but for the best determine3 values we may take those resulting from 
the four-year series. 

TABLE 28.-Tidnl dala, Delnurare Bay 
.--..- 

A. _ _ _  
B _ _ _ _ _  

Sta- I 
tion I 

WKSTERN SHORE I 
Delaware Breakwater _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  I 
Government Pier, Lewes _ _ _ _ _ _ _ _ _ _  -_- - - -  I 

. ____do  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ !  

Locality 

Lunitidal 
intervals 

I- 

...-. do.--..--.-------------------------- 
Railroad Wharf, Lenws- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I  
Shod south of Mispillion River _ _ _ _ _ _ _ _ _  
Mispillion Lighthouse - - _ _ _ _ _  _ _  _ _ _  _ _  - - _ _  
hlispillion Neck- - _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _  ._____ 
nlahon River Lighthouse. _ _ _ _ _ _ _ _  .____ - I 

3.1 
H. _ _ _  Leipsic Creek Entrance.-- _ _ _ _ _ _ _ _  _____. 
I. - _ _ _ I  Woodland Bench _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _  

Duck Creek Entrance ________________._ 
____.do _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _  -. -----I __--.do - - - - _ _ _  _ _ _ _  - _ _  _ _ _ _ _ _ _  _ _  _ _ _ _  - - - -. - ~ 

6. _ _ _ I  Collins Beach _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

I _ _ _ _ _  do _ _ _ _ _ _ _ _ _ _  I _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - - - -  

I 

Hour8 
7.6s 
s. XI s. 25 
s. 23 
7. S1 
9. 7 i  
8.79 
S. S6 
9.94 
9.39 
9.49 
10. li 

Io. 35 
10.34 
10.59 

io. NJ 

10.41 
10.4; 
9.99 
9. so 
9.72 
9.69 
9. os 
9. OB 
9. 15 
s. 81 
9.08 
8. so 
8 . 3  
7. s3 
7. 91 
8.9 
6.111 

LWI 

Hours 
1.63 
1.90 
1. s2 
1. s9 
1. 60 
2.51 
3.65 
2.69 
3.50 
3.50 
3. i3 
4.67 
4.90 
4. i 0  
4. S i  
4.71 

5. 0i 
4.98 
4.27 
4.33 
4.34 
3.99 
3.2s 
3.17 
3.24 
2. s3 
3.30 
2. s4 
2.25 
1.97 
1.74 
1.81 
1.90 

-- ~- 

Dura- 
;ion of 
rise 

Hours 
6.25 
6.30 

a 39 
11. 15 
7.3 
4. s7 
6.17 
6.41 
5. s9 
5. is 
5.50 
5.50 
5.05 
5.47 
5. ss 

e. 48 

5.34 
5.49 
5. I2 
6.47 
5.38 
5. i7 
5.80 
5. s9 
5.91 
LQE 
5.78 
5.96 
5.97 
6.86 
6.17 
6.38 
0.26 

- - 

Mean 
:ange 

Frrt 
4.16 
4.01 
4.10 
4.11 
3.99 
4. GO 
3. s4 
4.9s 
5.64 
5.31 
5.44 

1 5.69 
5. os 
5.50 
5. s9 
5.67 

1 5. 50 
0.03 
5. 6i 
5. SS 
6.13 
5. 80 
5.65 
6.00 
5.79 
5.77 
5.68 
5.60 
4.85 
4.65 
4.74 
4.78 
4.71 

Observations 

Date 

W-lSGS 
1SS3-84 
910-1914 
919-1922 
lbS2 
1*3 
1553 

ISs3S4 
811-1843 
1SS3 
lW2 
1924 
18.11 
1852 
1910 
1551 

1924 
lvO0 
1SS2 
1934 
1s.11 

880-188: 
m2 

%0-1sS: 
1 M - E  
867-1SS: 
1SS5 

18S-85 
1914 
IS36 
1507 
1ss3 
16s5 

Length 

1 month. 
4 months. 
3 months. 
4 years. 
4days. . 
2 days. 
17 days. 
24 days. 
5 months. 
2 months. 
Y dal-s. 
3 mo'nths. 
1 month. 
?=.month. 
4 daw. 
!i m-onth. 

3 months. 
13 days. 
18 days. 
25 days. 
l! imonths. 
1;zmonths. 
5 days. 
1 month. 
2 months. 
18 days. 
11 days. 
2 months. 
5 days. 
1 n1onth. 
10 days. 
3 dnys. 
1 month. 

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

In Table 38 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 statipns 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 approsiniation 
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 S 
it was evident that both the range and lunitidal intervals varied 
froni month to  month throughout tlie year. By observing the aniount 
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 enerall closer approximation to  mean value. Through the 

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 re resented in Table 28 it  will be seen 

Between Government Pier, Lewes, Del., and Artificial Is and 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, a d  the high water interval 
increases from 8.28 t.0 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 on1 the time of tide changed, and the 

essive type of wave. If, on the other hand, the time ciffered but 
k l e ,  and only the range changed, we- would expect a stationar type 

and range change from one estremity of the wateiway 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- 
imatel 13 hours. If we determine the period of the bay from the 

use of t % l  is met od were reduced all those series of observations which 

B that both the time and range o P tide increases from the Ca es. 

range remained much the same t sz roughout, we would ex ect a pro- 

of wave. However, from the tidal data it is evident that bot I time 

form u9 a 
4L T=a 

in which L-length of body of water or approximately 255,000 feet, 
g=acceleration of gravity or 32.2 feet er second! and h-average 
depth of water or 23.2 feet, we get 11.1 fours Tlus aprosimates to 
the period of oscillation of the tide, and the bddy 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 =  @ in which v =  velocity of 
tide, g-acceleration of gravity and h-average de th of waterway 

between the two extremities of the waterwa is a proximately 
255,000 feet, the time that it should take for tge tida? 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 seclonds. 

From the above we see that the actual tide agrees closely in time 
of propa ation with the progressive type of wave and the hei hts 
agree wi81 the stationary type. We may conclude, therefore, k a t  
the type of tide in the waterway is a combination of the stationary 
and progressive wave types. 

we appl the values given above, a velocit of 27.3 F eet per second is 
obtaine B for the rate of progress of the ti (9 a1 wave. As thedistance 



36 U. S. COAST AND GEODETIC SURVEY 

Due to the rotation of the earth there 
moving bodies to the riglit, in t.lie 
left in the Soutlieiii Heniis here. 

right, or cast shore, and high wat.er would t,herefore 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. I t  is evident from the above considerations 
that the tide should rise higher ancl fall lower on t,he eastmeill, or New 
Jeisey shore, and hence the range should be greater on this shore. 

Comparing t,lie actual tidal ranges on the two shores relatim to the 
&vis of the wnt,erway, we fiiicl that the range on the New Jersey shore 
is considerahly greater. The theoretical amount, in feet, by which the 
ranges on the two banks of a tidal stream differ is represent.ed by the 
forn1ultt .I 3 - - in which v=velocity of the water in h o t s ;  d =  
width of waterway in nautical miles, t # ~ =  tslie latitude, and g= ac- 
celeration of gravity in feet er second. For a wateiway of coii- 
siderable widbh and varying lept81i, such as the Delaware Bay, this 
foimula can only be bakeii as approsimitte. 

Between Cape May and Cape Henlo en t,here is a distance of 

time of high and low water is itbout 1 h o t .  The latitude at  the 
middle of t,lie section across the Capes is 38' 52' and trhe sine of this 
angle is 0.63. A plying these values in tlie fornida above we have 

Cape May 0.65 foot. From Table 2s the actual difference in range of 
tide, as represented by stations B and W, is 0.GO foot. Considering 
now a section across Bayside, where the bay has narrowed consider- 
ably, we find that the difference in range between tlie two shores, as 
determined from the formula above agrees fair1 well with that of 
the actual range; as determiued from stations at  d oodland Beach and 
Bayside. In this case v =  1.3 knots, d=4 miles and t#J=39" 33'. 
Applying these values in the foimula we et a cdculatmed difference 

actual difference as represented by stations N and I is found to be 
0.20 foot. 

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

In tlie figure are shown two curves, one represaitiiig tlie ran e of 
tide on the Delaware side of the bay, ancl the other, that on thesew 
Jersey side. These curves nre based on t,he data resent,ed in Table 

about! 13 miles outside the Capes. It; is apparent that the difference 
in range between the two sides iiicreases as we go ug the ba.y, reaching 
a mminium of approsimately 1 foot a t  a section a out 15 miles from 
the Capes, whence it begins to decrease 
Point the difference between the two 
mately. Be ond tliia point the river 

Delaware Bay that on tlie i ood tide the 

V d  sin t#J 
9 

approximately 10 nautical miles, and t R e average current at  tshe 

for the calculate if differelice in range between. Cape Heillopen and 

in range between the two sides of 0.31 B oot. From Table 38 tmhe 

38, the initial point of both curves being taken at  I! ive-Fat>hom Bank, 

no appreciab ;Y e differelice in range. By 
4 See U. 6. Cosst and Geodetic Survey, Special Publlcation No. 111, Tides and Currents in New York 

Harbor, p. 88. 
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11 it  is evident that as the wiclt,li of the bag increases the difference in 
range increases, mid as the wicltli of the bay decreases the difference 
in range between the two sides decreases. 

Referring again to Table 28 we have for Station 3, Goveriiment 
Pier, Lewes, Del., S.28 hours for the high water interval, 1.S9 hours for 
the low water interval, wit81i a resulting duration of rise of Q.39 1ioui.s. 
For Artifical Islancl we have 10.41 for the HWI am1 5.07 for the 
LWI, with a resulting duration of rise of 5.34 hours. I t  will he seen 
that while the HWI increased 2.13 hours, the LWI increased 3.18 
hours, or over one hour more 'tlian the HWI, residtilio in the 
decreased cluratioii of rise noted. The mean time of tide%etweeii 

FIG. 11.-Range of tide on two sides of Delaware Bay 

Delaware Breakwater and Artificial Island niay be taken as 2.7 hours, 
the correction for difference in longitude being sn id .  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 teiids to retard the 
time of low water, decreasing the duration of rise. 

In a previous section it was pointed out that for Philadel hia there 
was an annual varint.ion of the entire tidal r6 ime. IF he same 
pheiionieiin are observed in the Delaware Bay, alt H iougli not to such 
a marked degree as in the river. 
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TABLE' 29.-Tide level i n  feet, Delaware River; annual variation 
-- 

Month Month 

Ped Feel 
3.91 2.72 
4.11 2 9 5  
4.04 R93 
4 . 9  3.07 
4.40 3.17 
4.32 3. 15 

Feel 
2.40 
2 80 
3.20 
3.50 
3.67 
3.55 
ii 60 
3.58 
3.70 
3.46 
3.41 
3. 11 

3.33 

1 Referred to 0 of staff. * Referred to 0 of preeisc 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- 
niinrd from series 1919-1923, for Woodland Beach 1922-1924, and for 
Artificial Island from 1931-1924. At Delaware Breakwater the heights 
are referred to the zero of st.aff at! that place, while at the other two 
stations the hei hts are referre,d to the zero of a line of precise levels 
estencling fromkoodland 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 ear 0.55 foot at Delaware Break- 

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 foinier st'ation, and 3.33 feet for the latter, or a difference 
of 0.24 foot. Since the two st,ations y e  referred to the same zero 
the planes are directly comparable and the results therefore indicate 
a higher level at the upper station. 

TABLE 30.-Annual variation oj river level, Station B, Government Pier, 
Lerves, Del. 

water, 0.63 foot nt Woodlend Beac { , and 1.30 feet at Artificial Island. 

River 
level 

Fret Ftel 

Month 

- 
Mean _--. _ _ _ _ _ _ _ _ _ -  4.13 

In Table 30 is shown the annual variation of river level at Lewea, 
Del. From an ins ection of the data it ap ears that the river level 

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 

is a minimum in A r c h  and a maximum in B eptember, and the great- 
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Component 

eriod of time a value of 4.10 is derived for the mean value of tide 
;t)evel, or 0.03 foot less than river level. This corres onds exactly 
to the difference between these planes at  Atlantic &ty, which is 
located on the open coast. It was noted in a pTevious section that at 
Philadel hia the plane of mean river level is 0.16 foot greater than 
mean ti s e 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, 1923, with a registered 
height of 9.3fee.t and the lowest low water occurred on March 28,1919 
when a height of -0.S foot was registered. The greatest range 01 
tide as determined from this series is, therefore, 10.1 feet. For this 
stat'ion 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 3.46. 
The average estreme high water is 8.44 feet and the average estrenie 
low water is 0.lG foot. The extreme range i!, therefore, 8.2s feet. 
The ratio of the extreme range to mean ran e is 3.01. 

day series froni January 7, 1919, to Januar 10, 1920, has een made. r For Station B, Governnient Pier, Lewes, a % armonic anal is of a 369 

The results of .the analysis are given in Ta b le 31 below. 
TABLE 31.--Harnionic constants, Staf.ion B, Delaware Bay 

Corupcmeut 
-- I .€I 

-- .I! 
Stat.ion B (Govern- 
ment Pier. Lewes, 

Del.) 

Fcct Degrf~s 
0.104 124 
0.035 104 
(0.007) (98) 
(0.003) (261) 

0.034 Ba 
0.375 264 
0.00s 309 
0.002 63 
0.071 296 

0.044 296 
0.054 203 
0.096 223 
(0.010), (108) 

i 

THE TIDE IN LOWER DELAWARE RIVER 

Lower Delawa.re River runs in a general northeasterly direction 
froni Artificial Island to Philadelphia. This section is approximately 
40 miles in length, and varies from a width of 3 miles a t  its lower 
encl to less than one-half mile at  Philadelphia. Numerous islands, 
shoals, and dikes hinder the free movement of the tide in the 
w a teiway. 
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TABLE 32.-Tidal dah, lower Delmare River 

Sta- 
tion Locality 

Imnitirlsl 
intervals l- 

I ..___ do ______...__ 1 _.____._ ._____________I___ _ _ _ _  ~~~ 

.. ..do ____________________..----. 11.11 

_ _ _ _ _ d o  _ _ _ _ _ _ _ _ _  ~ ____.______ ~ __.______ ___I  11.56 
Castle, Ucl.. _._____. _ _ _ _ _ _ _  I ____! 11.57 

. . - ..do. - - ~ - -. - - -. . - _ _  . -. . - - - -. . . . . - - _ _  11.64 
(3 _ _ _ _ _  Pennsvillc. N. J ..__..__..._____..._____ 11.35 
H _ _ _ _  ('hristians Creek Entrance. ne! _ _ _ _ _ _ _ _  11. S1 
I _ _ _ _ _  Edgernocur. Del. _.__ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ~ 11.98 

_ _ _ _ _ d o  _ _ _ _ _ _ _ _ _ _ _ _ _  ~ . . . . . . . . . . . . . . . . . . . .  0.M 
Q _ _ _ _ _  Red Bank, N. J __._____.______.______._ 0.80 
H _ _ _ _ _  I League Island, Pa . . . . . . . . . . . . . . . . . . . . .  0.80 I _ _ _ _ _  do _ _ _ _ _  . . -1____________________--- . .  I 0 . M  

,-____do.-.. ____________________- - . - - - - - - - '  0.95 
S _ _ _ _ _  Gloocestrr. N. J _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  I 1.06 

1 Rmge bnsed on 3 years of high and low waters. 
2 Range based on 8% years of high and low wsters. 
8 Range based on years 01 high and low Wdters. 
4 Range b s e d  on 2 years of high and low waters. 

I 

L W I  

liours 
5.05 
5. ?i 
5.5i 
5.02 
5.35 
5. sc, 
5.73 
5. 04 
G 09 

5. c1 
6. 15 
6.39 
G. 53 
6.22 a 59 
0. SO 

6.53 
6.97 
7. D 
7. 30 
7.42 

#.$a 
i. 80 
S. 61 s. 14 
8. 17 

8.33 
8. 37 
8. 13 
s. 23 

8.45 

- - - .. - 

_- - - -_  

!. 44 

_ _ _ _ _ _  

a 23 so 
- 

- - 
D u m  
.ion of 
rise 

Horrrs 
5. 64 
5.3s 
5.3; 
6.23 
5.33 
5.24 
5.32 
5.83 
5. 13 
5.25 
5.50 
5.39 
5.17 
5. 13 
5.13 
5.33 
5. IS 
5.08 
5.30 
5.02 
4.90 
4. 67 
5.09 
5.06 
4.99 
5.08 
4. Q5 
5.07 
4. !34 
4. E 
4.91 
5.01 
5. m 
4.9Q 
4.84 
4.97 
5.03 
- 

- - 

.can 

.nge 

- 
k I 
5. ii 
5.91 
5.56 
5. so 
5. $7 
5. so 
6. a, 
5.49 
6. 16 
5.90 
5.75 
5.50 
6.00 
5.42 
5.91 
5.90 
G 03 
5. 64 
5.95 
5.38 
6.06 
6.08 
5.51 
5.41 
G OS 
5. 3s 
5.83 
6.03 
5.22 
5.93 
5. $5 
5.17 
5.82 
6. 15 
5. 82 
5.26 
6.00 
- 

Observations 

Date 

1Si61S51 
169FrlWl 
1924 
IS40 

lsl-1693 
1675-181 

ls00 
1923-25 

l a 0  
1SO 
1w 
1&10 

1873-1SSlj 
1924 
1900 
1881 
1YiS 
1W 
1 W  
1924 

'1878-79 
1881 

191510 
1924 

ISG6-KO 
1924 
lS8l 
1581 

1818-19 
1SiW 
1su2-83 

1921 
IS61 

1865-1&i8 
18s1-1889 

1919 
lSi0 

Lei1gt.h 

3 days. 
4 yenrs. 
3 months. 
3 days. 
20 days. 
1 mout.11. 
8 days. 
16 months. 
B days. 
1 year. 
13 days. 
5 months. 
1 2  montll. 
3 months. 
1s days. 
13 days. 
3 nlonthP 
i montlis. 
13 days. 
3 months. 
1 year. 
10 days. 

3 inont.hs. 
1 month 
13 mouths 
23 days. 
3 days. 
17 months. 
14 months 
6 months. 
3 months. 
ti days. 
5 months. 
10 days. 
1 year 
24 days 

1 yYW. 

Table 33 gives the results of observations dating back to 1840. 
The longest series is at  Reedy Island, where four years of continuous 
observations were macle on an automatic gnu e between the years 
1896-1900. In connection with the various iarbor imprownient 
projects being carried on by the United St,at,es Engineers, automatic: 
tide gauges have been maintained (among ot.lier places) for the past 
few yeais at Reedy Islancl, New Castle, Edgemoor, Marcus Hook, 
Baldwins, m c l  Fort. Mifflin. In Table 32, for the above-nieat,ionecl 
stations the range is determined from dl liigli and low waters, while 
the HWI, LWI, ancl duration of rise are base'd on t,he ohservnt.iona1 

obtained from the gauges cluring July, August, and September, 
1934. A11 data is reduced to a mean value by siniult.aneom com- 
parison with the stanclrtrd station ab Pbiladelphia. Since the station 
at, Philaclelphia was not, established until 1900, it, WRS found aclvisa.ble 
to niake use of curves of annual variation previously mentioned, 
to recluce shorts series oi' observations niacle 1mor to this time to best 
niean value. 
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In esainining the data in Table 33 several st,rikiiig features are 

.ol>served, one :of which is the wide difference in the range of tide 
between the earlier tiacl later series. For esample, for Statmion B, 
Reedy Island, Del., the table gives 5.91 feet for the $-yew series 
1396-1900 and 5.56 feet for the series 1921-1924, the latter being 
based on over t hee  yeais of high and low waters. These vrtlues 
iaclicate a decrease in range of tide of 0.35 foot between 1900 and 1924. 

FIG. 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 1S7S-79, 5.51 feet for 
the 1-year series of 1915-16, and 5.41 feet for the 9% years of hioh 
rtnd low waters prior to 1921. Similarly from vdues in the tabfe, 
a progressive decrease in range of tide in recent years is observed for 
stations at New Castle, Edgemoor, Fort Mifain, and League Island. 
CoiTesponding with this change in ranee there is also observed to be 
a change in the tidal datum planes. f i i s  is brought out in Table 33. 
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Philadelphia _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Marcus Hook _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
New Castle _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

1901-10?0 6.36 8.96 3.76 
Staff of 1901 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  1801-02 8.07 8.01 3.23 

Staff of1879 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  1878-79 3.12 6.10 0.14 

B. M. No. 4 _____._____________ 1 1&1&1a% 13.06 16.04 10.08 / lQlf3-1WI 13.70 16.42 10.69 
I I I -- 

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. %'or 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 lane of mean tide level increased 0.29 foot, t,he 

foot 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, c18 follows: MTL, 0.30 foot, MHW 0.07 foot, 
and MLW 0.53 foot. From the above it is evident than changes in 
tidal lanes for the two stations have taken lace in recent ears, 

by a rise 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 u of several short series, this conclusion is further 
substantiated. 8 will be observed that from the values of the table 
the MTL has been raised 0.64 foot, MHW 0.38 foot, and MLW 0.91 
foot. 

Not only have the heights of tide been affected, but here also 
appears to have been some change in the time of tide. 
Island the HWI increased from 10.65 to 10.94 hours and the L d  
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 r6gime of trhe lower Delaware River has been changed somewhat 
and that a decrease in range of tide has been accompanied h the 
raising of the low water level, the high water level remaining &lost 
constant. The change in rango of tide may be more clearly seen 
from the following figure. t 

In Figure 13 is shown the range of tide for the entire Delaware 
waterway, divided into two penods-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 waa no noticeable difference in range between the two 

eriocls and the curve therefore shows but a single line. However, 
for Delaware River the ranges BS 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 r6gime to such an e-utent it woulcl be espected 
that considerable change was made in the physical character of the 
waterwav. If we examine the re orts of the Chief of Engineers, 
United states Army, it is found t i at during the period 1890-1900 
esteiisive improvements were made throughout the Delaware River. 

lane of mean hig P 1 water 0.05 foot, and that of mean low water 0.53 

and t B at the rise in the plane of mean tide level % as been accompEshed 

At Reed 
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In  its original condition the river resented obstructions at many 

pow water, at Cherry Island flats and Schooner Led e 18 feet, a t  
Baker or Stony Point Shoal, Bulkhead Shoal, and Duct Creek Flats 
about 20 feet. Because of these shoals the controlling depth of the 
Delaware River to Philadelphia was limited to 17 feet a t  mean low 

laces along its course. At Mifflin 3 ar there was but 17 feet at mean 

RANGE /N FE.7 
a 4 6 

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 man important ports located on the waterway. 
In  order to accom lish tL improvement a channel 30 feet dee and 
600 feet wide was B redged from deep water in the bay to Philadefyhia 
and numerous dikes and bulkheads were constructed to contro thi 
tidal flow and direct the course of the currents. 
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It \n.ould be espectecl that because of t.he extensive physical changes 
in the waterway the tidal rbgime woulcl be greably disturbed, and we 
may, therefore, attribute the changes in tidal constants as clue largely 
to the iiiiprovenients mentioned. 

Referrin again to r igwe 13 it will be observed that in the GO 
nautica.1 iiii 9 es, 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 mcixjiiium for the entire waterway it 
begins to decline, decreasing 0.7 foot in the 40 nautical miles, approxi- 
mately, between this point and Philaclelphia. It will be observed 
that in the a proximate 5 miles, from Brtificial Island to Reedy 
~slrtlid the decyine is very sharp, aiid a clecrease of dmost 0.4 foot in 
the ra.nge is noted. From Reedy Island to Philadel hia the decrease 
in range is uniform, falling 0.4 foot in the 45 miles Tapproximate). 

From the amount of dredging that has been done in the Delaware 
River one would look for an increased range of t.icle, since it would 
be expected that less friction would be offered to the tidal movement. 
It l i s  been observed, however, from Figure 12 that instead of the 
raiioe increasing it actually decre.ilse.s. If the improvement-s were 
con?ined 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 t,lie latter factor. 

From Tables 2s 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 am1 3.90 hours for the low water. For the 
actual difference in time of tide between the two points a c.orrection 
of - 0.03 hour must be applied, since the meridian of Philadelphia is 
approsimntely 24 minutes east of Artificial Island. Applying the 
correction to each of the values RS determined above, a mean clif- 
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 
that in this section of the 
ra.te of upprosimately 11.5 naubical Since the 
distance between Artificial Island and 
43 nautical miles, if the tidal 

type the distance should be traversed in or 2.97 hours. This 

value approsirnates the act.un1 time &en above, and it may, there- 
fore, be concluded that the tide in tfie lower Delaware River is of 

43 

the rogressive wave type. 
&der the discussion of the tide at  Philadelphia it was shown that 

for this stat.ion t.he tidal qud i t i e s  passed tllrbugh 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 leuel i n  feet, lower Delaware River; animal varia.t.ion 

45 

Marcus 
Kook, Pa. Month Baldwins, 

Pa. 
~~ 

Ffei 
3.08 
3.30 
3.37 
3.40 
3.5s 
3.50 
3. 58 
3.66 
3.65 
3.48 
3.41 
3.18 

F f d  
3.17 
3.29 
3.38 
3 70 
3.67 
3.71 
3.70 
3.76 
3.69 
3.59 
3. 46 
3. 19 

Feel 
3. 13 
3.23 
3.44 
3.65 
3.84 
3.75 
3.74 
3.81 
3.78 
3.66 
3. 53 
3. 30 

R e t  
3.03 
3. 23 
3.60 
3.83 
3.83 
3.73 
3.73 
3.70 
3.73 
3.80 
3.45 
3.35 -- 

Cdgemoor, 
Del. 

Fret 
3.13 
3.17 
3.53 
3.70 
3.80 
3.77 
3.80 
3.80 
3. 80 
3.70 
3.50 
3.40 

Fort 
diftlin. Pa: 

F P F ~  
3.21 
3.43 
3.53 
3.70 
3.53 
3.63 
3.67 
3.67 
3. 55 
3.65 
3.40 
3.35 
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the up er end of the lower Delaware River, Table 32 gives 4.97 
hours P or the duration of rise. It will be seen that in the ap rox- 
imately 40 miles between Artificial Island and League Islam! the 
duration of rise decreases 0.37 hour, or nearly 0.01 hour per mile. 

Accom anying this decrease in duration of rise it wdl be noted 
that the l igh 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. 

Feet 
OA 

0.1 

0.3 

FIO. 14.-Annual variatlon in tlde 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 a t  Reed Street have been obtained in Philadelphia an 
vicinity. 

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. 

The locations of these stations are shown on Figure 15. 
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1871 ' 

1877-78 
189143 

1840 
1900-1CO 
1900 

iW2-1924 
Is43 
1881 

1878-1886 

FIG. 15.-Tide stations, Philadelphla and vicinity 

TABLE 35.-TTidal dala, Philadelphia and Cnniden 

3!6months 
3 months. 
15 months. 
5months. 
91 years. 
13days. 
3% years. 
9days. 
Do. 

3 months. 

I I-I-- -1- 
Hours 

8.65 
8.74 
8.50 

8.97 

8.91 
5.73 
8.85 
9.18 

a 91 
8.73 

___-_-_ 

Hours 
4.89 
4.77 
5.08 
4.91 
4.90 
4.94 

5.03 
4.7i 
4.73 
4.74 

--__--_ 

- - 
Mean 
range 

Feel 
6.82 
5. DO 
5.96 
5.6i 
5.89 
5.23 
5.45 
5.26 
5.99 
5.95 
5.66 

5.69 

Observations 

Date Length 
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-- 

I Lunitidal 
intervals 

Table 35 ives the tidal data for all observations in tlie vicinity 
o[ Philadelpfia. Although there is considerRble variation amonv the 
different series, it is eviclent from the data presented that fittle 
change took place in the tidal regime from the time of tlie earliest 
observations until about 1S90. From this lather time the tidal 
data indicate a distinct change. For esample, if we compare Stat.ion 
A (Reed Street) and Station B (Washington Avenue), which arc 
very close to each other and are, therefore, directly comparable ns 
to tidal data, it will be seen that for the latt.er statmion, where tho 
observations were made between 1591-92, the time of. tide as reprc- 
sentecl by the HWI micl LWI comes later than at the former stsation 
where all observrttions were macle rior to 1S90: similarly the range 

conclusion is therefore reached that as in the rest of the De1awt-m 
River here, too, the tidal regime has undergone a change since 1390, 
and that the change is to be attributed to the general improve- 
ment of t,lie waterway wliicli began about 1890. Prohablv the great- 
est effect8 on the tide at  Philadel hia was rocluced by the dredging 

which misted in t,he 
harbor between Philadelphia and Camden and obstructed the free 
movement of the tide up tlie river. 

Although tlie greatest change in the tidal regime occurred cluriiig 
the period 1590-1900, it was indicated in tlie general cliscussion of 
the tide at Philadelphia that in tlie series 1900-1920 changes might 
he still taking place in the tide. From the preceeding discussions 
it was seen that the tidal quantities in a river &e. not constant? hut 
are subject to change, depencling upon the chniiges in the physical 
charact,er of the wateiwny. The necessity for accepting results of 
the latest! reliable series of observations is, therefore, evident. 

of tide is observed to be considerfib P y less at  the latter stmation. The 

away (1892-1897) of Windmill f slancl, a sioal F 

THE TIDE IN SCHUYLKILL RIVER 

Dura- 
tion 

Several short series of tidal observations have been made in t,liat 
part of the river subject to tidal influence: that is? from the mouth 
to the Fairmount Darn? a distance of S ? h  nautical miles. The loca- 
tions of tlie stations at  which these ohserva6ions were taken is shown 
in Figure 16. 

TABLE 3K-Tida1 data, Scliiry2kill River 

SKI- 
tion 

A ____. 
B _ _ _ _ _  
C! _ _ _ _ _  
D -  - _ _  
E _ _ _ _ _  
F _____.  

Locslity - 
HWI 

Hour$ 
Cfirard Point _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  0.79 
Penrose Ferry _________________..._________ 0.53 

_ _ _ _ _ d o  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  1.11 
GihSons Point Wharf ___..___________._____ 0.45 
Buckley’s Wharf .... __.___________________ 0.64 
Gray’s Ferry _ _ _ _ _ _ _ _ _ _ _ _  ~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  0.66 
Chestuut Street Bridge:. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  1.24 

0 _ _ _ _  -1 Fairniont Bridge _ _ _ _ _ _ _ _ _ _ _  _ _ _  - _ _ _ _ _ _ _ _ _ _ _  0.37 

Feel 
5.73 
5. s3 
5.25 
ti. 59 
5.56 
5.60 
5.40 
ti. 20 

_- 

- 
LWI 

Hours s. 47 
8.47 
8.61 
6.39 
8.90 
8.83 
9.02 
8.55 

Ohwvations 

?f r’Se 
-- 

HOW&’ 
4.74 
4.48 
4.93 
4.48 
4.10 
4.3 
4.84 
4.54 

Dote 

I-car 
1875 
la0 
1916 
1871 
1895 
1889 
1915 
1871 

Length 

8 days. 
3 days. 
1 month. 
50 days. 
15 days. 
5 days. 
2 months. 
33 days. 



TIDES AND CURRENTS IN DELAWABE BAY 49 

FIG. IL-Tide stslions in Sehuylkill River 



50 U. S. COAST AND GEODETIC SURVEY 

The results obtained from a tabulation of the datti are iven in 
Table 36. In this table the stations a,re arranged in order f o m  the 
mouth upstream. Although the values have been reduced to n 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 0ffei.s to the tide. It is interestin to note that a 

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. 
F'rom the table for tidal data it appeals that the hi h and low water 

the river has decreased about 1 foot in the same time. Within the 
3imits 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 agrqe. F'rom a study of the table little 
change in time of tide is inhcated between the tidal exkemities of 
the river. 

Prior to 1870 the controlling depth in the Schuylkill River was 16feet 
at mean low water, with but 10 feet on the bar at  the mouth of the 
river. Beginnin a t  this time several projects for the improvement 

t,he chart shows a channel depth varying from 28 feet at  mean low 
water at the mouth to 2134 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 autointitic tide auge maintained 
by the United States kngineers at  tmhe Chestnut gree t  Bridge. A 
striking feature is the sharp change which occurs in the slo e of the 

the 5th and from 9 to 10 hours on the. 6th. This feature nppeais to 
be charactei4stic of the tide at this station. It is d so  not.ec1 from 
observations a t  Penrose Ferry Bridge near tmlie mouth of the river, 
but Jie change is not so sharp. 

THE TIDE IN THE UPPER DELAWARE RIVER 

considerable difference exists between the early o 5 servatioiis and 

intervals have increased between 1871 and 1916, w %l 'le the range in 

of the river have i een carried out at  intervals, and at  the present time 

curve near mem tide level on t,he rising tide, fro,m 21 to 23 P lours on 

Above Philadelphia the Delaware River contracts greatly until a t  
Trenton it is barely 200 ineters in width. The numerous shoals, 
islands, and dikes interfere to such an estent 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 regime. It will be found instudying the various 
characteristics that the variations noted in the previous section are 
.magnified to a considerable de ee. 

Series of observations have T een inade froin 187s to-the present 
t,ime at  several laces on the shores of the river, the locations of these 
stations being s Y )own in Figure' 1s. 
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TABLE 37.-Tidal data, upper Delawcrre River 

10.34 
11.41 
0. 13 

11.75 

1 HWI I 

5.01 
5.04 
4.25 
4.73 

I 
Five Mile Point. Pa _ _ _ _ _ _  __________. _ _  _ _ _  
Bridesburg Pa- - _ _  - _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _  
Burlington: N. J __________._....______.___ 

_____do _______.____________________________ i 
Whitehill, N. J _ _ _ _ _ _ _ _ _ _ _  ~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  I 
Trenton, N. J. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  I 

_____do _ _ _ _ _ _ _ _  ~ ______________________.____ I 

I 

Hours 
1.96 
1.90 
2.93 
2.96 
4.03 
4.3s 
1. OG 

I 
I Observations 

Mean 
range 

Pcct 
5.81 1 
5.70 
5.71 

I 4.15 

3.55 
4 . w  1 

14.55 , 
I 

18% 
1855 
1 W  
19% 
18S6 
1886 
1934 

11 days. 
17 months. 
2 months. 
3 months. 
2 months. 

3 months. 
Do. 

1 Rango based on three Vears of high and low waters. 

The data resulting froni the observations are given in Table 37. 
The longest series are those a t  Burlington and Trenton, obtained by 
the automatic ticle gauges operated by the United States Engineers 
with but slight interruptions between 1921-1924. For these sta- 
tions the range has been derived froni all high and low waters, while 
the lunitidal intervals are derived from the three months, July, 
August, and September, 1934. To reduce to n1ea.n values, a simul- 
taneous comparison was made wit,h Philadelphia. 

In  its original condition tlie c.hanne1 of t,he Delaware River from 
Philadelphia t.o Trent,on wns narrow and in places obstruct,ed by 
shoals with but 3 to 8 feet a t  mean low wat,er. I n  recent years this 

ortion of t,he river ha.s been greatly improved by clredging and the 
Ruilding of bulkheads and dikes, and in May, 1925, n channel 300 
feet or more in width with it controlling depth of 11 feet esist:ecl he- 
tween Philadelphia and Trenton. 

As in the lower section of the river, here too the chta show a chan e 

in the waterway. Cozllpa.ring tshe earlier and later series at  Burling- 
ton, it appears that the time of tide now conies somewhat earlier, 
while the range has decreased about 1 foot. S t  Trenton the recent 
observations show an increase of 1 foot in the rnnge at, this station 
and n decrease of 0.32 hour in HWI and 0.80 hour in LWI. Corrc- 
sponding to the change in time of ticle there ap )ears to be n clim?ge 

crease in the duration of rise of almost 0.3 hour at, Burlingt.on and 
almost 0.5 hour at  Trenton. 

It WRS previously pointed out that the effect of hitrhor improve- 
ment in the lower Delmvare River was to delay the time of ticle and 
decrease the range of tidc. A iliffercnt phenomenon takes place in the 
II >per Delaware River, the recent observations showing that the time 
o i tide conies earlier, and, while zit Burlingt.on the range has decrea.sec1, 
a t  Trent,on t.liere appears t.n have been a large increase. The eflect 
of the 1is.rbor improvenient work seenis to have been it deepening of 
the ch;innel, so that less friction is offered to t.he tidal movement. 
It would, therefore, be expecbed that an incresseil r n w e  would be 
obtnined at Trenton, sinceit isnear the estreniit of the t i h  influence. 

as 1.49 and 8.97 hours, respectively. For Burlingt.on and Trenton 

in the tidal characteristics since extensive improvenient,s were ma( 'i e 

in the duration of rise and fall. I n  tslie table t B ere is shown an m- 

For Philadelphia trhe accepted values of H Td and LWI were given 
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the values obtaiiiec? froni the recent series are trtkeii as the best clet,er- 
mined values. At Burlington, therefore, the accepted values of 
HWI and LWI are 2.96 Rncl 10.34 hours, respectively. The differ- 
ence in HWI ancl LWI between t,he two st,ntions is l . 4 i  and 1.37 
hours, respectively, ancl since Burlington is 17 minut,es of longitude 
east of Philadelphia a correction of - 0.02 hour must be applied to 
difference in interve.ls to get, the tiiiie of t.ide. The resulting niean 
difference in t.inie of tide between Philadelphia and Burlin ton, a 

in time of tide between Burlington and Trenton, a distance of 13 
distance of 16 nautical miles, is 1.44 hours. Similarly the di P ereiice 

f 

~- 

FIG. lS.-Tidc stations, upper Udnware River 

nautical miles, is derived as 1.26 hours. It is evident, therefore, 
that since Burlingtoii is a little orcr hulfwn between Philnclelpliia 
and Trenton, the tinie gradient is practical 9 y tlie same in the two 
sections, and it lnny be assumed that tlie tide c.lianges a t  n. uniform 
rate in the upper Delaware River. 

In  the 29 nautical miles between Philndelphin (Chestnut Street) 
and Trenton the time of tide changes by 2.70 hours and the aver? e 
cleptli of water in this sec.tion is 15 feet at mean river level. 8 e  
velocity of propagation of a progressive wave is represented by the 
formula v =  d$, ancl if we substitute t>he vnlue 15 for h, the velocity 
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with which this ty  e of wave should travel in the waterway is ap- 
roximately 13 mi P es per hour, and the time to traverse the distance 

getween 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 b fresh 

progressive. 

t.he friction offered the tidal wave b 
water run-off, and t t e type of wave may therefore be s a d t o  be 

TABLE 3S.-Tide level, ~ p p e r  Delaware River; annual variation 

August _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
September . . . . . . . . . . . . . . . . . . . .  
October _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
November . . . . . . . . . . . . . . . . . . . .  
December . . . . . . . . . . . . . . . . . . . .  

4.70 Mesas ._________________ 

Trenton, 11 
N. J .  

Feti 
4.03 
4.00 
3.83 
3.87 
4.03 

4.22 
-- 

Month TlWlton. 
N. I. 

F c t  
4.88 
4.87 
4.18 
4.40 
5.20 

6.82 

Nm.-Heighta are referred to 0 of precise levels run by United Statas Engineers, lQll-19LB. 

Table 38 gives the annual variation in tide level for Burlington and 
Trenton for the period February, 1921, to Se temberl 1934. In 
Table 34, representing the annual variation of ti& level m 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 a t  Burlington com- 

At the 
fatter station the difference between highest and lowest monthly 
mean tide level is ap roximatel 3 feet. It is to be expected that, 

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 laces the level generally 
reaches a maximum in March or April, a P ter which it dro s shar 17 
and is generally lowest during the late summer and early fdl. !&m 

contrast with the annual variation for the 
Ewer river, as i n d i c a 3  a t  Philadelphia, where it was observed that 
the river level was generally high during the spring and summer 
months and low during fall and wmter months. 

tide stations between Woodland Beach, in Delaware 

nected by a lime of precise evels 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 In Table 29, 3.10 feet was 
derived as $e mean tide level a t  Goodland Beach, and in Table 
34, 3.56 feet was derived for the mean tide level at Fort M f i n .  It 
is evident, therefore, that a t  the upper station the level is approxi- 
mately 0.5 foot higher than the lower station. Since the two stations 

ared with a difference of 3 feet approsimat,ely at  Trenton. 

due to narrow channe fl and sho A ess of the stream, the fresh-water 

henomenon is in sh 

As man 

Y Bay, and % renton, at the u per end of the river, have been con- 

laces in the waterwa 
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are 43 miles apart the tide level increases at the rate of approsimately 
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 approsimately 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 approsmately 0.05 foot per mile or 
about five times the rate of increase in the lower section. 

FIG. 19.-Annual variation in tide level, upper Delaware River 

in river 
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TABLE 39.-Rirer dischnrgs, Trenton, M. J.; a.miwl anridion 

I\Iant 11 
1 Discharge I , i u s y p l -  I bIonth 

Tlie influence of the river conditions on the tide is illustratecl 
by a conipmison of the tide level with the river dischrge at  Trenton. 
In  Table 39 is shown for Trenton, N. J., the annual variation ctf the 
river iliscliarge in cubic feet per second, bused on tslie period January 
1921, to August, 1934, inclusive. These clatn are taken from the 
Geological Survey surface water supply papers. An esamiantion of 
tlie data shows that like the tidal cliaracteristics t,liere is a periodicity 

FIG. ?o.-Annu:J \wiation in river discharge, Trenton 

in the annual variation. This may be more clearly seen in the graph 
of tlie annual variation as shown in F'igure 20. 

I t  will be observed that the annual vaiiat.ion of river clischargt. is 
strikingly similar to that of the tide level, as represent,ed in Figure 19. 
Froni a minimum in February the river discharge rises sharply to a 
maximum of 24,900 second-feet in March, after which it cleches 
during the spring niont,lis, reaching t:he lowest, discharge of the year 
during September with a value .of a.pproximately 3,000 second-feet. 
A second and snzaller nia.xjniiiin is reached in January. It, n pears 

in the suninier months and highest- in spring months. Since Trenton 
is at, a considerable clistanco from the open sca, nncl at n place in the 
river where t,lie channel is na.rrow and shod, blie t.icla1 eflect is weak 
and, therefore, ea.sily influenced by the river dischitrge. It is t.o:be 
expecked, t,hcrefore, t,lia.t t.lie annual variation of t.ide l e 4  will 

Lm 
At Burlington, 13 miles south of Trent,on, the river clisclinr e'is 

clelphia to tlie sea the variatrion in tide level is little affected by the 

t.hen that,, like the tide level, the river disclinrge is generally i) owest 

resemble that of river discharge. 

again reflected in tlie tide level but t.0 lesser degree. Froin P 7 d a -  
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F I G .  21.-Annual variation in high water, Delaware Bay and River 
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river discharge, and the curves exhibit the characteristics of the open 
ocean type oT tide. 

A corres onding effect of the river discharge is seen in the lanes 
of hi h an B low water and range of tide in the up er Delaware giver, 
and 5 t e annual variation of the two planes here &fer  markedlv from 
that in the lower river and bay. These differences niay be n&ed in 
the graphs that follow which result from the most recent series of 
observations; between 1921 and 1924 a t  Trenton and Reedy Island; 
1932-1934 at Burlington and Woodland Beach; 1901-1920 at! Phil&- 
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 estremity at  
Trenton. Between the highest and lowest, montld values, the high- 

ared with 1.6 feet at  $enton, N. 3. Besides this variation in the 
%eight of the lane the general form of curve differs between the 

lower river and bay the high water after reac ling a masimum height 
in the spring remains alniost 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 lligh water rises sharply to its 
maximum in March or A iil and almost immecliatelv begins to drop, 

the entire river and bay the plane of high water is generally lowest 
in the winter months. 

water plane varies by a proximately 0.6 foot at P, ewes, Del., coni- 

stations near t R e sea and those farthest awa . For esaniple, in the 

becoming coniparatively Y ow in summer. It is to be noted that for 

s 

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. I t  is seen t1ia.t for stations 
.zit 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 IS true. For esample, at Reedy Island the 
difference between the highest and lowest monthly vnlus of t>lic low 
water plane is approximately 0.5 foot c.oniparec1 with approsimately 
0.S foot for high water. At Trenton, however, we have a clifference 
of 4.3 feet in low water compared with 1.6 feet in high water. It is 
evident that, in trhe upper nver where the river discharge eserts a 
predominatin effect on the tide t,he low water lane is more disturbed 

as the freshebs occur t,he renter river clischargc brings about a, rise in 
the river and tide level ut  at the same time the current produced 
decreases the ran e of tide. While the effect, of t.lie higher tide l e d  

ra.n e tends to lower the high and mise the low water plane. Obvi- 
about a reater increase in the 

plane of low water over that 
a. ain, attent,ion is directed to 
hfarcus Hook, which are based on long series, tslie low water plane 

t1ia.n that of t a e high water. This appea.rs to R e clue to the fact that 

has been bo raise a otsh the planes of high and low water, the decreased 

ous$ the resultant effect will 
water. keferring to Fi ire 22 

that at both Philaclelp 8! ia and 
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FIG. 22.-Annual variation in low water, Delaware Bay and River 
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FIG. !B.-AnnuaI vsriation in range, Delawsre Bay and River 
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after being high durin tlie spring monbhs fdls and reaches a sec.ondary 
minimum in July. l ! i s  is in contrast to the annual variation of the 
high water plane, in which it was nobecl that tsliis plane remains high 
during t-lie ent.ire siinimer. It will be seen, t.herefore, that there is 
little reseniblaiice between tlie hi h and. low water planes, the latter 

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

19. ANNUAL VARIATION IN RANGE OF TIDE 

being unlike any of tlie other tid 3 planes. 

Fi re 23 shows graphically tslie annual variation in the range of 

the high and low waters the amount of aniiual variation of range 
increases progressively from Lewes to Trenton. At Lewes there is a 
difference of approximately 0.2 foot between tlie highest and lowest 
montldy niean ran es, while at Trenton there is a diflerence.of approsi- 
niately 3.1 feet. I?, will be observed that the range of tide is generally 
highest in the suninier and fall and lowest in the winter and spTing 
months. As in the case of the severd planes discussed, there is a 
distinct diflerence in t,he form of c.urve of annual variation for. the 
lower river and bay as distinguished from the upper Delaware River. 
At t:he beginning of tlie freshets in February ancl March, the ran e 

to the mtniniiini v 9 ue. 
Comparing the curves of annual variation of range with those for 

annual variation of tide level for Trenton and Burlington, there 1s 
manifest n striking relation between the two and we observe.,that 
when the range is low in March the tide level is correspondlngly 
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 up er river. 

range for a short series of observations was corrected t? mean value 
when simultaneous comparison with a standard station was not 

This method made use of the annual variation. It has 

the range of tide, as well as other tidal characteristics, varies more or 
less regularly throu hout the year. It has further been evidenced 
that the amount an c f  kind of annual variation depend on the location 
of the station in the river. If t,lien 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 uantity is above or below mean at any particular time 
of the year. %y correcting the observed range of tide by this factor 
anlapproximate mean value is obtained. 

ticle Y or the various stations previously discussed. As in the case of 

of tide drops sharp1 to a low level and then rises almost as sharp f y 

In  a previous section mention was made of a metho s by which the 

gossible een made evident from the various curves of annual variation that 
. 

M036-2- 
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20. SUMMARY 

In  the preceeding discussions there was manifested a progressive 
change in the tidal characteristics from the eiikance to the bay to 
the extremity of tide water at Trenton. Not only does tshe range of 
annual variation increase progressively throughout the waterway, 
but there is also a difference in the forni of the curve for the different 
sections. For esaniple, it  was shown t,liat for the lower river and 
bay, where the wateiway is wide aild dee the raphs for annual 
variation of various characteristics were %stinctfv different from 
that of the u per river, where the waterway is narrow and shoal, 

way the tidal characteristics var from place to place, and the degree 
of this variation depends on t i e  T relative distance of the place in 
question from the open ocean. 

We are, there P ore, led to the conclusion that in the Delaware water- 



Part IL-CURRENTS IN DELAWARE BAY AND RlVER 

By E. A. LE LACHEUR, Bssistarit Matliemat.icinn, Ui11:lctl ;SLafcs Coast and Geodetic 
Siirve.~ 

Part 11. of this publkation deals with the t,idal current in Delaware 
Bay and River from the entrance to t,Be bay at the Delaware Capes 
to the head of navigation in tlie river at  Trenton, N. J. The niove- 
ments of the tidal current in the ap roaches to Delaware Bay from 

bet.ween such tidd current movenients offshore and those in Delaware 
Bay roper. 

!d )a l  currents in this waterway are discussed under the following 
sections : 

1.-The current in tlie approaches to Delaware Bay. 
2.-The current in Delaware Ba . 
3.-The current in the lower De r aware River. 
4.-The current in the Delaware River-vicinity of Philadelphia 

and Camden. 
Ei.-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 ba is defined by a line 'oining 
Cape Henlopen Light, Del., and Cape h a y  Light., N. J. durrent 
stations located west of this line are t.lierefore 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 ap roaches to De1awttl.e Bay, the records of which 

The tidal current in Delaware Ray and River is of tvhe reversing 
type-that is, it floods or sets nortlierly-€or a period of about sis 
hours and then ebbs, or sets southerly for the following eriod of 

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 rersa, t.here is n period of sla.ck 
water, or time of no current. Theoretically, this chan e takes 

current is so feeble that, it may be considered as slack varies from a 
few minut.es duration to half an hour, or even longe:. In the c.ase of 
this reversin type of current, tsliere is an increase In the ve1ocit.y of 
the flood or e % b from tlie time of slack water until about three hours 
later when the current attains its maxiniuni strength. Then it 
decreases in velocity over another period of about three hours until 
tlie following slack water occurs. 

the Atlantic Ocean are also incluc P ed because of the relationship 

are on file in the o & ce of the Coast and Geodetic Survey. 

about sis hours. Due to fresh water run-off in the river, t r le period 

place instantly. Act,ually, however, the period during w B ich the 
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FIG. %.-Current stations, approaches to Delaware Bay 
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Offshore, however, away from the immediate influences of the 
coast, the tidal current is uite 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, ancl ebbing in t,he opposite 
direction during the following period of about sis hours, the tidal 
current offshore changes in direction and ve1ocit.y continually, so that 
in a pexiod of about 12?4 hours i t  will have set, in all directions of the 
compass. 

This type of current is called a rotary current. in distinction from 
the rewrsing t p e  of current found in inland t idd  wat.eis such as 
Delaware Bay and River. For more detailed information on the 
reversing? or rectilinear, and rota,ry types of tidal current see pages 
114-1 16 of the AppencLs. 

At stations 1 to 6, indusive, tlie t idd current, is distinctly rotary 
in type, turning clockwise. Twice in a lunar dn.y of 24 hours and BO 
minutes the tidal current swings around in a complete ellipse, as 
shown in Figure D in the Appendis. A cha.racterist.ic feature of the 
rotax? current is the absence of slack wnter. The current is always 
running ancl varies in velocity and direction hour by hour. It varies 
from a period of greatest velocity, or ni&simum c.urrent, to a. period 
of least velocity, or minimum current,. I n  half a tidal day, or a 
period of 13 hours and 35 minutes, t,wo niasiniuni and two minimum 
velocities of the tidal current occ.ur. These are rehted to one 
another in tlie saino 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 ininimuni velocity of the current, follows a 
niasiniuni velocity by an interval of about three hours and is followed 
in turn by another ninsimum velocity after a further interval of 
about three hours. 

TABLE 40.--Current data, statioirs 1,  9, and s” 

[Referred to time of current at Overfalls Light Vessel] ’ 

Date of 
observations 

kpr. %May 
24, 1919. 

Bept. 10-11,1 
1 1879 J 
July 21.1913 

-- ~- .. ._ -- - .- - - - ___ - __ . . - 
I Tidal current 

Nontidal 
current I Strength of Eood I Minimum before ebb 

I 
Time !l:$i Direction ‘Time z&, Direction lz$yl Direction I l l  I 

Current clatn for stations 1,  3, and 3 itre given in Table 40. 
ststion 1 ,  located about 65 niiles east of Cape May, N. J., current 
observntious by nieans of >ole and log line were made by the officers 
and crew of the U. S. S. k77con, from February S to May 14, 1919. 
This was a temporary lightship station during tliat period. Ob- 
servations were niade coiitinuously at, hourly intervals, day ancl 
night. The current pole used was the Coast ant1 Geoi!etic Survey 
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standard 15-foot pole, weighted with sheet lead so as to submergc 
14 fcet. The log line mas graduated in knots and tenths of knots 
for n run of GO seconds, which mias the interval of time used for 

TRUE NORTH 

( 
I -  

/ 

SCALC OF KNOTS 

0.00 0.02 0.09 0.06 0.W 
I I I I I 

Fn;. l.-Current elljpse from nopharmonic tabulation, U.  S. S. 
Fuleorr knipurary light vessel station 

'\ I 
//-' I 

cach ohservntion. 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 dia rammatic representation of the rotary tidal 

April 26 Qo Ma 34,1919, referred to the times of high and low water 
at Sandy Hooz, N. J. The current is rotary, turning clockwise. 
In  the figure, H refers to the time of high water at  Sand Hook, 
while L refers to the time of low water at Sandy Hook. T i e  num- 
bers following H and L refer to hours before and after high or low 
water at  Sandy Hook, the minus (- ) sign meaning ‘ I  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 ma be scaled off by means of the scale 
of knots given in the figure. 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 eat distance offshore. The tidal current has 

and a minimum velocity of about 0.03 knot, setting easterly or 
westerly. 

In Table 40, the- times of maximum and niininiuni current at 
stations 1, 2, and 3 aye referred to the times of the same phases of 
.the currenb at  Overfalls Light Vessel, located just outside the entrance 
to Delaware Bay. This is the reference st.ation 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’ PV;. (true) with a velocity of 0.05 knot per 
hour. The time of mininiuni current before ebb n.t 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 
mems of a 20-foot current pole and lo line. The results of these 

due presumably to wind effect was 0.07 knot, N. 54’ W. (true) at  
etation 1 and 0.32 knot, S. 40’ W. (true) at  station 3 durin the 

that the nontidal current is oreater than the tidal current. This is 
frequently true offshore, an8in 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 31, 1913. Currents were observed just below the 
surface and also at  depths of 4 and 34 fathoms by means of a Price 
current meter with telephone attachment. The latter device WLS 
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, 3, 
and 3, located from 50 t.o 65 miles offshore is rotary in character, 
turns clockwise, and is very weak in velocity. The maximurn current, 
corresponding with strength of flood at Overfalls Light Vessel 

current at station 1 P or a period of a tidal month, 29 days, from 

a maximum velocity o F about 0.05 knot, setting northerly or southerly 

observations are given in Table 40. # he set, or nontidal current, 

, period of observations at  each station. It will be noted in Tab I e 40 
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(Delaware Bay Entrance), sets westerly or nort,hwesterly and occurs 
from onc to  two hours earlier than the sn.nie phase of the current at 
Overfalls Light Vessel. The minimum current, corresponding to 
slack before ebb at  Overfalls Light Vessel sek nort.lierly or north- 
easterly ancl occurs about an hour earlier than the corresponding 
phase of the current at Orerfdls Light Vessel. 

Stations 4, 5, and 6 are Northeast End, Five-Fathom Bmk, and 
Fenwick Island Shoal Light Vessel stations, res ect.ivel Stattion 6 

Tle  vessel is now located a.bout 3 miles to the southward of the 
location shown in Fi ure 24. These light vessel st.at.ions arc located 
in the approac.hes t.o f!)elawa.re Bay and are the first aids to navigation 

ickecl u by vessels bound to Delaware River ports. FiveFathom 
bank, afout 10 miles in len th, is located about 20 miles east of 
Delaware Bay Entrance. d r theas t  End Light Vessel and Five- 
Fathom Bmk 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 Noveniber 8, 1913 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. 

re resent,s the fornier location of Fenwick Islanc P E  Shoal iglit Vessel. 

TABLE 41.-Current data, station 4 (Northeast End Light Vessd) 

[Refkccl to time of current at Overfall; Light Vessel] 

-__ 
Dire& 
tion 

!Gnu 

-- 

N.64' W. 

N.64O W. 
N.58' W. 

N.W W. 
N.05'W. 
N.68'W. 

N W W .  

N. 83O W. 

Date of observations 

. Time 

Hours 

-1.4 

-0.7 
-0.6 

-1.0 
-1.2 
-1.0 

-a7 

' -1.2 

Nov. 9-Dec. 7,1912-.. 
Dee. 8. 1912-Jan. 5 

Time 

Hmra 
-1.0 

-1.4 
-1.1 
- 2 1  

t 
-1.4 
-1.3 
-1.2 
-1.4 
-1.4 

-1.43 

1913. 
ran 6-Feb. 3 1913--. 
sept. 1~0ct.'11, ISIS. 
Dct.lZ-Nov. 9,1918 -. 
Nov. 2-30, 1918 
Dw. 1-29, 1918 
Inn. 31-Feb. 28,1919- 
March 1-29.1919 
April 1-29, 1919 
May 1-29, 1919 

v!:i" 
Knots 
- 

azo 

0.24 
azs 
a 3 0  
0.m 
0.33 
0.34 
0.35 
0.34 

0.30 
-- 

- 
Means. _ _ _ _ _  

Tidal current 

Strength of flood I Minimum before ebb 
-. 

Velow 
ity 

Knais 

0.06 

a 09 
0.08 
0.10 
0. 15 
0.16 
0. 18 
a IS 
a is 

Dim* 
tion 

! h e  

N.M0 E. 

N. 2 6 O  E. 
N. 31' E. 
N.  38' E. 
N.300 E. 
N.  24' E. 
N.  19' E. 
N. 2'1' E. 
N .  18' E. -~ 

0.13 j N.26' E. 
-___ 

Nontidal current 

h*nnols 

0.18 

0. Q 
0.01 

0. 06 
0. 16 

0.06 
0.08 

am 
am 

o. 05 

a 14 

0.05 

Dlrm 
tion 

f iU .2  
6. 7 7 O  E. 
N.81° E. 
5. 7 9 O  E. 
N. 220 E. 
Soiith. 
8. 420 E. 
5. 100 w. 
South. 
8.210 w. 
8. 8'E. 
S. 21' E. 

8. 34' E. 

Table 41 gives the current data at station 4 for eleven 89-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 strengt.h of flood and mini- 
muni before ebb, since the strengt.11 of ebb ancl minimum before 
flood arc the same, respectively, but with the direc.tions OI t,he current 
reversed. The t,ime of the current is iven with reference to  the 

Bay Entrance). 
same phase of the current at Overfttls s Light Vessel (Delaware 
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It will be noted froni 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 occuiB about one hour earlier than slack before ebb at  Overfalls 
Light, Vessel and sets northeasterly with a velocity of about 0.1 
knot. The nontidnl current shows a set of S. 34' E. with a velocity 
of 0.05 knot for the eleven 39-(lay periocls of observations. The 
mean values for the velocity and clirection of the set, or nontidal 
current, were derived by resolving the velocities and directions for 
the eleven 29-clay periocls. 

TRUE NORTH 

LT, -- 

SCALE OF KNOTS 

0.00 0.05 0.10 0.G 0.20 0.25 0.30 
FIO. %.-Current ellipse for Ma component, Northeast End Light Vessel 

The 87-day series from November 9, 1912, to February 3, 1913, at 
station 4 hns been analyzed harmonically and results from this 
analysis are given in Table 12. 

TABLE 42.--Harmoiiic comtanls, station 4 (Northeast End Light Vessel) 
[From S7day series, November 9,1912, to February 3, 19131 

Component 
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The current elli se for the component Ma, Northeast End Light 

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 he noted that the 
strength of the flood c.urrent occmrs 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 balf an hour after the time of hi li w2tter a t  Sandy 
Hook and sets N. 35' E. with a velocity of 0.05 f -not. 

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.--Current data, station 5 (Five-Fatko9n Bank G g h t  Vessel) 

Vessel, based on t K e data in Table 43 above, is shown in Figure 36. 

[Referred to time of current at Overfalls Light Vessel] 

Time Vclocs Dlreo 
ity tion 

Hours Knots fiuc 
-1.1 0.31 N.6S'W. 
-1.5 .34 N.700W. 
-1.2 1 .3? N.700W. 

Date of observations 

Time V;e$ Direc- Veloc- I DIree- 
tion ity tion 

Hours Wols ! l h c  Knots True 
-0.9 0 .B  N . W E .  0.13 S.66'E. 
-1.2 .09 N . W E .  .11 S.81°E.  
-1.1 .07 N . W E .  .07 S.SZOE. 

Nov. O-Dec. 4 1912 ... 
Dec. 5,1912-dn. 2,181: 
Jan. 391,1913 _ _ _ _ _ _ _ _  

Means _ _ _ _ _ _ _ _ _  

Tidal current 
Nontidal current 

Stiength of flood I Minimum before ebb 

-1.271 .321N.6g0W. 

Table 43 ives the current data a t  station 5 for three 29-day series 
of current o % servations 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 stren th of flood and minimum 
before ebb, since the strength of ebb an If niinimum 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 ebout one and onefourth hours earlier than the stren th of 

of about 0.3 knot, similar to that a t  Northeast End Light Veesez 
The minimum before ebb occurs about one hour earlier than slack 
before ebb at Overfalls Light Vessel and sets northeasterly with a 
velocity of about 0.1 knot,. The nontidal current shows a set S. 75O 
E. wit,h a ve1ocit.y of 0.11 knot for the tsliree-nionth period, November 
6, 1912, to January 31, 1913. 

Figure 27 is a diaarnnimatic repreaenta.tion of t.he tidal current a t  
station 5, FiverFat?iom Banlr Light Vessel, from a, three-month 
nodarnionic tabulation November 6, 1912, to January 31, 1913. 
The current has been referred to the times of high and low water 
at  Sandy Hook, N. J. Strengtvl-i of f l o r i d  occurs~ about two and m e -  

flood a t  Overfalls Light Vessel and sets northwesterly with a ve 5 ocit 
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fourth houra 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. witah a velocity of about 0.1 knot. The tidal 
current at  this station is relatively weak. Currents of a knot or 
more at  stations 4 and 5 occur only wit.h strong winds m d  are t4here 
fore chiefly nontidal. 

period of 40 'hours were 
made on the southern end of Five-Fat. fl om Bank (latitude 38' 50.7' 
N., longitude 74' 37.8' W.), about 5 miles nortliwest of Five-Fathom 

Offshore tidal observations coveria 

L 

SCAL € OF KNOTS 

0.0 0. / 0. d 0.3 0. -# 

FIG. 27.-Currcnt ellipse from nonbarmonic tabulation, FiveFathom Bank Light Vessel 

Bank Livht Vessel (current station 5), on. September 3-30 ,  1930. 
The resdts of these observations show that the time of tide a t  Five- 
Fathom Bank is about 45 minutes earlier tlian at  Breakwater Harbor, 
Del., and that the mean ran e of t.icle, 4.3 feet, is approsiniately the 

for Five-Fn.thoni Bank ia about 911.9, while that for Breakwater 
Harbor, Del., is about 1.0. The cotidal hour at  any place is !lie 
time in lunar hours after the moon's transit across the Greenwich 
meridian at  which high water occum ats tliat place. The cotidal 
hour a t  FiveFatliom Baiik Light Vessel would be approsiniately 
the same as that for Five-Fathom B d r ,  or XII.3. 

same at  both places. Base c f  on these observations the coticlal hour 
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The results of an 87-cla series of current observations a t  Five- 
Fathom Bank Li h t  Vessef in 1912-13 show the cocurreiit hour at 
this station t,o h e 5 . 5 .  Tlie cocurrent hour a t  any place is the time 
in lunar hours after the moon's transit across the Cfree1iwic.h meridian 
at which the strength of flood oc.curs at that place. It will lie noted 
therefore by coin xison between the cotidal and cocwrent hours 
for Five-Fathom %anli Light, Vessel that the strength of flood a t  
this station occurs 1.7 lunrqr hours, or 1% solar hours, earlier than 
local high water. 

TABLE B-l.-Harmonic comtants, stalion 8 (Fenwick Island Shoal Light Vessel) 
[From 87-day series, Nov. 5, 1912, to Jan. 30,19131 ' 

Component 

I North-and-South East-snd-West 
(magnetic) (magnetic) 

I - H  I 

Hourly current observations by nieans of current. pole and low 
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, 1913, to January 30, 1913, was 
analyzed harmonically and the results of this analysis are given in 
Table 44. 

Figure 28 represents the M, current elli se for station 6, Fenwick 
Island Shoal Light Vessel, derived from t K e 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 a t  Sand Hook, N. 

It is obvious that t,he current a t  station 6 is rotary, relatively weak, 
and turns clocliwise. Tlie stren th of flood occurs about 1 hour before 

time of strength of floo'cl nt Overfalls Light Vessel. The flood sets 
N. 20' W. with a velocity of 0.3 knot. The minimum before ebb 
occiii's about 3 hours after the time of high.water a t  Sandv Hook, 
or simultaneously with the time of slack water before ebb at Ovei-fa.lls 
Li ht Vessel, and sets N. 70' E. with a velocity of 0.1 knot. Tlie 
vc P ocities and directions of the current derived from the current 
ellipse of Figure 55 refer to  the tidal current only, for the hariiionic 
analysis eliminates the nonticlal cufient. Mssimuni and minimum 
currents are represented by dot-and-clashed lines in Fi ure 38. 

Current observations by means of current pole a n d  108 line were 
made hourly by the officers n i i l  crew of the Overfalls Light Vessel 
(station 7) ns follows: November 7,  1913, to February 6, 1913; 
Se tember 13 to December 1S, 191s; Februwy 33 to May 3, 1919; 
J J y  1, 1919, to Japunty 17, 1920; March 31, 1920, to January 20, 
1921; March 13 to July 31, 1921; August 18, 1934, to May 14, 1935. 
The taotal length of observations for these seven current series is 
38.7 months, or approsimately, 33d years. 

J., H representing the time of high water, and L the time o 9 low water. 

the t h e  of high water a t  Sanc Q -y Hook, or siniultaneously with the 
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Overfalls Light Vessel is located about 4 miles off Cape Henlo en, 

important aids bo 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 

Del., and just outside the entrance to Delaware Bay. It is one.0 P the 

0.00 0.0s 0.10 0.15 0.20 0.2.5 0.30 
FIG. %.--Current ellipse for MI component, Fenwick Island Shoal 

Light Vessel 

same course, although there is considerable deep water between the 
li h t  vessel md Overfalls, or South Shoal. tidal currents 

ing, or rectilinear type, due to the position of the light vessel at  the 
entrance to Delaware Bay. 

Stron 
o % tain at  Overfalls Light Vessel. The current is chie i y of the revers- 
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?e- rics 

TABLE 45.-C,icrrent data. slation 7 (overfalls G g h t  Vessel) 

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

Date 01 obssrva- 
tiom 

(CI 
Id) 

--I 
i 

4. 1913 _ _ _ _ _ _ _ _ _  
Jan  E-Feb. 3,1913 
Srpt. 13-0ct. 11, 

1918--------.-- 

S.45O E. 
6. 50° E. 
S.49'E. 
S . W E .  
S.4io E. 
S.49OE. 
S.44'E. 
6.42'E. 
S.38'E. 
S.43O E. 
S.46'E. 
5.44' E. 
S.43OE. 
S.4Z0E. 
S.43OE. 

S.47' E. 

6.480 E. 

-- 

_- _- 

Slack 

- 
Hours 
aflrr 
L u-. 
2.4 

3.6 
2 6  

1.9 
1.8 
1.8 
a. 1 
2.0 
2. 1 
3.4 
2.2 
2.0 
2 0  
2 1  
2.3 
2. a 
2 5  
21 
2.0 
2. 1 
2. 1 

2 16 

2. a 

- 
- 

1.91 
1.B 

2.26 
2.00 
l.7i 
1.89 
2.00 
242 
2.03 
230 
1.73 
2.02 
1.84 
1.78 
1.77 

1.97 

a.26 

I 
Flood strenath I 

w. w. w. 

Flood 

1.84 5.9 
1.97 6.0 
1.63 5.8 

I ' True 1 I131d.8 I Houra 
1.0 N.30°W. 2.01 I 5. S 
1.0 N.32'U' 1.96 ' 5.7 
1. i N. 380 w: j 3. i 5.4 

1.3 
1.1 
1.3 
.9 

1.0 
1.0 
. 8  

1. 1 
1.0 
1.0 
.9 
.9  
1.1 
1. I 
.9 

1.0 
1.2 
1.2 
1.0 

N. 58' 

N. 45O 
N. 5 4 O  
hi. 51 O 

N. 480 
N. 59' 
N. 55O 
N. 50° 
N. 48' 

- - 

3lWk 

__ - 
Your, 
afirr 
H II'. 
2. 1 

2.3 
1.9 

2.2 
2.2 
1.9 
a. 1 
3.0 
1.9 
1.9 
2.1 
a. 1 
2. 1 
2.1 
1.9 
2 0  
2.1 
2. 2 
1.9 
1.9 
21 
2 0  

2. M 
- 
- 

- - 
Ebb strength 

Tim! 
- 
Hour 
bcjort 
L Ii': 
1.1 

.9 

.9 

1.6 
1.6 
1 6  
1.4 
1. 6 
1.5 
1.3 
1.5 
1.4 
1.5 
1.3 
1.0 
1.3 
1.0 
1.0 
1.5 
1.3 
1.3 
1.3 

1.31 
- 

- - 

Ebb 
lura- 
tion 

Tours 
6.6 

6.7 
7.0 

6.0 
5.9 
6.3 
6.3 
6. 3 
6.5 
6.8 
6.4 
6.2 
6.3 
6.3 
6.7 
6.5 
6.4 
66 
6.5 
8 4  
6.3 
6 4  

6.42 
- 
- 

Table 45 gives the current data a t  station 7 (Overfalls Light 
Vessel) for twenty-two 29-day series of current observations in 1912, 
1913, 1918, 1919, 1930, and 1921. Since the times of the current 
at  all current stations in this ublication have been referred to the 
times of the current at  Overfal P s Light Vessel as a standard or refer- 
ence station, it was necessary in the above table to refer the times of 
the current a t  Overfalls Light Vessel to the times of high and low 
water a t  Sandy Hook, N. J. It will be noted from the mean results 
in the table that the time of slrtck water a t  the light vessel oc.c.urs 
ahout 3.1 hows after the times of high and low wat,er a t  Sandy Hook. 
The strength of flood OCCUI'S one hour before the tinie of high water 
at. Sandy Hook and sets about N. 5OOW. with a velocity of 1.9 knots 
per hour. The strength of ebb occurs 1,% hours before the time of 
low water at Sancly Hook a.nd sets nbout 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 cmrent, 6.4 hours. 

Based on tidal observations at Five-Fathom Bank and at Break- 
water Harbor, Del., it has been 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 notecl, therefore, that the strength of flood a t  
this station occurs 1.5 lunar hours, or 146 solar hours, earlier t.han 
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 a t  Five-Fathom Bank Light Vessel. 
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Figure 29 is ti diagamniat,ic representation of tlie tidalrcurrent 
at Overfalls Light Vessel, based upon a resolved, non!iarnionic 
tabulation of currents at  this station for a 29-day series, April 1 to 29, 
1921, referred to tlie times of high and low water at  Sandy Hook, 
N. J. The figure sliows the current to be only slightly rotary, in a 
cloclwise direction. The nontidnl cwrent, sett,ing S. 17' E. with a 
velocity of 0.12 knot, is shown in the figure by the relationship of the 
center of circle C' to tshe cent,er of the circle from which radiate thc. 
full black lines representing tlie hourly velocities and clireckions of the 

SCALL- OF KNOTS 

~ 

0.4 0.2 0.4 0.6 0.8 /.O / .P  /.4 /.6 /.8 2.0 

FIG. ?9.-Current ellipse from nonharmonic tabillstion, Overfalls Light Vessel 

current. It will be noted tliat the strength of flood occurs about 1 
hniii. hefnre hivli wnt.c?i. nt. Sai i r lv  Tqnnk while s l n c l c  wnt.ei* hpfni-n ehh 
occurs about 2 hours after high lvater, and the liglit vessel, swing- 
ing to one anchor, then heads toward Cape Henlopen, Del. Actually, 
a minimum current of about 0.3 knot obtains a t  this time, setting 
toward Ca e Map, N. J. It will also be noted from the figure that 
the strengt E of ebb occurs about 1?$ hours before the time of low 
water a t  Sandy Hook, while slack water before flood occurs about 
2 IZ0ui.s after low water, m d  a t  t,his time a minimum current of about 
0.3 knot sets toward Cape Henlopeii, Del. 
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TABLE 46.-cUTTenf data, sfation 7 (Ouerfalls Light Vessel) 

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

Date of ob- 
servatlons with 

Aug. 18-23.. Pole ... 
Do _ _ _ _ _ _ _  I Meter. 

_- 

Depth Slack 

- .- 
Hoard 
aJitr 

Pert L W'. 
7 20 
7 2.1 

15 2.1 

_- 

- -  -- 
Flood strength 

I 

-4-I- 

~ 

Ebb strength 

Direc- 
tion 

Hour8 Hours 
aJifr berere 
H 1V. L 1V. 
2.4 1.7 
2.6 1.9 
2.6 1.8 
26 1.7 
2 6  1.4 

! h e  
8.46' E. 

I I 

Knob 
1.88 
1.81 
1.98 
1.57 
1.27 

-- - 
Len h 

serva- 
tions 

of 0%- 

-- 

Dave 
4 
4 
4 
4 

4% 

While a comprehensive t idd and current survey of Delaware Bay 
and' River was in progress during tlie summer of 1984, current meter 
observations, in aclclition 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 niacle by means 
of a Price current meter with tele hone atknchment for rec.oriling the 

observations of subsurface directions of the current are at hand but 
it is reasonable to  (tssuiiie. that the direction of .the current at various 
depths at  this station is 't prosimately the same as that for flood 
and ebb at  the surface. +Re data obtained cluring tlie 4-ciay erioci 
of these observations, August 1s to 83, 1925, indicates oiily a s Y ightly 
reduced current toward the bottom. 

In  Table 46 the depths 15, 35, and 55 feet are, respectkely, 0.2, 
0.5, and 0.S.of the t o t d  depth of water at  Overfalls Light Vessel or, 
approximately, the surface, niicitUe cle th, and bottom. It wili be 

and strengths of flood and ebb (masimum current) occiir prac.ticaUy 
simultaneously a t  all  depths. The velocities of flood ancl ebb, how- 
ever, generally decrease with the depth. 

The greatest flood and ebb velocities observed a t  Overfalls Light 
Vessel (station 7) in 1913, 1913, 1918, ancl 1919, are as follows: 

velocities of the current at  deptis Y of 7, 15, 35, and 55 feet. No 

noted from the table that the times of s P ack water (minimum current) 

I Month I and day 
I 

YeSr 

I- 
1912 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  Dec. ll 

Der. 37 
1913 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ,  Jan. 20 

Jan. 12 
1918 _________________I Nov. 4 

1919---.--..--.-.--.. A r 30 I Ju?; 26 

NbV. 1s 

-- 

Current Direction 

N.44' W. 
8. 4d0 E. 
N. 5So W. I 
8 36O E 
N. 430 w: I 
i. Z 4: i 
S. 3'P E. 

L- 

Velocity 

Knots 
26 
3.6 
3.2 
3.4 
24 
2.2 
3.0 
3.2 

Wind 

Direction Velocity 
~- 

R u e  
8. 380 w. 
N. 7 8  W. 
8. 7O E. 
N. 52O W. 
8. 370 w. 
8. 370 w, 
N.14O E, 
s. a0 E, 

Milt8 
13 
34 
13 
34 
13 
23 
13 
13 

Stations S to 16, located in rather shod water near the Delaware 
Capes, were occupied by the field party of J. R. Golclsborough in the 
summer of 1S47. The current a t  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 Ovei-fds Light VesseJ. 
The velocities of the current are given in knots and tenths and arc 
corrected to a mean 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.-Curreat d a h ,  stations 8-16, approaches to Delaware Bay 

[Referred to time of current at Overfalls Light Vessel] 

6ta- 
tion 
No. 

Dateof 
oLyrva- Slack 
tions 1 

-I--- 

1 Party of J. R. Goldsborough. 

It will be noted from Table 47 that the duration of ebb a t  each 
station is longer t;han that for the flood, at  s':'.iin 13 being two 
hours longer. At all stations, slack water hef,l,u flood occurs from 
half an hour to one hour earlier than slack before flood at  Overfalls 
Light Vessel. This is clue to the shoalness of the water a t  these 
stations com ared with the much greater depth of water a t  station 

The times of flood and ebb strengths occur much earlier a t  these 
stations than a t  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 strengtlis at  sbations 10, 1 1 ,  12, and 1 3  may differ 
from misting velocities, owing to the changed conditions of the bottom 
since 1517 when the current observations were made. Many changes 
haye occurred in tlie estent and position of shoal areas off Cape May 
s' ce that. time. 
f i n  general, the tidal current, accompanying the tide approaches 
Delaware Bay Entrance from the northeast. The observations a t  
stations 1 to 5 nncl also at  stations S to 15 show that the current is 
much earlier at  these st.ntions than at  station 7 (Overfalls Lisht 
Vessel). Bt station 6, (Fenwick Island Shoal Lielit Vessel) located 
about, 33 nautical miles sout,lienst of station 7, the current is prac- 
tically simultwneous with that a t  the latter station, while at  station 
16, located off Cape Henlopen in muc.h shoaler water, the current! is 
actually later than that at  stations 6 and 7. d n  general, tlie current 
in the ap ro'aches to Delaware Bay is rotary, turns clockwise, and is 
very weaf. This is especially true beyond the 10-fathom depth curve. 
Near the entrance to the bay, however, the current increases in 

7 (Overfalls E ight Vessel). 

S 0 0 3 5 - 2 L 6  

8.. 
Q-- 

10.. 
11.. 
13.. 
13-- 
14-- 
15.. 

1847 Houn 
Sept. 17--:-- -1.3 
Sept. 15-16.. -1.1 
Aug.2J3 _ _ _ _ _  -1.1 
Sept. 6-7 _ _ _ _  -1.1 
Aug. 27 _ _ _ _ _  -0.4 
Sept. 8-9 _ _ _ _  -1.1 
Sept 18-17.. -1.1 
Sept. 18 _ _ _ _ _  -0.6 

16.-1 Sept. ? M 9 - -  
I 

-0.5 
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stren6th to about 2.0 knots and becomes cdiiefly of the reversina or 
rectilinear, type. Because of river disc.harge froni Delawa.re Eay, 
the duration of ebb for stations near the bay entrance becomes con- 
siderably greater than that for the flood. 

THE CURRENT IN DELAWARE BAY 

Delaware Bay is here understood to corn rise the bod of water 

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 $2 nautical miles in length, and has a inaxhiurn width of 
about 23 iiautical miles. 

The entrance to the bay, escept for a 3-mile stretch in the vicinity 
of Ovei-falls Light Vessel, off Cape Henlopen, is marked by 'nunierous 
shoals. Of these, Ovei-falls, or South Shoal, is the most prominent. 
These shoals are located chiefly off. Cape May, N. J., and are separated 
b several channels, proniineiit ones being Cape May Channel and 
&rough Channel. 

In  general, the water in the eastern part of Delaware Bay is quite 
shallow, the bottom consisting of extensive flats and sli?al 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 inaay small rivers and creeks 
which are narrow and c.rooked. 

The main shoal area in Delaware Bay is Joe Flo ger Shoa.1, a lon 
narrow shoal lying about midway between Egg Is 7 and Point, N. 
and Murderkill Neck, Del., and extending in a northwest-southeast 
direction. Lying enst of this shoal is the U,per, or Main Ship, 
Channel, marked by Fourteen-Foot Bank, Mia1 11 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. Goldshorou h,  iii 1547: F. H. 
Crosby, in 1885: H. L. Mar'indin, in 1S86; and 8 . H. Oveishiner, in 
1924. Observations at a niajority of these stations were made in 
the summer of 1931, when the Coast and Geodetic Survey-made an 
extensive tide and current survey of Delaware Bay and River from 
the Delaware C a m  to Trenton, N. J. Currents were observed on 
cross sections of belaware B ~ Y  in 1924, 8s follows: 

1.-Between Capes Henlopen and May-stations 1, 2, 5, and 7. 
2.-Between Jones Neck, Del., and Egg Island Pt., N. J.-stations 24, 25, 

and 36. 
3.-Between Boinbay Hook, Del., and Bacon Neck, N. J.-stations 30, 31, 

and 33. 
station 31 was a control station for current stations occupied in 

Delaware Bay in 1934, and continuous obsemations h . c.iirrent pole 

325i days from August 8 to Septe.niber 11. 

between the States of New Jersey and De f aware, boun B ed on the 

and log line and also by current meter were made at t i lis station for 
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I n  addition to observntions in Delawwe Baj- pro >er, current 
observations were also obtained at  Mispillion Creek Entrance, 
Maurice River En trance, and C!ohansey Creek Entmiice. The data 

FIG. 30.--Current statlons, Delaware Bay 

clezivecl from c.urrent observations at  these 3-1 stations in Delaware 
Bay are given in Table 4s. For each station these clnta refer to the 
tidal current near the S U I ~ S C C ,  at, a depth of nhout 7 feet,, and are 
bnsed on observations made by means of current pole and log line. 



TABLE 4S.-Citrrtwt data, Delaware Ball 

[Referred to time of current at Overfalls Light Vessel] 

..... do.-.. _ _ _ _  _ _ _  _ _ _ _ _ _ _  ___. _ _ _ _ _ _  
Ofi  Cape k1sy _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

_ _ _ _ _ d o  _.___ ___._. __.____ _ _ _ _ _ _ _ _ _ _  
_ _ . _ _ d o  .____________ ~ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
OB Cape. Henlopen ___________.__ 
Off Cape May _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _  

-I- I-- 

W. H. Overshiner- August. 1924. ____. 
J. R. Goldsborough September. 181i ... 
W. H.  Overshiner- August. 1924.. ~ _ _ _  
J. R. GOld6b01'0Ugh -iUgust, lM7 _ _ _ _ _ _  

__-__do.. _.___._____ --..-do _ _ _ _ _ _ _ _ _ _ _ _ _  
__-__do _ _ _ _  ~ __..____ . ____do  .____________ 

I 
2 
3 
4 
5 

8 
9 
10 
11 
12 
13 
14 

! 

2-3 
24 

20 
27 

25 

Of1 Murderkill Neck ___._______.. -....do _ _ _ _ _ _ _ _  ~ _ _ _ _  _ _ _ _ _ d o  _____._______ 
Off Deep Water Point. _ _  _ _ _ _ _ _ _  ..... do ___._____.___. September. 192..-- 

Off Egg Islaud Point _______.__.__ _ _ _ _ _ d o  _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ d o  .____________ 
Off Gtose Ptdut ___. ._____________ __... do _ _ _ _ _ _ _ _ _ _ _ _ _  August, 1934. _ _ _ _ _  
Off Elbow Of cross Ledge Light.. _____do  ___________._ ..___ do .____________ 

I 1 .do _________..___._____________ .do _______._____ 1 ___._do _ _ _ _ _ _ _ _ _ _ _ _ _  
Off Broadkill Neck __________. _ _ _ _  W. H. Overshiner. August, 13%. ____. 
@fi Cam May. _ _  .~ _____._.______ i---- J. R. Qoldshorough August, lS74. _ _ _ _ _  
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In Table is  the tinies of slnck water a n d  strengths of flood and 
ebb are given in hours nncl tenths of hours and are referred to the 

. tinies of the corresponding phases of the current. n.t Overfalls Light 
Vessel. The durat.ions of flood a,nd ebb are also given in hours nncl 
tenths of hours and it, will be noted from the tnble t.ha.t, the clura.tim 
of ebb at, nearly nll the current, stmatinns in Delaware Bay is much 
grea.ter than that for the flood. The velocities of flood nncl ebb 
strengths are given in knots and t e n h  of knots and nro correct,ecl 
to a niem range of tide. The true directions of t,he flood nnd cbb 
currents a t  tinies of strength are given to t.he newest 5'. 
/In general, itr will be noted from the table t h t .  the current t,urns 
earliest in the shallower reaches near 6he eastern and western shores 
of the bay and k e s t  in the deeper, central part of t,he bay. The 
deeper portion of the bay, referring to Figure 30, is locitetl by con- 
necting with strai lit lines Orerfnlls Light Vessel, Brandywine Shoal 

These n.icls to navigation iiisrk the Main Ship Channel, w7iic.h is a 
natural channel with a clepth at  niem low wn.ter of 35 feet or iiiore, 
leading froni the entrance of the bny to the vicinity of station 31, 
where a 33-foob dredged channel begins. This channel has  a. width 
of about 2$i miles at! the bay entra.nce between Cilpe Henlo .en alii1 
the shon.ls off Cape May and a least width of about :i niile o P E:lbow 
of Cross Ledge Light,. 

I t  will be noted from Table 48 that n t  stations Yj, 0, 7, S ,  10, nnd 
11, located in the shod areas and channels of Delaware Bay Ent-rnnce 
in the vicinity of Cape May, N. J., the c.urrents turns one-hnlf to 
one and three-fourths hours earlier t1ia.n it does at  Overhlls Light 
Vessel. The mksimum de th of water ats these stations is :i.bout, 45 
feet, while the avera e rlept K is consiclera,bly less than that. 

current occurs a.pproxinintely simultaneous with that t i t  Overfalls 
Light Vessel. Comparing clnta for station 3 in Table is  with that 
for the control station (station 31) ! it is found that blie current occurs 
about two hours earlier at  the iisvigable entrnnce' to Delawnre Rny 
than it does off Bonibay Hook. 

Current stations 14, 19, 31, 85 ,  2 S ,  31, 33, and 34 were located 
along the axes of the nat,ural and dredged chnnnels of Delaware 
Bay. The data in Table 45 show that the current bec.onies later 
and later a.t each of these stations from Delawa.re Bay Entrance to 
Artificial Isla~id. At station 34, in mid-channel oft' Stony Point, 

. J., i t  beconies later by about three hours. 
Along the eastern shore of the bay in Bay Shore Channel, Fishing 

Creek Shoal, and Maurice River Core the current turns earlier than 
it does along the asis of the channel. This is shown by the data in 
Tnble48forstations 12,16, 17, and32. 

No current stations have been occ.upie<l by the Coast and Geoiletic 
Survey in Maurice River Cove, hut. the following excerpt from A 
re ort of a hydrographic survey in Delaware Bay in the vic.iiiity of 
d u r i c e  River Cove in the slimmer and fall of 1885 is ~iote~-orlhy:  

A comparison of all of the stat.ions established in this area as to times of high 
and low water, together with a erceptible increase of rise an fall observed in 

flows directly into the bay, following the chaniiels, and turns back into the cove 
from the vicinity of Brandywine Shoal. This would also account for the fact 

Light, Fourteen- Fg oot Bank Light, and Elbow of Cross Ledwe Light. 

It will be noted f rom the table that a t  stations 3, 3, ani1 4 the 

the bottom of Maurice River &we, seems to indicate that e .he tide (current) 
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that along the east side of Egg Island Point the flood tidal current sets very 
strong to the southward.1 

The data in Table 4S for stations located along the westwn shore 
show that the current in this part of Delawwe Bay also turns earlier 
tlian it does along the nsis of the channel. At station 24 on the Dela- 
ware shore the current turns eitrlier than it does a t  stations 25 ancl 36 
on the cross section oft' Egg Island Point, while at  the cross section 
OR Ronilmy Hook the ci.irreiits turns earlier at stntioii 32 on the New 
Jersey shore t.lian it does at, stations 30 and 31. In general, slack 
ancl strength of current. along the eastern niid western shores of 
Delaware Ba occur from half an hour to one hour earlier than cor- 
res onding pzases of the current along the axis of the channel. 

h e  greatest velocities of the current on tlie flood and ebb occur at  
The average 

velocity of flood n t  time of strength at these stnations is about. 135 
knots, although in the narrow port.ion of t,he hay above Bombay 
Hook the flood attsius an svernge velocity of 2 or more knots per 
hour. Ebb strenglh averages about 2 liliots at. t,liese stations, cliniin- 
ishing t.o about 13.6 l<nots at  channel stations where the ba widens 
coiisiderably nncl increasing to about 2% knots at  the head o fy t.he hn.y. 

At stations nioiig the eastern and western shores of the bay the 
strength of flood niid ebb avern es from one-half to 1 knot, although 

locatecl n t  creek and river entrances. 
In generid. it  will be noteed from the data in Table48 that thedurat.ion 

of ebb for all current statmiom in Delaware Ray is greater than that of 
the flood. The average duration of flood at  these stations is about 
5.8 hours ancl that for tlie ebb about, 6.G hours. Thus it will be seen 
that the duration of ebb near the surfnce in Delaware Bay &meeds 
that of the flood by about an hour. This is due priniaiily to river 
discharge. Along tlie &xis to the channel the durations of flood and 
ebb are approximately 5.5 and 6.9 hours, respectively. For stations 
20, 23, 23, and 24, however, the period of flood is greater than that 
of ebb, these periods being 6.5 and 5.9 hours, res ectively, the flood 
riinniiig longer than the ebb by about half an {our. A glance at  
Figure 30 shows that these stations are so located that they receive the 
full effect of the flood which pro resses up the bay from the entrance in 
a northwesterly direction. T t e  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 is 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 tlie data in Table 48. This is in conforni- 
ity with the axes of the natural md dred ed cliannels of the ba 

easterly and southwesterly, res ectively, indicating that in the shoal 
portion of tlie bay between &pe May and Eg Island Point the 

At all current stations in Delaware Bay, the ebb sets generally direct y 
opposite to that of the flood. 

J stations whic.li are loc.atecl on the mis of the channel. 

in freshet seasons stronger eb a currents would obtain at  stations 

At stations 12, 15, 16, tind 17, the flood an % ebb currents set nost{: 

r ciirrent follows the contour of the eastern shore in 5 t is part of the ba . 

~ ____ ~~~ 

I From U. 5. Coast and Geodetic Survey Report for 1886, p. 47. 
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At tlie 31 current stations occupied by tlie field party of W. H. 

Overshiner in 1934, in Delaware Bay, observations of subsurface 
currents were also made, a Price current nieter with telephone 
attachnient being used for this purpose. These observations were 
made at three deptlis-0.2, 0.5, and 0.8 of the de th a t  each station. 
The results of these observations are given in Tafle 49. The veloci- 
ties have been reduced to a inem range of tide and are given to 
the nearest hundredth of a knot. The tinies of tlie current 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 hundredtli of an hour, mcl the directions of the cur- 
rent st flood and ebb strengths are given to the nearest de ree. 

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 a t  the bay 
entrance was occupied for lpi days, station 25, in niidchannel off 
Elbow of Cross Ledge Light, for 3 days, mid station 31, the control 
station, in midchannel off Bombay Hook, for 3 2 5  days. At all 
these stations tlie current is of t,he reversing, or rectilinear type, 
and generally the ebb runs longer than the flood by an hour or more. 
With the esception of a few stat,ions at  or near the entrance t.0 t-lie 
bay, the tinie of the current is enerally later a t  each station than 

In  addition to the subsuifnce veloc.ity determinations at each 
station, subsurface current directions were also observed by nieans 
of a bifilar suspension current direction indicator, a device per- 
niitting simultaneous determinations of the direction of tslie current 
a t  the three de ths at each station. It will be noted from Table 49 

at subsurface depths are approsiniately the same as those at  tshe 
surface. 
V'In 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 a t  Delaware Bay Entrance at times 
of ebb stren th as will be noted in Table 49 for stations 1, 2, 5,  and 7. 
On the flooc, 7 however, at  stations such tu 2 and 5 ,  located at  the 
entrance to a tidal waterway and in the path of the fresh water 
run-off from this waterway, the velocity shows an increase from the 
surface clownward for a considerable depth. It 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 n t  t.lie 32-foot dept81i at  station 5. 

The difference in the vertical distribution of the current velocity 
is evident1 clue to the nontidal or fresh water discharge from the 
Delaware Siver. Having a density less than that of sea water, this 
fresh water tends to remain new the surface. On tlie ebb both tidal 
and nontidal waters are iiioving in tslie s+me direction and, therefore, 
the vertical velocity distribution is similar to that in water under 
hydraulic motion. On the flood the nontidal water near the sui-face 
tends to move seaward, and thus decreases the velocity of the tidal 
current near t.he surface. With increased depth the effect of tlie 
nontidal water diminishes, and hence the full velocity of the flood 
current is attained at  some distance from the surface. 

At niost of these stations currents were observed for eit i er a half 

at the reference station, Oveifa up s Light Vessel. 

that at times o P flood and ebb strengths the clirec.tions of the current 



TABLE 49.-Cz~trent data lor various deplhs, Delaware Bay 

[Re:erred to time of current at Overfalls Light Vessel] 
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0.81 
0.52 
0.83 
0.78 

- 

a w  

a 91 

Party OI- Slack 
Tim( Time Direc- 

tion 
Direc- 
tion 

True 
N. G j 0  W. 
K. 62' W. 
N. 62' iV. 
N. 680 w. 
N. 27' W. 
N. 310 w. 
N. 30' W. 
N. 35' W. 
N. 3G0 W. 
x. 330 w. 
A'. Qo W. 
N. 36' W. 
N. 30' W. 
N. 420 w. 
N.38' W. 
N. 38' W. 
2i. 46' W. 
x. 420 w. 
N. 420 w. 
N. 330 w. 
N. 8'E. 
N. 8'E. 
N. 8'E 
N. 8' E. 
N. 31' W. 
N. '27' W. 
N. 14' W. 
N. 11' W. 
N. 80 w. 
N. 50 w. 
N. 10' W. 
N. 14O W. 
N. 12' W. 
N. IO" W. 
N. 26O W. 
N. nu w. 
N. 240 w. 

Fee! , 
G 
€4 
i 

14 
35 
56 

7 
8 
20 
32 

7 
5 

I4 
22 
7 
6 

15 
24 

7 
5 

12 

2 
m 
; 
8 

19 
30 
7 
3 
8 

12 
2 
3 
6 

- 
llour 
F. cn 
6.22 
5. m 
6. 
6.38 
7. Oe 
6.86 
5.93 
6. 14 
6. 65 
G 50 
6. m 
6.28 
6. 53 
6. 08 
6. 18 
i. 78 
6.78 
6.78 
6.48 
6.58 
6.78 
6. 28 
6.48 
GUS 
6.08 
6. 11 
6. 46 
5.M 
6. 16 
5.78 
6. 43 
6.38 
6.33 
6. 13 
6.03 
Lo3 

Hours 
-0.65 

Hour. 
-0.37 

Ilouri 
-a 55 

-a 30 

-0.30 
-0.30 

0.45 
0.25 
0. 25 
0.05 

-0.35 
-0.38 

-0.28 
-1.95 
-1.40 
-1.20 
-1.20 

0. 15 
0. 65 
0.65 

-0.35 
-0.35 

0. 15 
0. 15 
1. m 
0.23 
1.20 
1. 15 
0. i o  
0.3G 
0. e3 
0.68 

0. m 
1. 15 
0.25 
0.25 

-a GS 

ati5 

a c8 

Trtie 
S. 52' E. s. 540 E. 
S. 56' E. s. 560 E. 
S. 3 2 O  E. s. 350 E. s. 280 E. s. 330 E. 
S. 16' E. 
S. 16' E. s. 200 E. 
S. 20; E. s. 1 E. 
S. 18' E. 
S. 16' E. 
S. 16' E. s. 5 3 0  E. s. 400 E. 
S. 42" E. s. 420 E. s. 210 w. 
S. 31' W. s. 210 w. s. 210 w. 
S. 9' E. s. 60 E. 
S. 24O E. 
B. 15' E. s. 100 E. 
S. 10' E. s. 30 W. 
S. 6' W. 
S. 6' W. s. 10 w. 
S W E .  
9. 420 E. 
9. 420 E. 

Dolls 
1 
1 
1 
1 
1 
1 
1 
1 
1% 
1% 
1% 
1% 
1 
1 
1 
1 
M 
5 
M 
M 
H 
M 
H 
M 
M 
M 

1 
1 
1 
1 
1 
1 
1 
1 
1 
I 

OfI Cape Henlopen--. 1 

2 

5 

. 7  

13 

16 

20 

21 

22 

23 

a80 1-0.17 

__..do _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

-1.30 -1.57 
-1.30 -1.57 
-1.20 -1.57 Off Broad Kill Neck- ~ 

Off Capo May _ _ _ _ _ _ _ _  
-am 

am 
-0.30 
-0.30 

0.40 
0.40 

-0.87 
-0.87 
-a 87 a 

1.37 
Mispillion Creek En- 

Off 14-Foot Bank Light 
trance 

Maurica River En- 
trance. a 47 

38 Murderhill Neck.. 

24 

2;: 

2e 

Li 

B 

28 

30 

31 

32 

33 

34 

Off Ileep Wattr Point Sept. ---- 

*pt. 2-5 _ _ _ _ _ _  

Sept. 8-9.--..- 

Aug. 30. _ _ _ _ _ _  

_ _ _ _  do--. _ _  _ _  _ _  

Sept. 8 

Aug. 18-19. 

Aug.6-Sept. 11. 

Aug. lS-lQ----. 

jept. 9-10 ...... 

4Ug. 15-16 --... 

7 
3 
7 

11 
7 
9 

22 
35 
7 
4 

11 
18 
7 
5 

11 
18 
7 
0 

15 
24 
7 
6 

15 
24 
7 
4 
9 

14 
7 
8 
20 
32 

7 
2 
6 

10 
7 
7 

18 
28 
7 
7 

18 
28 

0.94 
1. a? 
0.99 
0. 94 
1.42 
1. 54 
1. 62 
1.53 
0.88 
1.19 
1. 14 
1. 19 
1.45 
1.54 
1. 52 
1. 39 
1. 19 
1.29 
1.07 

.O. 95 
1. .w 
1. 13 
1.33 
1.38 
1.87 
1. I77 
1.92 
1.82 
1. 63 
1. rh5 
1.42 
1. 18 
0.89 
0.96 
0.84 
0. 49 
2 03 
1.83 
1. 78. 
1.67 
2 15 
2.20 
2 16 
200 - 

6.51 
5.84 
6. 1: 
5.84 
5. 67 
5. fc 
6.34 
63f 
5 , s  
6. OB 
6. 14 
6. 14 
5.44 
5.34 
5.54 
5. 54 
5.64 
484 
5. 14 
5.84 

6. 54 
6.84 
7.24 
5.54 
5.34 
5.49 
5.54 
5 5 8  
5.57 
5.99 
0.24 
5. 74 
5.39 
5. M 
5.51  
5.34 
5.84 
5.84 
5.94 
5.39 
5. 59 
5.64 
5.59 

.____ 

- 

0.3. 
0.4: 
0. 5( 
0.4: 
0. 9( 
1. 1c 
1. 1 F  
1. 1 7  
0. o( 
0. fK 
0. E 
0. 8.5 

1.00 
1.10 
1.00 
1.40 
0.60 
0.60 
0. w 
1. 50 
1.60 
1.80 
2.00 
1.90 
1.95 
1.95 
2 07 
2.10 
2.12 
2 15 

1. 15 
1. 15 
1.15 
2. 10 

230 
2.30 
2 75 
2.75 
2.75 
2 75 

1. i a  

1. m 

220 

- 

-0.22 
0. .53 
0.78 
0.78 
200 
1. sa 
1.87 
1.87 
1.63 
1.68 
1.23 
1.23 
2 2 3  
1.13 

2.48 
1.63 
1.63 
1.98 
2. 18 
0. 13 
1. 13 
0.63 
0. 13 
2.73 
2 98 
2.9R 
2.98 
2.89 
2.95 
2. TI 
2.83 
1.23 
0.73 
0. 73 
1.23 
3.33 
2 53 
233 
3. 13 
3.73 
3.78 
3. iR 
1.03 

2 n  

I 

0.74 
0. EE 
0. 74 
0.64 
2. 11 
1.97 
1.46 
1.22 
0.97 
1.21 
1.24 
1.08 
200 
2 14 
1.52 
1.19 
1. 64 
1. M 
1.27 
0.95 
1. 10 
0.83 
0.63 
0.63 
1.72 
2.02 
1.82 
1.62 
1.87 
1.91 
1.36 
0.96 
1.09 
1.23  
1. 14 
1.06 
2 48 
269 
2.28 
1.97 
225 
2 15 
2 11 
1.90 - 

N. 39' W 
N. 4 4 O  
N. 48' W 
N. 46O W 
N. 34' R 
N.2Go W 
N. 2fi0 W 
N. 44' K 
h'. 23O I%', 
N.220 W. 
N. 23O W. 
N. 2 3 O  W. 
N. 39' W. 
N. 3Q0 W. 
N.44'W. 
N. Ma W. 
N. So W. 
N. 40° W. 
N. 360 W. 
N 390 m. 
N.sV W. 
S. 1 6 ~  W. 
S. 81' W. 
6.560 w. 
N.320 W. 
N. 3 2 O  W. 
N. 320 W. 
N.320 W. 
N . 3 P  W. 
K. 450 w. 
N. 50° W. 
N. 4 8 O  W. 
N. 31' W. 
N. 31' W. 
N. 300 w. 
N. 30° W. 
N.290 w. 
N. Bo W. 
N. 290 \V. 
N. 290 m. 
N. 2 P  W. 
N. 21° W. 
N. 2l0 W. 
N. 1G0 W. 

P. 220 E. 
S 29"E. 
s 270 E. s 2 i o  E. 
S. 17" E. s. 210 E. s. 190 E. 
s. 200 E. 

8. 120 E. s. 180 E. 
S. 19' E. s. 370 E. s. 440 E. s. 420 E. 
S 46OE. 
S. 35' E. s. 350 E. 
S. 4 P  E. 
S. 45' E. 
N. 61' E. 
N. 85' E 
N. 81' E 
N. 86' E 
S. 41' E. 
6 .  3.30 E. 
S. 33" E. 
8.  33' E. 
s. 420 E. 
S. 40O E. s. n o  E. 
S. 42" E. s. 440 E. 
S. 41' E. 
S. 40' E. 
S. 40" E. 
S. 40' E. 
S. 45' E. s. 490 E. 
s. 430 E. 
S. 36' E. 
S. 38" E. 
s. 240 E. 
S. 18' E. 

s. n o  E. 

5.88 
8.58 
6.23 
6. -53 
6.75 
6. 50 
00.9 
6.06 
6.43 
6.33 
6.28 
6 2 8  
6.98 
7.08 
6. 88 
6.88 
6.78 
7. .58 
7.28 
8.58 

5.83 
5.58 
5. 18 
6.88 
7.08 
6. 93 
6. 88 
6.84 
6. K5 

6.18 
6.68 
7.03 
8.88 
6.88 
7. 08 
6. 58 
6.58 
6.48 

6.83 
G 78 
6 8 3  

.__. 

rk 43 

7. a? 

- 

1 
1 
1 
1 
3 
3 
3 
3 
1 
1 
1 
1 
M 
M 
JAi 
M 
K 
M 
M 
% 

M 
M 
E 

1 
1 
1 
1 

32% 
32% 

32% 
32% 

1 
1 
1 
1 
M 
!4 
H 
M 

1 
1 
1 
1 

Off Eiboa of Crm 
Ledgs Light. 

Off Egg Island Point. 

Off aoose Point 

.---do 

..do--- - - 

..do _ _ _ _ _  
Pole --... 
Meter-.. 
-.do _ _ _ _ _  
..do _ _ _ _ _  
Pole.---. 
&feter ... 
..do ____. 
..do _ _ _ _ _  
Pole..-.. 
Meter--. 
. .do-. - - - 
--do----- 
Pole -...- 
hi eter--- 
--do----- 
--eo----- 
Pole-.. _ _  
Meter--. 
--do _ _ _ _ _  
.-do _ _ _ _ _  
Pole..--. 
Meter-.. 
..do _ _ _ _ _  
.-do _ _ _ _ _  

Cohansey River En  
trance. 

3ff Bombay Hook..-. 

Iff Liston Point ....-- 

)IT Stony Pmt _ _ _ _ _ _ _  
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In come ueiice of tlie diniiiiutioii of the flood strength near thi, 
surface by 9 resh water, an illcrease in the clurntion of the flood period 
may be expected with increasing tleptli. This is unrnist~itkably 
shown in the current data for s t ~ t i o n  3 in Table 49. The station is 
locat,ed in mid-channel, in dee It will 

than tlie flood, while a t  n c1ept.h of 56 feet the flood runs longer than 
tho e.bh by about hitlf a11 hour. Similar current conditions are to  
be not,ecl ;it statiom 21, 35, and 31, :J1 locnted in mid-channel. 

water off Cape Hetilopen. 
be noted that at the surface t P le ebb 1'111is about 80 minutes longer 

FIG. 3l.--Current stations, lower Deloware River 

THE CURRENT INTHE LOWER DELAWARE RIVER 

The lower Ddawnre River is here understood to corn rise the navi- 
a&le waterway between tlie States of New Jerse , 8elrtimre, and 
?cnnsylmnia from the iiortherii limits of Delaware &by to the vicinity 
of Philadel hi,, Pa., and Chicester, N. J. This portion of the 
Delaware 8iver is about, 43 iinuticd miles in length 
Point, N. J., in the vicini ty of Artificial Island, the river has a widt 
of about 2fi  nautical miles. Off Deepwater Point, N. J., it narrows 

- Off Stolll 
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in width to about three-fourths of a nautical mile. A dee , dredaed 

channel is generally 500 feet wide in t,he straight reaches and 1,000 
feet wide in the bends, and is flanked. on either side by nunierous 
sindl shoals and islands. 

Figure 31 shows the locations of 39 current stations occupied in 
the lower Delaware River. Observations at  a11 of these st,ations, 
with the exception of those at  stabion 9, located off New Castle, 
Del., were made in the sunimer of 1924, by the party of W. H. 
Overshiner. Station 9 was occupied by the party of H. L. Marinden 
in 1856. Currents were observed on cross sec.tions of the lower 
Delaware River in 1924 as follows: 

1.-Between New Castle, Del., and Pennsville, N. J.-Stations 10, 11, and 13. 
%-Off Christiana River entrance-Stations 15, 16, and l i .  
3.-Off Oldmans Point, N. J.-Stations 20, 31, and 33. 

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 a t  this st.ation for 18?2 days from July 28 
to August 9 and from September 10 to 17. 
' I n  addition to observations in the Delaware River proper, current 
.obsei-vations were also obtained a t  StLleni River Ent,rance, Christiana 
River, Scliuylkill River Entrance, aiid at severd wat,er-front stations 
.oft' docks and piers at  Soutli Chester, Chest.er, TJengue Island Navy 
Yard, mcl Greenwjch Point, Philndelphia. The data derived from 
current observations at these 39 statioiis in t.he lower Delaware 
River are given in Table 50. For cadi station these data refer to 
the tidal current near the surface, a t  n de th of about 7 feet, and are 
based on observations made by iiieaiis o! current! pole arid log line. 

channel extencls from the mouth of the river to Pliiladelp P iia. Txis 



- - 
Sta- 
tion 
NO. 

Location Party of- 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
30 
21 
23 
3 
24 
25 
28 
27 
2a 
29 

31 
32 
33 
34 
35 
3e 
31 
3s 
3f 

30 

s 

-- 
I 

Date 1 sisck 

TARLE 50.--Cz~rreiit data, lower Delaware River 
[Referred to time of current at Ovrrfslls Light Vessel1 

limn 
5.6 
5.4 
5.4 
5.2 
5.3 

Hours 
2.5 
2.8 
2.8 
2.6 

f i e  
S. 15' W. 
Y. 5'E. 

Off South Chestar, Pa _ _ _ _ _ _ _ _ _ _ _ _  _____do ____________. September, 1924. 
Off Chester Pa _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _____do  _ _ _ _ _ _ _ _ _ _ _ _ _  _____do. _ _ _ _ _ _ _ _ _ _  
Off Eddyst& Pa _ _ _ _ _ _ _ _ _ _  ~ _ _ _ _  _ _ _ _ _  do _ _ _ _ _ _ _ _ _ _ _ _ _  August. 1924 __-. 
Off Darby Creb Entrance _ _ _ _ _ _ _  _____do _ _ _ _ _ _ _ _ _ _ _ _ -  September, 1924- 
Off Thornmom Point _ _ _ _ _ _ _ _ _ _ _ _  I _____do _ _ _ _ _ _ _ _ _ _ _ _ _  I 1  July, 1924 _ _ _ _ _ - -  

h-wls 
Off Reeds Island _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Off Elsinghorough Point _ _ _ _ _ _ _ _ _  

3.4 
3.4 
3.7 
3.8 
3.9 
3.7 
3.8 
3.8 
4.2 
4.0 
4.2 
3.4 
4.0 
4.5 
4.3 
4.3 
4.2 
4.4 
4.7 
4.6 
4.9 
4.5 
4.6 
4. 1 
4.8 
4.9 
4.3 
5.2 
5.3 
4.8 
5.4 
5.3 
4.2 
4.7 
3.9 
5.6 
5.1 

Hours 
W. H. Overshiner- September, 1924- 2.9 

_____do _ _ _ _ _ _ _ _ _ _ _ _ _  August, 19% _ _ _ _  3.4 

, -  ... .... ~ ~. 
. . .... .._ .. _ .  . -  ..I . . . . .  . -  

Off Billingsport, N. J _ _ _ _ _  
____do _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Off Hog Island _ _ _ _ _ _ _ _ _ _ _ _ _ _  ~ _ _ _ _  
O f f  Red Bank, N. J _ _ _ _ _ _ _ _ _  ~ _ _ _ _  
Schuylkill River Entrance _ _ _ _ _ _ _  
Off League Island Navy Yard _ _ _ _  
____do _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Off Horseshoe Shoal _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Off Greenwich Point _ _ _ _  _ _  _ _  - _ _ _  

Flood strem 

_____do _____________: _ _ _ _  do _ _ _ _ _ _ _ _ _ _ _  
_____do _ _ _ _ _ _ _ _ _ _ _ _ _  September, 1924. 
_____do _ _ _ _ _ _ _ _ _ _ _ _ _  July. 19%- _ _ _ _ _ _  _ _ _ _ _  do ____.________ _____do  _ _ _ _ _ _ _ _ _ _ _  
_____do ________.____ ..... do _______.___ 
_____do _ _ _ _ _ _ _ _ _ _ _ _ _  September, lW. 
_____do ____.________ -____do _ _ _ _ _ - _ -  _._ 
_____do _ _ _ _ _ _ _ _ _ _ _ _ _  July, 19% ___.___ 
----.do _ _ _ _ _ _ _ _ _ _ _ _  - September, 19%- 

Time 

Hours 
, 2.5 

2.9 
2.6 
2 9  
3.4 
3.7 
3.8 
3.6 
3.6 
3.5 
3.1 
3.9 
3.7 
2.8 
4.1 
3.7 
3.7 
4. 1 
4. 2 
4.2 
4. 1 
4.0 
4.3 
4. 1 
4.0 
3.3 
4. 4 
4.6 
5.5 
5.0 
5.1 
4.8 
5.0 
4.4 
4.4 
4.5 
3.4 
5. 1 
3.9 

-. 

- 

Direr- 
tion 

True 
N. 15O E. 
North---. 
. - .do _ _ _ _  - 
East - - _ _  
N. 60' W. 
N. 35O W. 
N. 60' E. 
N. 60' E. 
N. 65' E. 
N. 45O E. 
N. 40' E. 
N. 50° E. 
N. So E. 
N . W W .  
N. loo E. 
N. 15' E. 

N. 30' E. 
N. 10' E. 
N. 35' E. 
N. 25O E. 
N. 15' E. 
N. 45' E. 
N. 30' E. 
N. 45' E. 
N. 45' E. 
N. 65' E. 
N. 65O E. 
N. 60' E. 
S. 85' E. 
N. 7 5 O  E. 
S. W E .  
N. 40' E. 
N. 75' E. 

East _ _ _ _  
S. 750 E. 
N. 35' E. 
N. 5'E. 

N. 200 E. 

N. zoo w. 

Velocs 
ity 

Knobs 
1.7 
1.5 
1.9 
1.0 
1. 6 
2.0 
1.6 
1.9 
2.6 
2. 2 
1.4 
1.6 
2.2 
0.6 
0.9 
1.3 
1.3 
1.4 
1.6 
1.7 
1.6 
1.5 
1.6 
1.5 
1.6 
0.5 
0. 1 
1. b 
1. 1 
1. i 
1.8 
0.9 
1.2 
1.6 
0.5 
1.0 

1.3 
0. 6 

- 

a 3  

- -. . - 

_. 
Flood 
dura- Slack 
tion 

5.2 
5.9 
5.7 
5. Y 
5.8 
5.3 
5.4 
5.5 
5.3 
5.0 
5.2 
5.3 
5.5 
5.7 
5.5 
5.3 
5. 4 
5.3 
5.7 
5.5 
5. 7 
5.0 
5.6 
Li. 1 
5.1 
5.8 

R 5  

5.8 
5. 1 

7.0 1 

3.0 
3.0 
3. 8 
3.4 
3.6 
3.6 
3.5 
3.4 
3.7 
2.6 
3.6 
3.7 
3.6 
3.8 
3.9 
3. 9 
4.0 
4.0 
4.2 
4." 
1.1 
3. 8 
3.8 
4.5 
4.4 
4.3 
5. 1 
4.4 
4.6 
5.3 
4.3 
5.2 
4. v 
5.4 
4. 2 

. . . .. -. . . 

Ebb strength 

rime 

Kours 
3.6 
3.7 
2.9 
4.3 
4. 1 
4.4 
4.6 
4. 1 
4. 1 
4.4 
4.2 
3.9 
4.4 
2.3 
3.5 
3.9 
4.4 
4.8 
4.8 
4.3. 
5. 1 
1.9 
4.5 
4.5 
5.3 
4.2 
4.9 
4.7 
3.5 
5.9 
5.5 
4. 1 
5.3 
6.3 
4.5 
5. 1 
5. 8 
5.8 
4.4 - 

Direr- Velloc- 
tion I i t Y  

S. 30' E. 
8.400 w. 
8.450 w. 
Y. 450 w. 
s. 500 w. 
P. 450 w. 
8.450 w. 
E. 260 w. s. 450 E. e. 150 w. 
6. 15' W. 
8. 350 w. 
8. 250 w . s. 400 w. 
8.350 w. 
s. 350 w. 
s. 3LP w. 
8. 400 w. 
8. 65O 1%'. 
Wcst ..... 
8. 30' W. 
8. 50' W. 
8. 550 w. 
8.650 w. 
West..-. - 

N. 75O W. 
d. coo w. 
8. 65' W. 
8. 100 IV. 
s. YO0 w. 
S .  30' W. 
8.500 w. 
8.100 w. 

S. 809 w. 

2.3 
1.6 
1.7 
1.0 
I. 7 
1.9 
1.4 
1.8 
2.0 
1. 6 
1.7 
1.6 
1. 8 
0.8 
0.8 
1.4 
1.2 
1.6 
1. R 
1. 3 
1.7 
1. 5 
1.4 
1.0 
1.4 
0. 1 
1.2 
1.7 
0.7 
1.8 
1.8 

1. , 
I .  5 
0.3 
0.3 
0.2 
1. 3 
0. 5 

0. y 

_- _- 
Ebb 
durs- 
tion 

Hours 
8.8 
7.0 
7.0 
7.2 
7. 1 
7.2 
0.5 
6.5 
6.6 
0. 6 
7. 1 
7.0 
6.9 
7.3 
6.8 
7.2 
7. 1 
6.9 
B. 7 
6. 0 
7. 1 
7. 0 

6. I 

6.9 
6.7 
7.4 
15. s 
6.3 
5.3 
I!. 8 

I .  2 
8. I 
6.3 
5.9 
5.4 
ti. 8 
7.3 

7.1 

f. 8 

- -. 
iength 
Of 

,her- 
rations 

Dais 

1 
?4 
!?i 
'3 

1 
1 
f i  

7' 
1 
1 
1 
1 
1 
>!i 
' 9  
1.3 

1 
1 
1 

1 
1 
1 

U! i 

!P 
a i  
i i  
1' 

' 3  
f a  

f a  
?s 

? i  
?2 

? i  

1 

1 

1 
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In Table 50 tlie times of slack water and stren rths of flood and ebb 

the corresponding phases of tlie current at  Overfalls Li ht Vessel. 

hours, and it will be noted from the table t1ia.t the duration of ebb a t  
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 
st.rengt.lis are given in knots and tenths of knots arid are corrected to 
a mean range of tide. The true directions of the flood and ebb a t  
tinies of strength are given to the nearest. 5'. 

It will be noted from Table 50 that tlie time of any particular phase 
of t.he current in mid-channel occurs later in going upstream from 
Reedy Island to Pldadel his. 

before flood a t  Overfalls Light Vessel. At station 38, off Horseshoe 
Shoal Bell Buoy, however, tlie same phase of the current occurs 5.6 
hours later than tlie time of slack before flood at  tlie reference station, 
Overfalls Light Vessel. Therefore, slack before flood off Horseshoe 
Sh a1 Bell Buoy occurs 2.7 hours later than it does off Reedy Island. 
d n  general it will be noted from t.he tdde that the current turns 

earliest in the shallower readies near the shores of the river, at  creek 
entrances, and at  cloclc stations, m d  lat.estm in mid-channel. 

A four-year series of tidal observations has been niacle at tlie 
Goveriinient .Pier, Lewes, Del. (Station B, fig. 10) , and also a t  Reedy 
Island Quarantine Stat,ioii (Station B, fig. 12). The results of these 
observations show that high t,ide at  the latter station occurs about 
two sad one-fourth hours litter than it does a t  Lewes, Del., while low 
t,icle a t  Reedy Islsiicl occurs  bout three and onc-half hours later than 
it does a t  Lcwes, Del. It will be noted from Table 50 t,liat tlie time 
of flood strength in mid-c.lianne1, off Reedy Island, occurs two and 
one-half hours later than the bime of flood strength at  Delaware Bay 
Entrance (Overfalls Li ht Vessel:). Flood strength, therefore, ofi 

likewise he noted from Table 50 that the strength of ebb in niid- 
channel occurs about, three and one-half hours later than a t  Delaware 
Bay Enbrance (Overfalls Light Vessel). Ebb strength, therefore, off 
Reedy Island, oc.curs about t.he time of local low water. The tidal 
movement in t,he lower Delaware River, as cleducecl from the relation 
of the tinic of current. to the time of tide, is therefore of the progressive- 
wave type. 

The results of a three-months series of tidal observations a t  
Edgemoor, Del. (Station I, fie. 18), coniimrerl with severs1 yeam of 
observat.ions a t  Lewes, Del. (Station B, fig. 101, show t,liat high and 
low water occur three a,nd three-fourths and fivc hours later, respec- 
tively, at  Edgemoor than a t  Lewes. Flood nnd ebb strengths a t  
current stat.ion 18, Figure 31, in mid-channel off Edgemoor, occur 
four and four and three-fourths hours la.t.er, respectively, than the 
same phases of the current at  Overfalls Light, Vessel. This relikt.ion- 
shi > hct,ween t,he times of current and tide at Delaware Bay Entrance 

the lower Delaware River to be of the progressive-wave type. 
However, t.he resu1t.s of a three-months series of tiilal observations 

a t  Baldwins, Pa. (Station L ,  fig. 12), compared with a long series of 
ohservat,ions at  Lewes, Del. (.Station B, fig. 101, show that high and 

are given in hours and tenths of hours and are re b erred to the times of 

The clurations of flood and ebb are also given in hours an 5 tent.hs of 

For instance, at  station 1, off Reed 
Island, slack before flooc P occurs 3.9 hours after the time of slat% 

Reedy Tsland, occurs a R out tlie time of local high water. It will 

ani \ in iniil-chniinel off Edgemoor also shows the ticld niovenient in 
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low water occur four and one-fourth ancl 6 hours later, respectively, 
a t  tlie former station than at  tlie latter, while flood and ebb strengths 
at  current station 38, Figure 31, in mid-channel about n mile s0ut.h 
of Baldwins, occur four and one-hdf and four a.nd three-fourths hours 
later, respectively, t,lia.n the corresponding ihases of thci current a t  

a proximately at, the tinie of local high water, hut the strength of 

locd  low water. 
Comparative tide ani1 current observations therefore show that in 

the lower Delaware River from Reedy 1sl:tncl to Marcus Hook. T'a., 
the streii tslis of flood and ebb cirrenbs occur approsiniately a t  local 

time of cmrent and tide cloes not hold t-iue, the difference in t h e  
between niasimuin current and masiniuni tide ranging from about 
half an hour to one and one-half hours. 

I n  general, it will he noted from Table 50 that tlie current turns 
later and later a t  niid-channel stations from Reedy Island to Phil* 
del hia. The current t,iirns earlier near tlie shore than it, does in 
mil-clinnnel, as shown by a comparison of t.he time of cwrrent a t  t,he 
cross seckions off New Cnst!le (stations 10, 11,  and 121, off the Cliris- 
tiana River Entrance (stations 15, 16, and 17), and off Olclnians 
Point (stations 30, 31, and 22). 

Station 14 was loc.nterl in tlie Cliristiann River dong tlie eastern 
edge of the channel at  bend in the river about 1,600 yards froin 
Christiaiia North Jetty Light. It will he note4 that the tinie of 
current a t  tahis station is about an hour earlier at slack ancl st.rength 
than it is in the Delaware River off the entrance to t41ie Christiana 
River. 

It will be noted from the table that the cnrrent turns earlier a t  
dock stations than it does at  stittioils in mid-channel as sliown by t,lie 
data for stations alongside clocks at  Chester, South Chester, League 
Island Navy Yard! and Gre.enwich Point 

At the entrance to the Scliuylkill River tshe c.uiTent turns about an 
hour earlier tlian it cloes in tohe main ship c.hanne1 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 
Tlie Elbow. 

The axis of the lower Delaware River lies in a general nort'lieast- 
sout.liwest direcbion. Therefore, tlie flood sets enerally north- 

is crookecl, owing to numeroiis bends in the river. At sbntions 
1ocat.ecl in mid-channel t-he current set.s about fair wit,h t>he asis of the 
channel. 

Tlie velocit,ies of flood and ebb at mid-channel current stat'ions in 
the lower Delaware River average about 3.0 knots, the ebb being 
generally somewlint grent.er in velocity than the flood. However, 
at  s t h o n  9, off New Castle, Del., the flood strengt.li, 2.6 knots, is 
greater tlim taliat of t.he ebb. This is in agreement with tlie data for 
station 10, off New Castle, one of the stations located on a cross 
section of the river. A glance a t  Figure 31 shows that the full effect 
of the flood is felt along the Delaware shore north of Bulldied Shoal, 
while the effect of the ebb is felt in micl-channel. Likewise, t.he fact 

Overfalls Light Vessel. The strength o f' flood therefore comes 

e x b occurs about one ancl one-fourth houiv earlier than the tinie of 

hi 'h  and K ow tides, respectively, for any given point. From Chester 
Is B and to Pliiladelpliia, however, such a relationship between tlie 

easterly and tlie ebb southwesterly. The dredged c. B iannel, however, 
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that flood stmn tli is considerably eater than ebb strengt,li at  

the ebb caused by Mltl.cns Hook Bar, a sand bar several niiles in 
ex tent. 

It will be noted from t,lie tnble that t.lie c1urat.ion of ebb is niuch 
renter than that of flood, being npprnsiniately one and one-fourth 

[ours greater. For the 39 cui-rsnt stations in the lower Delaware 
River the average clurations of flood and ebb are 5.G and 0.8 houirs, 
1-85 ec tively. 
It all of t,lie stations listed in Table 50 with tshe esception of 

station 9 subsurface cui-rent velocit4y observations were also made by 
means of current meters. Generally, these obsei-vations were niacle 
a t  three cleptlis-two-t,enths, five-tenths, and eight-tenths of the 
deptli at  each station except a t  shallow creek entrances. The 
direction of the subsurface current at  these depths was determined by 
nieans of a bilfilar direction indicator at  all stations listed in Table 
50, exce t stations 9, 36, 37, am1 39. 

The times of slack and strength of current are given in hours and 
liiinclredtshs of hours, since differences in tinie of current a t  various 
dept'hs at tslie same station are fre uently s m d .  

and liunclrecltlis of knots, am1 have been corrected to a mean range of 
tide at  each station. For coniparative purposes, pole observat.ions 
are listed for every station escept station 37 where it was not possible 
to iise the current pole. Geneinally, a 15-fOOt pole, subniergecl to a 
deptli of 14 feet and giving currcnt determinations at an average 
de th  of 7 fekt, was used. Owing to shoal water at station 33, A, 

feet for that station. 

station 24, off 0 F dnians Creek, is no c Y oubt due to interference with 

The R at,& derived from these observabions are given in Table 51. 

the current at  times of flood and B e b strengths are given in knots 

4- Y oot pole was used, giving current data a t  an average depth of 2 

The velocities of ' 



TABLE 61.--Currenl da&, lower Debwars River 
[Referred to t ime of currant at Ovarialls Light VssJell 

Obser- 
rations 
+th- 

-~ 

Depth 

Sept. 10 _._..__._ ....- do ...._._.___. 

Aug. 11-12 ____._ . _ _ _ . d o  _..__._._._. 

- - 
Flood 
dura- 
tion 

.. - 

IhUrl 
5.64 
5. 54 
5. 74 
5 9 4  
5 3 4  
5.34 
5.54 
5.59 
5.44 
5.94 
5.94 
6. 04 
5. 24 
5.34 
5.34 
5. 64 
5.34 
5.29 
5.29 
5.34 
5.24 
5.69 
5.79 
5.84 
5.94 
5. 94 
5.94 
6.04 
5. 74 
5.34 
6. 54 
5.44 
5.94 
5.84 
Q M  
5.99 

- 
Sta- 
tiou 
NO. 

- - 

;lack 

- 
lour1 
290 
3.00 
290 
2 70 
3.45 
3.45 
3.35 
3.30 
3. 40 
3.30 
3.20 

3.40 
3.20 
3.20 
3. 10 
3.70 
3.85 
3.85 
3.80 
3. 75 
3. 70 
3.60 
3.50 
3.90 
3.80 
3.80 
3. 80 
3.70 
3.80 
3.60 
3.70 
3.75 
3.80 
3. i o  
3.70 

3. m 

--- 
Ebb strength Flood strength 

- 
Teloc 
itY 

Cnob 
1.70 
1.62 
1. 55 
1.46 
1.52 
1.66 
1.71 
1.56 
1.80 
2 32 
228 
2 12 
1.02 
1. 10 
1.01 
1.02 
1.63 
1.82 
1.72 
1.59 
2 05 
204 
1.93 
1.67 
1.57 
1.59 
1.46 
1.35 
1. 93 
1.88 
1.88 
1. 68 
2 19 
1. 90 
208 
2 12 

- 

- 
?elm. 
ity 

Party of- ! Time Direc- 
tion 

True 
N. 14'E. 
N.2I0E. 
N . 2 P E .  
N. 14O E. 
N. 10E.  
!iorth--.. 
N. 2"E. 
North.-.. 

N. I E. 
N. ?E. 
N. 14'E. 
East-. _ _ _  
S. @'E. 
s. 800 E. 
S. W E .  
N. 590 w. 
N. 40° W. 
N. 40° W. 
N . 3G0 W. 
N ,330 w. 
N. 30O W. 
N. 300 w. 
N. 29' W. 
N. Goo E. 
N. 62' E. 
N. 67' E. 
N. 870 E. 
N.600E. 
N. 51OE. 
N. 560 E. 
N.580E. 
N.44'E 
N.52'E. 
N.500 E. 
N. 5 6 O  E. 

-~ 

N L".. 

l'imo 
Locntion 

OR Reedy Island ______.  

Off Els ingborough 
Point. 

Off Reedy Point _..___. 

Salem- River Entrance. 

Off Delaware City, 
Del. 

Off Finns Point ....... 

Off Penns Neck ._.._._. 

.__.do.. _.__ __. . . ___. - _. 

Ofl New- Castle. Del.. . 

Direc- 
tion 

Aouri 
250 
250 
260 
260 
2 i 5  
2.75 
285 
2. 85 
280 

3. 10 

260 
250 
250 
2. 70 
3.00 
3.10 
3. 10 
3. IO 
2 95 
3.35 
3. 35 
3.30 
3.80 
3.70 
3.70 
3.80 
3.40 
3. 10 
3. 10 
3. 10 
3. 05 
3. 60 
3. io  
3.05 

3. m 
3. m 

lloura 
3. G3 
3.13 
3. 13 
4. 13 
3.68 
3. 88 
3. 73 
3. 52 
293 
293 

3. 03 
4.33 
4.48 
4.48 
4. 59 
4. 13 
4.58 
4.38 
4.68 
4.43 
3.93 
4.18 
4. 13 
4.63 
4. 13 
4.53 
4.63 
4. 13 
4.33 
4.53 
4.63 
4.43 
4. 13 
3.88 
3.93 

3. n 

Dous w 
M w 
H 

1 
1 
1 
1 
% 
M 
M H w 
H 
M 
M 

1 
1 
1 
1 
1 
1 
1 
1 

E 
E 
M M 

M 
% 

1 
1 
1 
1 

9 
22 
36 
7 
7 

I8 
29 
; 

16 
26 
7 
2 
6 

10 
7 
5 

12 
19 
7 
8 

21 
33 
7 
6 

16 
25 
7 
8 

20 
32 
4 

11 
18 

- - d o - - - - - l  --do _.___ 
Pole---- - 
Meter-.. 
.--do _ _ _ _ _  

- .do. ___. 
. -do.. . - - 1  
POL.. _ _  . 
Meter ...I 
-.do ____. I 
-.do.. .. - 
Pole..--. 
Meter ... 
..do ____. I 
. .do ..___ 
Pole ...-. 
Meter ... I 
- .do.. - - - 
..do ...-- 
Pole-. _ _ _  
Meter--. 
-.do _ _ _ _ _  - -do.. - - - 

.___.do _________- -  

.____do _________- -  

.__--do _.__ -. _ -  - - -  

.-__-do.-. - _ _  - - -- 

.___.do .____. .--.- 

.____do _____----.- 

.____do _____- - - -  -- 

_____do ________-- - 

4. 18 
4.03 
4.43 
4.13 
3.83 
4. 53 
4. 53 
4.53 
4.43 

4.28 
4.2a 
233 
2 3 3  
233 
2 3 3  
3.53 
4.03 
4.03 
4.03 
3.93 
3.83 
3.93 
4.00 
4.43 
4.43 
4.43 
4.43 
4.83 
5.08 
4.83 
4.58 
4 8 3  
4.83 
4.83 
4 8 3  
4.28 
4.68 
4 6 8  
4.68 
6. 12 
4.95 
5.02 
5. 13 
4.93 
4.38 
4.03 
4.68 
4.53 
4.73 
4.73 
4.73 

4. n 

1.70 
1.69 
1.67 
1.49 
1.55 
1.40 
1.30 
1.14 
1. 78 
1.78 
1.55 

0.82 
0.96 
0.91 
0.91 
0. 79 
0.87 
0.83 
0.75 
1.38 
1.33 
1. 14 
0.76 

1.33 
1.44 
1.04 
1.60 
1.41 
1.38 
1.10 
1.64 
1.59 
1.52 
1.38 
1.27 
1.30 
1. 17 
0.95 
1.71 
1.69 
1.58 
1.30 
1.53 
1.48 
1.54 
1.30 
1.45 
1.36 
1.23 
1.04 

1. n 

1. n 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
H 
% 

?4 
' f i i  
M 
% 
M 
M 
fii Y 

$j 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

18% 
18% 
18% 
l;% 

1 
1 
1 
1 
1 
1 
1 

Aug. 12-13 ...-- 7 
7 

17 
21 
7 
5 

12 y 
11 
28 
44 
7 
4 
9 

'4- 
i 
?? 
i 
7 

20 
32 
7 
6 

15 
24 
7 
8 
20 
32 
7 
4 

11 
18 
7 
7 

18 
28 
7 
6 

15 
24 
7 
5 

12 
19 
7 
8 
20 
32 

4.25 
4.20 
4.10 
4.00 
4.05 
4.20 
4. 15 
3.95 
4.1s 
4. 10 
4.05 
4.00 
a 35 
3. 15 
3.40 
3.25 
4.03 
4.43 
4.43 
4.33 
4.53 
4. G3 
4.33 
4.33 
4. a3 
4.43 
4.43 
4.43 
4.28 
4.33 
4.28 
4.23 
4.28 
4.38 
4.38 
4.28 
4.43 
4.53 
4.58 
4.48 
4.68 
4.60 
4.58 
4.55 
4.58 
4.58 
4.58 
4.53 
4.88 
4.58 
4.63 
4.63 

Pole--.-. 
Meter--- 

.--do _ _ _ _ _  

..-do _ _ _ _ _  
Pole----- 
Meter.-. 

.--do _ _ _ _ _  . - .do.-. _ _  
Pole _ _ _ _  
Meter-.- 

.--do _ _ _ _ _  

.--do. ___- 
Pole--.. - 
Meter.-. 

..-do _ _ _ _ _  

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

__-.do _ _ _ _ _  ___--------- 

____do ________-- -  ~ ---- - 

Off Deepwater Point-. 

Christiana River------ 

Off Christiana Rive1 
Entrance. 

___-do ______-- - - - - - - - - -  

____do _______-----  ----- 

Off Pennsgrove, N. J-. 

____do ____________-----  

Off Oldmans Point -... 

____do ________________. 

____do ___________--_--. 

off Oldmans Creek- - . 

___.do _ _ _ _  _-- --. 

Aug. 11-12 ..... 

A U ~ .  8-9 ______. 

Sept. 10-11 .-... 

Aug. 7-8 ______. 

do--. ______. 

Aug. 6 7  

.-.do _ _ _ _ _  

.-.do _ _ _ _ _  
Pole-.--. 
Meter..- 

.____do _____--_-. 

Aug. 5-6 

July 28-Ang. 9 
a p t .  10-17. 

_____do _ _ _ _ _ _ _ _ _ _ _ _ _  I Pole 
I  Meter..-' 

Ang. 5-8 

Aug. 4-5 



TABLE 51.-Current &la, lower Delaware River-Continued 

True 
s. MOW. s. 75ow. 
8. 76"W. s. 540 w. s. 890W. 
s. 890W. s. 89OW. s. 770W. 
S. 3OOW. 

Knols 
0.95 
0.91 
0.83 
0.75 
1.43 
1.44 
1.34 
1.21 
0.06 

_ _ _ _ _ _ _ _ _ _  
S. M O W .  _ _ _ _ _ _ _ _ _ _  
___._-___- _ _ _ _ _ - _ _ _ _  
S. 54'W. 
S. 61° W. 
S. M0 W. 
s. 6 4 O W .  
S. &OW. s. 800 w. s. 740W. 
S. 89OW. 
S. 79" W. s. 840W. 
S. 89OW s. 800B'. s. 700w. 
S. 72'W. s. r o w .  
N.76" W. 
N.75'W. 
N.700W. 
S. 61'W. s. 74140W. s. 790w. 
S. 580W 

1.18 
0.82 
1.02 
1.30 
1.69 
1.55 
1.43 
1.19 
0.72 
0.77 
0.63 
1.78 
1.78 
1.78 
1.39 
1.79 
1.65 
1.65 
1.36 
0.88 
1.07 
0.98 
1.69 
1.54 
1.49 
1.40 

.-.do _ _ _ _ _  
,___do _ _ _ _ _  

____do _ _ _ _ _  _ _ _ _ _ _ _ _ ,  Pole _ _ _ _ _  
' Meter..- I _ _  .do _ _ _ _  - 

__--do Pole _ _ _ _ _  

6.28 I 9. MOW. 
6.03 S. 57' W. 
5.78 I S. 62' W. 

8. 70'". 
s. 9ow. 
S. Go W. 
S. 24'W. 
S. 15O W. 
S. 81'W. 

S. 56'W. 
S. 51OW. 
S. 31'W. s. ISOW. 

s. 520 w. s. BOW. s. sow.  
s.520w. 
8. sow. 

s. 610 w. 

------__ _ _ _ _ _ _ _ _ _ _  -__- -_ -___ 

1.53 
1.44 
I. 38 
1.19 
0.28 
0.46 
0.37 
0.36 
0.29 

0.52 
0.41 
0.17 
0.16 
0.13 
L 2 8  
1.25 
1.23 
LLm 
0.47 
0.47 

a 4 7  

a 5 9  

a57  

__ - 

lack 

- 
rwra 
4.48 
4.68 
4.58 
4.53 
4.0 
4.40 
4.40 
4.40 
4.10 
3.90 

4.00 
4.80 
5.00 
5. 10 
5.20 
4.93 
4.88 
4.88 
4.88 
4.33 
4.53 
4.53 
5.23 
5.03 
5.03 
5.03 
5.a 
5. IS 
5. I& 
5.23 
4.83 
4.M 
4.92 
5.a 
5.z 
5.z 
6 . 0  

3. 90 

~ __ 

'lood 
Iura- 
ion 

- - 

Ebb 
urn- 
,ion 

- 
Tour2 
6.68 
6.68 
6.63 
6.68 
6.86 
6.58 
6.58 
6.78 
6.63 
6.73 
6.68 
6.88 
7.38 
7.58 
7.58 
7.38 
0.78 
6.53 
6. €8 
6.58 
6.33 
e. 33 
6.43 
7.33 
7.03 
7.13 
7.23 
0.s 
6.S 
6.s 
6. @ 
6. a 
6.a 
6. 
7.21 
6. % 
6. % 
6.7: 

- 
Flood strength 

_- 

Data 

1924 
Ang. 4-5 _ _ _ _ _ _ _  

Aug. 1 .---__-__ 

Sept. 11-12. - - _ _  
a p t .  12-13..--. 

AUK. 1-2 

Sept. 14-15----. 

July 31-A~g. 1. 

July M I - - - - - .  

Sept. 15-16----. 

July 31-A~g. 1. 

- __ 

Stti- 
tion 
No. 

- 

Ebb strength 
- 
elm. 
ity 

:Mis 
1.50 
1.43 
1.28 
1.15 
1.63 
1.54 
1.44 
1.26 
0.51 
0.68 
0.68 

0.62 
0.52 
0.40 
1.81 

- 

0.53 
am 

- 

Xme 
- 
Ioura 
4.48 
4.48 
4.48 
4.48 
5.33 
5.33 
5.33 

Location 
- 

'ime 
- 
[ours 
4. 12 
4.42 
4.42 
4.42 
3.97 
4.47 
4.47 
4.47 
3.32 
3.27 
297 
3.12 
4.37 
3.87 
3.87 
3.37 
4.62 
4.37 
4.47 
4.72 
5.47 
5.47 
5.47 
4.07 
4.47 
4.47 
4.47 
5.12 
5.11 
5.02 
5. 11 4.n 
4.n 
4.7; 
4.9; 
4.9; 
4.9; 
4.9; 

Direc- Veloc- 
tiou I ity 

Party of- 
Direo 
tion 

True 
N. 28' E. 
N. 480.E. 
N. 45O E. 
N. 3R0 E. 
N. 46' E. 
N. 5O0 E. 
N. 50' E. 
N. 33' E. 
N.ISOE. - - - - - - - - - 
- - - - - - - - 

N : 6 3 0 ~ ~  

-___--_ -- 
- - - - - - - - - - - - - - - - - 
N. 65' E. 
N.58OE. 
N. 59O E. 
N. 5 6 O  E. 
h'. 590 E. 
N. 74O E. 
N. 72' E. 
S. W E .  
N.75'E. 
N . W E  
S. W E  
N. 74' E 
N. 0' E 
N.64'E 
N.720E 
S. 61'E 
S. 55'E 
S. W E  
N. 41' E 
N . W E  
N . W E  
N . W E  

¶ours 
5.74 

Dag8 
1 
1 
1 
1 

E 
E 

g 
?$ 
yz 
36 

1 
1 
1 
1 
H 
H vi 
?4 
!4 
E 

1 
1 

Fed 
7 
4 

11 
18 
7 
7 

18 
29 
7 
4 
9 

15 
7 
4 
9 

E x 
31 

7 
4 

1; 

1; 

; 

'I 

1 
1; 

$ 
z 
3: 

I! 
2A 

24 

!E 

26 

27 

28 

28 

30 

31 

32 

33 

Off Oldmans Creek..- 

Off Marcus Hook, Pa. 

____do _ _ _ _ _ _ _ _ _ _ _ _ _  I-M;;;;;! Pole ____-  Off South Chester, Pa 

Off Chester, Pa _ _ _ _ _ _ _  

Off Eddystone, Pa---. 
4.68 
4.68 
4.38 
4.58 
4.48 
4.28 
4.38 
4.28 
4, 18 
5.08 
4.98 
4.98 

OB Darhy Creek En. 

Off Thompsons Point. 

trance. 

Off Billingsport, N. J. 

____do _ _ _ _  ____________. 

Off Hog Island _______. 

34 

35 

35 

37 

38 

39 

- 

OB Red Bank, N. J--- 7 5.33 
6 1  5.38 15 I 5.38 

24 5.48 
7 4.13 

1 2 ,  4.48 
20 4.48 
7 '  4.73 
71  5.33 
18 5.33 
30 5.23 

3.93 
3.83 
3.53 
5.58 
5.63 
5.63 
5.63 
5.13 
5.03 
5. 13 
663 

5 1  4.48 

N. 74O E. 
N. Boo E. 
N. 670 E. 
N. 74' E. 
N . W W .  
N. 6'E. 
N. 24O E. 
N. Y E .  
N.89O E. 
N.89OE. 
N. 89" E. 
N . W E .  
S. 76'E. s. 360E. 
6. %'E. 
N.34' E. 
N.Ua E. 
N.36' E. 
N.320E. 
N. 5'E. 
- - - - _-__ -. _________. -- -__-___. 

6.04 : 5.33 
5.49 . 4.83 
5.49 I 4.83 

6.38 
6.93 
6.93 
6.98 
6.33 
6.78 
6.78 
6.73 
5.93 
6.53 
6.53 
6.33 
5.43 
5.13 
4 73 
6.53 
6.68 
6.68 
6.68 
7.33 
7.03 
7. 03 
7.93 
- 

I 
1 
1 
I 
1 
1 
1 
1 
M 
% 
!4 
H 

1 1 
1 
1 

H 
!4 - 

Schuylkill River En- 
trance. 

5.44 4.88 5.78 
4.53 
4.53 
453 
4.53 
5. 13 
5.63 
5.63 
5.63 
5.83 
5.63 
5.33 

6.28 
6.28 
6.53 
4.43 

5.78 

6.09 ' 4.28 
5.64 4.08 
5 .64  4.08 
5.69 4.13 
6.49 5.18 OR League Island 

Navy Yard. 5.89 ~ s 1 n  

-__.do.-..- _ _  - - _ _ _  - _ _ _  - 
Off Horseshoe Shoal..- 

I 

Off Greenwich Point-- 

6 
15 
24 
7 
8 

20 
32 
7 
4 
9 

14 

4.43 

4 43 
4.43 

- 1 

W cn 
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I t  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 saine time from the surface to 
tlie bottom. I t  will a.lso be noted that the velocities of flood a.nd 
ebb at bimes of strength generally decrease as the de th increases. 
This is true for most stnations listed in the table. Nota E le 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 stren th. On the contrary, the ebb generally clecrenses 
in strength rapid f y with inc.reasing depths. Near tlie surface the 
velocity of ebb is considerably augmented by fresh-water discharge. 
At tlie surface the duration of ebb is consic1er:tbly greater than that 
of flood, but, with increasing depth tlie duration of flood generally 
increases while that of tlie ebb decreases. At  all stations in the 
lower Delnwitre River listed in Table 51, however, with the escep- 
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 ortion of the 
river along the water fronts of Philndelphin, Pa., and 8 amilen, N. J., 
from Kaighn Point, N. J., to Port Richmond and Petty Island. 
Prom Kai hn Point to Cooper Point, N. J., tshe Delaware River 

is of considerable depth. 
Figure 33 shows the locations of nine current stations in this 

section of the Delaware River, at which observations were macle 
between the years 1886 and 1924. Stations 1 and 9 were dock 
stations alon the Philadelphia water front occu ied in September, 

section between Philadelphia and Camden at stations 5, G, ancl 7, 
where the new brid e between these cities is at  present under process 
of construction. 8urrent pole observations were made in mid- 
channel, off Cooper Point, Tu’. J. (station S ) ,  in the summer of 1886, 
while in 1902 slack water observations were made on n cross section 
between Philadelphia and Camden at  stations 3, 3, and 4. The data 
derived froin 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 ancl are based 
mainly on observations macle by means of current pole and log line. 

In Table 52 the times of slack water and stren ths of flood and ebb 

the corresponding phases of the current at Overfalls LI lit Vessel. 

stations is much greater than that of flood. The velocities of flood 
and ebb stren ths are given in knots and tenths of h o t s  and have 
been correcte d to a mean range of tide at  each station. The true 

averages a Q out half a nautical mile in width from shore to shore and 

1934. In  Ju P y of the same year currents were o R served on a cross 

are given in hours and tenths of hours m d  are re f 3  rred to the times of 

The durations of flood and ebb are also iven in hours an % tenths of 
hours and it  will he noted from the table t % at the duration of ebb at  all 
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directions of the flood and ebb at  times of st,rengt.li are given bo tllt: 
neares t. 5 O .  

It will be noted from Table 53 that. t.he current tunis about. a third 
of an hour earlier on the flood and ebb alone t,he C'a.mden water front 
t,han it does in mid-channel ilr along t.he !hiiladelphia water front. 
Strengths of flood and ebb occ~ir conslclerablg earlier a t  dock stations 
along the Philadelphia wat,er front than in mid-channel. 

FIG. 32.--Curicnl stations, vicinity ot Philadelphia and Camden 

S l m g  the water front the velocit of flood a.ml ebb a t  strength is 

about. 1 ? i  knots. The c1irect.ic.n of flood and ebb in niidstreml 
varies co.iisiclertt?dy in this portion of the Delaware River owing . to 
the bend in the rher.  Thus t,he directions o f  flood and ebb in mid- 
stream at, the Pliilaclelpliia-Cnniteii Bridge and ofl Cooper Point 
differ by about 40'. 

about one h o t .  I n  midstream, i ood and ebb strengths aperage 



TABLE 52.-Cument data, Delawa~e River, vicinity of Philadelphia and Camden 
[Referred to time of current a t  Overfalls Light V€ssell 

__ 

Sta- 
tin Location P8g.Y of- 
No. 

Date Slack 

1 _ _ _ _ _  Off Pier 38, P h i e l p b i s  _ _ _ _ _ _ _ _ _  W. H. Overshincr- 
Off Chestnut Street Pier _ _ _ _ _ _ _ _ _  F. A. ~ummel l - . -  2 _ _ _ _ _  

3 _.___ __.__do _______.____________________ _____do _ _ _ _ _ _ _ _ _ _ _ _ _  

7 _ _ _ _ _  --.--do _ _ _ _ _ _  _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ____.do _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ -  00 -__________  
8 _ _ _ _ _  Ob Cooper Point _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  H. L. Marladen-- July, 1886 _ _ _ _ _ _ _  
(I _ _ _ _ _  Off Port Richmond _ _ _ _ _ _ _ _ _ _ _ _ _ _  W. H. Qvenhiner- September, 1924. 

Hours 
5.8 
5.8 
6.1 
5.6 
6.0 
5.9 
5.4 
0.0 
0.0 

Flood strength 

-1-1- 

Ebb strength 
Flood 
d u m  Slack 
ti0n 

Hours 
7.2 
7.2 
7. a 
7. a 
0.9 
6.9 
a 7  
7.0 
7.0 

D a p  
3i 

157 
157 
48 
1 
1 
1 

10% 
Jh 



I 

19% 
Sept. 16-17 _ _ _ _ _ _  

July 28-29 _ _ _ _ _ _ _  

July%% _ _ _ _ _ _ _  

____do _ _ _ _ _ _ _ _ _ _ _  

Sept. 16-17 _ _ _ _ _ _  

Location 
No. 

I 1 Feet 
W. H. Overshlner. Pole _ _ _ _ _  7 

Meter--. 9 ... do _ _ _ _ _  22 
--.do _ _ _ _ _  36 

_____do _ _ _ _ _ _ _ _ _ _ _ _ _  Pole _ _ _ _ _  7 
Meter ... 7 

--.do _ _ _ _ _  18 ... do _ _ _ _ _  20 _ _ _ _ _  do _ _ _ _ _ _ _ _ _ _ _ _ _  Pole _ _ _ _ _  7 
Meter..- 6 ... do _ _ _ _ _  16 

.-.do _ _ _ _ _  25 
___._do _ _ _ _ _ _ _ _ _ _ _ _ _  Pole _ _ _ _ _  7 

Met er... 5 ... do _ _ _ _ _  13 
.-.do _ _ _ _ _  ?o 

_____do _ _ _ _ _ _ _ _ _ _ _ _ _  Pole _ _ _ _ _  7 
Meter ... 4 

--.do _ _ _ _ _  10 
--.do _ _ _ _ _  1 16 

TABLE 53.-Cuwenl &a, Delaware R$vei-, vicinity of Philadelphia and Camden 
[Referred to time of wrrent a t  Overfalls Light Vessel] 

Slack 

~ ~~ ~ 

Flood strength 
-- 

-1-1- 
Yours !rrW ~K,mt8 
5.07 N.47'W. a59 
5.57 _ _ _ _ _ _ _ _ _ _ _  an 
5.57 _ _ _ _ _ _ _ _ _ _ _  ass 
5.57 _ _ _ _ _ _ _ _ _ _ _  ass 
5.47 N. 14' E. 1.76 
5.22 N. 5'E. 1.72 
5.23 N.1Z0E. 1.62 
5.33 N. 15O E. 1.47 
5.67 N.25' E. 1.68 
5.07 N.15O E. 1.68 
5.07 N.?ooE. 1.63 
5.07 N. 25O E. 1.48 
5.57 N. Po E. 1.63 
5.32 N. So E. 1.43 
5.07 N. P E .  1.27 
5.32 N. 8'1. 1.32 

- - 

rlood 
lura- 
tion 

Yorbrs 
5. 29 
h39 
5. 39 
5.29 
5.49 
5.88 
5.54 
5.59 
5.64 
5.59 
5.59 
5.54 
5.89 
5.54 
5.54 
5.34 
489 
be4 
5.M 
5.54 

- - 

;lack 

- 
foun 
5.08 
5. a8 
Lo8 
4.98 
5.38 
5.58 
5.53 
5.5s 
5.43 
5.38 
5.43 
5.43 
808 
813 
5.aS 
5.03 
4 i8 
5.13 
5.13 
8l3 
- 

_- 
Ebb strength 
- 

Time 
- 
E O W d  
h23 
h 73 
5.73 
5.73 

6.28 
6.28 
6.39 
5.83 
5.83 
5.83 
5.58 
5.58 
5.s 
5.83 
5.83 
4.93 
443 
443 
443 

aas 

Direc- 
tion 

True 
8.47' E. ._____ - 

- 
Veloe- 

i ty  

- - 

Ebb 
lura- 

__ 
r O W d  
7.13 
7.03 
7.03 
7.13 
6.93 
6.43 
6.a 
6.83 
6.78 
6.83 
6.83 
6.88 
6.73 
6.88 
&E8 
7. 0s 
7.53 
6. 78 
6.78 
688 
- 

- - 
angth 
01 ob- 
IerVa- 
tions 

- 
eV-9 

% 
$4 
!,s 
??j 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

2 
$3 
!9 
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The duration of ebb greatsly exceeds that of flood at, all st.ations in 
t,liis portion of the Delaware River. Based on a long series of slack- 
wat.er observations on a cross secti0.n of the river off Chestnut Street 
Pier, Philadelphia, the duration's of flood and ebb in this section of tlie 
river are 5.2 and 7.3 hours, respectively. 

At current stations 1, 5, 6, 7, and 9, listed in Table 52, iubsurfa.ce 
current velocit observations were also macle by nie.ans of current 

lutions of the current meter cups at  each subsurface depth. Gen- 
erally, these obseivations were made at three depths - two-tenths, 
five-tenths! and eight-tenths of tlie depth at  each station. The 
direction of tshe subsurface current at  these depths at  stations 5, G, 7, 
and 9 was determined by means of a bifilar direction indimtor. 

The cla.ta derived froni these observations are given in Table 53. 
The times of slack and strength of Current, referred to the same 
hases of the current of Overfdls Light Vessel (Delttware Bay 

Entrance,, are iven in hours and hundredths of hours, which permits 

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 c.orrecked to a mean range of tide at  each stti.- 
tion. For coniparative purposes, pole observations are listed for each 
of these stations. A 16-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 Qf 
current occur about siniultaneously a t  all three meter depths. At 
times of flood strength at  stations 1 m d  9 the current attains about 
the same velocity a t  all depths. This is likewise true of the ebb tit 
the latter station. At station 1, however, the velocity of the ebb 
decreases as the depth increases. 

The data for stations 5, 6, and 7 show that. the current at' all depths 
turns earlier don the Caniden water front than it does in mid- 
channel or dong t e Philadel hia water front. Likewise the veloci- 
ties of the current at times o strength of flood and ebb are less far 
each depth along the Camden water front than thcy are in mid- 
channel or in the deeper water along the Philadelphia water front. 

meters with te f ephone att~clinient for counting the number of revo- 

diflerences in t i e  7 time of current a t  various subsurface depths at 

P Yl 

THE CURRENT IN THE DELAWARE RIVER-PHILADELPHIA 
TO TRENTON 

This section of the Delaware. River which is about 30 nautical miles 
inlength, is crookecl, s.nd has many bars and shoals. By means of 
dredging, the c.haniie1 has been improved so that the river IS navi able 
for steamers, schooners, and barges to 14 feet draft from the #em- 
s lvania Railroad bridge at  Fisher Point, N. J., to the city of Trenton, 8. J. The river is also the approach to the Delaware and Raritan 
Canal which has its entrmce at  Bordentown, N. J., about 4 miles 
below Trenton. 

No current observations prior to 1924 for this section of the D e b  
ware River are on file in the, office of the Coast and Geodetic Survey. 
I n  the sunimer 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 nieans of current pole and current .meter. 
The data derived from current obseivations at these s1s 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 nieans of 
current )ole and log line. 

In  Table 54 the times of slack water and strengths of flood and 
ebb are given in hours arid tenths of hours and are referred to the 

times of the corres onding phases of the current at Overfalls Light 
Vessel (Delaware Jay 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 escept at  station 3 
exceeds that of the flood by one and tliree-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 M.--Current dnta, Delaware River, Philadelphia to Trenton 
[Referred to time of current at OmfaUs Llght V d )  

- 
I I I 

Location 1 1 

1 Party of W. E. Overshiner. 

- 
Flood strensth - 

Time 

BOUT8 
5.6 
6.6 
5.8 
6.1 
6.5 
6.4 

DIrectlon 

Knot8 
1.3 
1.6 
1.0 
1.2 
1.3 
0.8 

Hour8 HOW8 HOW8 

6.2 6.4 5.9 
5.0 6 4  6.3 
4.9 6.4 6.8 
4.8 6.4 7.91 

lhrc xnois s.aoow. 1.2 s.nsow. 1.6 
N.850W. 0.8 
5.5Oow. 1.0 
S.30°W. 1.2 
B40°W. 0.6 

HOW8 
7.1 
7. 1 
6.2 
7.4 
7.5 
7.6 
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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 a t  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 begms 
to ebb about the same time that it starts to flood at the reference 
station.,. Omerfdls Light Vessel. When the current begins to flood 
off.: Whitehill, the current. at Overfalls .Light .-Vessel is approximately 
at.. umter ebb. st e, bavin been ebbing for one and onehalf hours. 

&e flood a n d ' z b  at eacf station sets approximately fair with the 
direction of the channel, the former settmg 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- 

the control station itself, the velocity at flood strength ex- 
ceede cludiT that at ebb strength, and at the remaining station the velooit 
of the current at flood strength equaled that at  ebb strength. 8, 
should be borne in mind, however, that the observational period a t  
a l l  stations excbpt bhe control statiowwas short; being about 26 
hours at each station, and also that the observations were made 
durin the month of July and t.herefore at  a time when the ebb 

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 de ths to determine the time 
and velocity of the. current at  two-ten&s, five-tenths, and eight- 
tenths of the depth at  each station. At Btations 1, 2, 5, and 6 the 
directions of the current at these depths were determined b means 
of, a . b ~ .  diredonindicator. The data derived from J e s e  ob- 
servations are given in Table -55. 

I30 Tabla-55; the times of sIack and stren th of current, referred 
tort,41~same, p b ~ e ~ . o f  thhecurrat. at  Qver€alls%ght Vessel (Delaware 
Bay Entrance), are ven in houm and hundredths of hours. The 
durations of flood an 9 ebb for various depths we &io 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 p ole observations are listed for each of these 
stations. A 1X;FE, weighted with lead so aa to submerge to a 
depth of 1 4  feet an giving current determinations at an average 
depth of 7 feet, was used a t  all stations except station 3, which was 
located at the entrance to Rancncas River. At this station a &foot 
pole was used. 

% woul if not be materially influenced by fresh water dischar e. 
At the Rancocas River Entrance the durations of floo 



TABLE 55.-Current data, Ddaware River, Philadelphia to Trenton 

Location 

- 
Sta- 
tion 
No. 

- 
1 

2 

3 

4 

5 

0 

Date Party of- 

[Referred to time of current at Overfalls Light Vessel] 

I Floodstrength - 
Teloc- 
itY 

Flood 
dum 
tion 

Off Fisher Point, N. J. 

OflTorresdalc, Pa _ _ _ _ _ _  

1924 
July 21-29 _ _ _ _ _ _ _  W. €I: Overshiner 

July 21-23 _ _ _ _ _ _ _  _____do 

with- 

iiours 
0.88 
0.93 
0.92 
6.81 
7.08 
7. 08 
7.08 
7. 23 
0.18 
0.98 
0.88 
0.88 
7 . 4  
7.53 
7.48 
7.43 
7.48 
7. a8 
7. 28 
7. 28 
7.53 
7.58 
7.50 
7.53 

Fed 
Pol e...-. 7 
Meter.-. 0 

do _ _ _ _ _  15 
--do _ _ _ _ _  !24 
Pole .-... 7 
Meter--- 7 
--do _ _ _ _ _  10 
-.do _ _ _ _ _  20 
Pole--.-. 2 
Me ter... 3 
..do _ _ _ _ _  8 
--do _ _ _ _ _  12 
Pole---.- 7 
Meter-.. 5 

Dais 
8 
8 
8 
8 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

. .do ____  1 21 
Pole--.-. 7 
Meter.-. 3 
.-.do _ _ _ _ _  7 
..-do _ _ _ _ _  12 

Meter.:. 3 
Pole..-..j 7 

Ranems River En- 
trance. 

Off Bristol, Pa _ _ _ _ _ _ _ _ _  

Off Burlington Island _ _  
08 Whitehill, N .  J _ _ _ _ _  

- 
7 ::::::::::I 12 

i -- 

_____do _ _ _ _ _ _ _ _ _ _ _  .____do _ _ _ _ _ _ _ _ _ _ _ _  

July 22-23 _______,_____do _ _ _ _ _ _ _ _ _ _ _ _ .  

_____do ___________I  _ _ _ _ _  do _ _ _ _ _ _ _ _ _ _ _ _  
July 23-24 _______ I  _ _ _ _ _  do _ _ _ _ _ _ _ _ _ _ _ _  

I 

I 

D i r e  
tion 

0.13 
0.13 
0.13 
0.28 

_ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  
8.490 w. 

!mu 
N . 7 8  E. 
N. 83' E. 
N .  80' E. 
N. 13O E.  
N. 34O E. 
N. 48' E .  
N. WON. 
N. 58' E. 
N. 85' E. 
._--_ 
.- -__ 

N .  53'E. 

, - - _- - _- . - - _- - - - 
N. !Bo E.  
N. a0 E.  
N. 30O E. 
N .  43' E. 
N. 49O E. 
N. 980 E.  
N. 580 E .  
N. Sg E.  

-I- 

I 

Kmra 
5.65 
5.70 
chss 
5.07 
0.03 
5.93 
5.98 
5.78 
0.38 
0.08 
0.08 
0.08 
0.33 
0.33 
0.38 
0.43 
0.43 
0.53 
0.53 
0.53 
0.43 
6.48 
0.48 
0.48 
- 

Ebb strength 

Dime 
tion 

- 
Velw 

ItY 

Knota 
1.23 
1.28 
1.20 
1.05 
1.63 
1.43 
1.33 
1. 12 
0.82 
0.92 
0.87 
0.78 
1.05 
1.10 
1.05 
0.90 
1.15 
1.22 
1. 10 
1.08 
0.03 
0.64 
0.64 
am 
- 

c, 
0 * 

I fs ofob- 
tion Fg 
-I- 
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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 nuniber of revolutions of the meter 
cups during the observational period of 60 seconds. Pole obser- 
vations were made hourly as a check 011 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 ebb at  various depths is prac.tically siniul- 
taneous at each station. This is also true of the time of strength 
of current at  the various depths a t  each station. 

as the depth increases. At all depths at  each station the ve ocity of 
flood is generally greater than that of ebb; the duration of ebb, 
however, is greater at  all depths than that of flood. 

glenerrtlly The strengths of flood and ebb a t  eac.11 station decrease 



A P P E N D I X  

GENERAL CHARACTERISTICS OF TIDES AND CURRENTS 
[Reprinted from United States Coast and Geodetic Surve~ Special Pubfieation no. Ill]  

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 intiniate 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 a t  most 
places likewise comes later each day by 50 minutes on the average. The tidal 
day, like the lunar day, therefore, has an average length of 24 hours and 50 
minutes. 

With respect 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 y,eridian passage (upper or low&) and the 
following high water is known as the high water lunitidal interval.” Likewise 
the interval between the moon’s meridian passage and the following low water 
is known a8 the “low water lunitidal interval.” For short they are called, 
respectively high water interval and low water interval and abbreviated as 
follows: H$I 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 
movenient 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 acconipany a tide having a very moderate rise 
and fall while at another place a like rise and fall niay be accompanied by a very 
weak current. Furthermore, the time relations between current and tide vary 
widely from place to place. For the sake of clearness, therefore, tide should be 
used to desiguate the vertical movement of the water and tidal current the 
horizontal movement. 

It is convenient to have a single terni to designate the whole phenomenon which 
includes tides and ti$d currents. Unfortunately no such distinct term esiste. 
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, 
3ince the contest indicates the sense intended; but the use of the term tide to 
denote the horizontal movement of the water is confusing and is to be discouraged. 

With respect to the rise and fall of the water clue 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 masimum height reached 
by each rising tide and low water the mininipni height reached by each falling tide. 

It is iniportant 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 
d the water, when the rise of the tide ceases and the fall is to begin, the tide is 
st 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 increaaing 
rate for about three hours, when the rate of rise is a maximum. The rise then 
zontinues 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 
Fanner, the rate of fall being least immediately after high water, but increaa- 
ing constantly for about three hours, when it is at a marimum, and then decreaa- 
in 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 a 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 34, increasing from left to right, represent 
the hours of the day beginniug with midnight. Numbering the hours con- 
eecntively to  24 eliminates all uncertainty as to whether morning or afternoon 
is meant and has the further advantage of great convenience in computation. 

FIO. A.-Tlde curve for Fort Halqjlton, N. Y., July 4, 1932 

The figures on the left, increasing upward from 2.0 to 9.0, represeG the height 
of the tide in feet aa referred to a fised 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.” $he 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) attrasts a particle of matter on 
the earth varies inversely 88 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 be considered as lying on the surface of the earth, are on the one side o# 
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 aa II 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 tideproducin 
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 3S9 times aa far away from the earth. Its tide- 
producing force is therefore to that of the moon as 26,000,000 is to (3S9)s, 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, i t  is found that the tide-producing forces 
of both sun and moon group themselves into three classes: (a) Those having a 

eriod of approximately half a day, known as the semidiurnal forces; (b) those 
Lving  a period of approximately one day, known as diurnal forces; (e) 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 a t  any given place is not constant but varies from day 
to day; indeed, i t  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 !ow 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 aa the “spring range.” 

When the moon is in its first aid 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 fht and third 
quarters after an i te rva l  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 frok the earth likewise affects the range of 
the tide. I n  its movement around the earth the moon describes on ellipse in a 
period of approsimately 2745 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 aa “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,f“ll. These tidts 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 i t  may have a negative value. This lag is known as the 
“age of pardlas 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 23%’. 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 tbe consecutive ranges of the tide. When 
the moon is on or close to the EquatoFtha t  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 diirerence 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 decline 
tion, this lag being known as the “age of diurnal inequality” or “diurnal age.” 
Like the p h w  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 Ffference 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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FIO. B.-Tide curves, San Francisco, Calif., October 1s 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 i t  is the variation from apogee to perigee that is the principal variation; 
and in other regions i t  is the variation from equatorial to tropic tides that is the 
predoniinsnt. variation. 

The month of-the moon’s phases (the synodical month) is approximately 2 9 5  
days in length; the month of the moon’s distance (the anomalistic month) 1s 
approximately 27% days in length; the month of the moon’s declination (the 
tropic month) is approximately 27% days in length. It follows, therefore, that  
very considerable variation in the range of tide occurs during a year due to the 
changing relations of the three variations to each other. 

8 0 0 3 5 - 2 U  
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DIURNAL INEQUALITY 

The difference between morning and afternoon tides due to the declination of 
the moon is known aa diurnal inequality, and where the diurnal inequality is 
considerable the rise and fall of the tide is rtffected to a very marked degree both 
in time and in height. Figure B represents graphically..the differences in the 
tide at San Francisco on October 18 and 44, 1922. On the former date the moon 
was over the Equator, while on the latter date the moon was at its maximum 
south declination for the month. The upper diagram thus represents the 
equatorial tide for Sen Francisco, while the lower diagram represents the tropic 
tide. 

It will be noted that on October 18 the morning and afternoon tides show verJ 
close resemblance. I n  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 
hejghts to which the two high waters attained were v.ery 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 18thJ 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 fal l  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 the two high waters of the 24th and a difference of almost 3 feet in the low 
waters. 

Definite names have been given to each of the two high and two low waters of 
a tidal day. 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 re!atively.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 occure 
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 one low water occur in a tidal 
day. Do-Son, French Indo-China, may be cited aa 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, Tes., and Manila P. I., may be mentioned as ports at which 
the tide is frequently diurnal, while $t. Michael, Alaska, may be cited as a port 
at which the tide is largely diurnal. 

The mixed type of tide is one in which two high and two low waters occur 
during the tidal day but which exhibits marked diurnal inequality. Several 
forms may occur under this type. In  one form the diurnal inequality is exhibited 
principally by the high waters; in another form i t  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 ty e; and when the moon is on or near the Equator the diurnal inequality 
of the mEed ty  e is at a minimum, the tide at such times resembling the semi- 
diurnal type. &, 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 tidea; and it is due to the variation 
in this relation that makes possible the various forms of the mixed type of tide. 

HARMONIC CONSTANTS 

111 

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 h be the height of 
the tide, reckoned from sea level, then for any time t, we may write h=A cos 
W+a) + B cos W+8) + In the above formula each term represents 
a constituent of the tide whiih & ddned  by its amplitude or semirange, A, B, 
etc., by an angular speed, a, b, etc., and by an angle of constant value, a, 8, etc., 
which determines the relation of time of maximum height to the time of beginning 
of observation. 

We may also regard the matter from another viewpoint and suppose the moon 
and sun as tide-producing bodies to be replaced by a number of hypothetical tide- 
producing bodies, each of which moves around the earth in the plane of the 
Equator in a circular orbit with the earth as center. With the further assumption 
that each of these hypothetical tide-producing bodies gives rise to a simple tide, 
the high water of which occurs a certain number of hours after its upper meridian 
paasage and the low water the same number of hours after its lower meridian 
passage, the oscillation produced by each of these simple tides may be written 
in the form h - A  cos (&+a) as above. The great advantage of so regarding 
the tide is that it permits the complicated movements of sun and moon d a t i v e  
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 constantd. 
. 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 plare 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 malysis. 

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 d ime 
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 he determined easily from 
the 5 principal ones. 

It is obvious that the principal lunar tidal component will be one which gives 
two hiah and two low waters in a tidal day of 24 hours and 50 minutes, or more 
exactly-in 24.84 hours. Its speed per so& hour, therefore, is 2-=280.98 
This component has been given the symbol Ms. Likewise, the principal solar 
tidal component is one that gives two high and two low waters in a solar day of 
24 hours. Its angular speed per hour is therefore 2 q = 3 0 0 . 0 0 .  The symbol 
for this principal solar component is E&. 

Since the moon’s distance from the earth is not constant, being less than the 
average at perigee and greater at apogee, the period from one perigee to another 
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being on the average 27.55 days, we must introduce another hypothetical tidaI 
body, so that at perigee its high water will correspond with the MI high water, 
and at apogee it8 low water will correspond with the M r  high water. In  other 
words, the tidal component which is to take account of the moon's perigean 
movement must, in a period of 13.78 days, lose 180' on M2, or at the rate of 

This component has been given the synibol Np. 
The moon's change in declination is taken account of by two components 

denoted by the symbols Kl and O1. 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 shaU both 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 K1 shall gain on 0' one 
full revolution. The difference in their hourly speeds, therefore, is 24x13.66 
=1'.098. The mean of the speeds of these two components must be that of 
the apparent diurnal movement of the moon about the earth, or 24.84= 14O.49. 

The speeds are therefore derived from the equations -=11'.49 and &-Ol 
=1'.098, from which Kl=15'.04 and 01=13'.94. 

It is customary to designate the amplitude of any component by the symbol of 
the component and the epoch by the symbol with a degree mark added. Thus 
MI stands for the amplitude of the MI tide and Moa 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 t i e  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 ver easily. Thus, approsi- 
mately, the mean ran is 2Mz, spring range 2(MI+&r, neap range 2(M?--Sn), 
perigean range ~ ( M Z + % ~ , ,  apogean range 2 (M2-Nl), diurnal inequality at time 
of tropic tides 2(K1+Ol), high water lunitidal interval 28.98' The various ages 
of the tide can likewise be readily determined. rosimately, the ages in hours 
are: Phase age, So- MI'; parallax age, 2(Mlo- $r; diurnal age, K'I-0'1. The 
type of tide, too, may be determined from the harmonic constants through the 
ratio -. 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 mised 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 firft 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 subscript 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 subscript is 3, 4, or more. Thus Sa repre- 
sents a solar annual component, PI a solar diurnal component, MS a lunar semi- 
diurnal component, Y4 a solar shallow-water component with a period of one- 
quarter of a day, and M6 a lunar shallow-water coniponent with a period of one- 
sixth of a day. 

1 See K.  A. Harris, MenualoITides, Part 111 (United States Coast and Geodetic Biirvey Report for 1894, 
Appendix 7). 
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TIDAL. DATUM PLANES 

Tidal planes of reference form the basis of all rational dat.um planes used in 
practical or scientific work. The advant,age of the datum plane based on tidal 
determination lies not only in  simplicity of definition, but also in the fact. that i t  
may be recovered at. any time, even though all ~~eiich-mark connections he lost. 

The principal tidal plane is that of mean sea level, which may be defined as t.he 
plane about which the tide oscillates, or as the surface the sea would assume when 
undisturbed by bhe 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 more and 
deriving the mean hourly height,. It is t o  be noted that. in such a determination 
the mean sea level is not freed from the effects of prevailing wind, atmospheric 
pressure, and other mete: rologic.al conditions. 

The plane of mean sea level must be carefully distinguished from t.he plane of 
half-tide level or, as i t  is frequently called, mean-tide level. This latter plane is 
one dete.rmined as the half sum of the high and low waters. It is therefore the 
plane that lies halfway between the planes of mean low water and mean high 
water. The plane of half-tide level does not, at most places on the open coast, 
differ by more than about a tenth of a foot from the plane of mean sea level, and 
where this difference is known the plane of mean sea level may be determined 
from that of half-tide level. Like all of the tidal planes, the plane of half-tide 
level should be determined by observations coverin6 a period of a year or more. 

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 i t  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. I n  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 aa the lower 
low water. 

The plane of mean high water is determined as Phe 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 wat.er is t.herefore 
preferable. 

In  localities of considerable diurnal inequality in the high waters the higher 
high waters frequently rise considerably above the plane of mean high water. 
A higher plane is therefore of importance for many purposes, 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 
frequently diurnal, the single high water of the day is taken as the higher high 
water. 

The tidal planes described above are the principal ones and the ones most 
generally used. Other planes, however, are sometimes used. Where a very low 
plane is desiredt the plane of mean spring low water is sometimes used, it,s name 
indicat-ing that it is determined as the mean of the low wat,ers occurring at spring 
tides. Another plane sometimes used, which is of interest because based on 
harmonic  constant.^, is known as the harmonic t.ide plane and for any given 
place is determined as M?+S2+KI+OI below mean sea level. 

MEAN VALUES 

Since the rise and fall of the tide varies from day to day, chiefly in accordance 
with the changing positions of sun and moon relative to the earth, any tidal 
quantities determined directly from a short series of tidal observations must be 
corrected to a mean value. The principal variatioiis are those connected with 
the n~oon’s phase, parallax, and declination, the periods cf which are approxi- 
mately 29% days, 27% days, a.nd 37% 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 

For many purposes the plane of mean low water IS important. 
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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 dismssion 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 !B, lSaa 

11. 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 ht about by the tide-producing forces of sun and moon. A d d  
currents, like t%e 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 diserences in density and tempers- 
ture. Currents of this class do not exhibit the periodicity of tidal currents. 

Tidal and nontidal currents occur to ether in the open sea and in inshore tidal 
waters, the actual currents experiencetat any point being the resultant of the 
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two classes of currents. In some places tidal currents predominate and in others 
nontidd 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 
based on the theory of wave motion, gives a tidal current of less than one-tenth 
of a knot. 

RECTILINEAR TIDAL CURRENTS 

I n  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 direction. The flood current is the one that 
sets inland or u stream and the ebb current the one that sets seaward or down- 
stream. The cfange 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 4 the unit generally used for measuring 
the velocity of tidal currents and represetkg a velocity of 1 nautical mile per hour. 
Knots may be converted into statute miles per hour by multiplying by 1.16 
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 OD, east 90D, south 180D, 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 runningBractically in the same direction all the time, making 
an abrupt shift of about 180 to the opposite dimtion during the perind 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. 

Offshore the tidal cunents are general1 not of the rectilinear or reversing type. 
Instead of. flowing in the same general &ection 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 be 'nnmg of each hour of the after- 
noon on Se tember 24, 1919, at Nantucket &oak Light Vessel, stationed off 
the coast o?MMassachusetts. 

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, deEne a somewhat 
irregular ellipe. 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 12h 25m. In  other words, 
the current day, like the tidal day, is 24h 5Om 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 
@e rise to  a period of slack water. When the velocity of the rotary tidal current 
1 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 rectiiinear 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. 

ROTARY TIDAL. CURRENTS 
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VARIATIONS IN STRENGTH OF CURRBHT 

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. 

+vue 
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FIG. 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. Variat-ions i n  the current that 
involve seniidiurnal 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. I n  a progressive 
wave the time of slack water comes, theoretically, exactly midway between 
high and low water and the time of strength a t  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 niovement 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 occurring over the whole 
area on one side of this asis at the same instant that low water occurs over the 
whole area on the other side of the asis. 

Fro. 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 a t  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 masimum 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 level 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 i t  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 ancl 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 occurred 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 
r t  as that  in the tide. This brings about differences in the corresponding 
eatures of tide and current as between morning and afternoon. 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. 
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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, to make both the periods and the velocities of flood and ebb 
unequal and to change the times of slack water but to leave unchanged the timea 
of flood and ebb strengths. This is evident from a consideration of Figure F, 
whichrepresents 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. 

FIG. F.-Effect of nontidsl current on tidal current 

When unaffected by nontidal currents, the periods of flood and ebb are, in 
general, equd  as represented in the diagram, and slack water occurs regularly 
three hours and sir 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 re resented by drnwin as a new axis, the line EF 
parhlel to A B  and distant $om it the length of 8D. 

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 timea in the ebb direction. There will be 
no slack waters; but at periods 6 hours 12 minutes apart there will occur mini- 
mum and maximum velocities represented, respectively, by the lines RS and 
TU. 

In so far as the effect of the nontidal current on the direction of the tidal current 
is concerned, i t  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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VELOCITY OF TIDAL CURRENTS AND PROGRESSION OB 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. I n  
the former case reference is made to the actual speed of a nioving particle, while 
i n  the latter case the reference is t o  the rate of advance of the tide phase or the 
velocity of propagation of wave motion, which generally is many times greater 
than the velocity of the current. 

It is to be noted that there is no necessary relationship between the velocity 
of the tidal current at any place and the rate of advance of the tide a t  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 3f water depends on the type of tidal movement. In a 
progressive wave the tide moves approsimately in accordance with the formula 
r = a  in which r is the rate of advance of the tide, g the acceleration of gravity, 
and ff 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 an fixed point depends on the volume of water that must 
pass the given point a d t h e  cross section of the channel at that point. The 
velocity of the current is thus independent of the rate of advance of tlie 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 product 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 t h e  average velocit may also be determined by deriving the mean ordinate 
of the curve by use of tKe planimeter. For a full tidal c cle of flood or ebb, 
however, since the current curve generally approximates t i e  cosine curve, the 
simplest method consists in making use of the well-known ratio of the mean 
ordinate of the cosine curve to the maximum ordinate which is 2+u, 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 
as 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. $or 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, 0.6366X6.2=3.95, or 24,000 feet. 

DURATIQN OF SLACK 

I n  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 cute 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 eriod during which the velocity of the current is lees than onetenth 
of a knot. telocities less than one-t’enth of a knot may generally be disregarded 
for practical purposes, and such velocities are, moreover, difficult to measure 
either with float or with current meter. For any given current it is now a 
simple matter to determine the duration of slack water, tlie current curve furnish- 
ing a ready means for this determination. 

I n  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 h  12.6" we may write 
the equation of the current curve v = A  sin 0.48311, 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 t is the time in minutes from the instant of zero velocity. Setting 
u=O.1 and solving for 1 (this value of t 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 currents of 2 knots strength, 12 minutes; 
3 knots, S minutes; 4 knots, 6 minutes; 5 knots, 5 minutes; 6 knots, 4 minutes; 
8 knots, 3 minutes; 10 knots, 2% minutes. 

HARMONIC CONSTANTS 

The tidal current, like the tide, may be regarded aa the resultant. of a number 
of simple harmonic movements, each of the form y=Acos @+a); hence, tidal 
currents may be analyzed in e 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 tide by double primes, we have 

M'p: S'a: N'r: IC',: O'i=1)2qM''a: ~25"~: 1~1"'~: kiK"1: 010"1 

where the small italio 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 nonhmonic  analysis of current observations it is customary to refer 
the times of slack and strenglh 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 to approximate mean value, 
since the changes in th.e tidal current from day to day may be taken to approxi- 
mate the corresponding changes in the t.ide; 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 movenient of the progressive or stationary wave 'types 
the change in the strength of the current from day to day ma be taken approxi- 
mately the same as the variation in the range of the tide. Hence, the velocity 
of the current from a short series of observations may be corrected to a mean 
value by multiplying by a factor equal to the reciprocal of the range of the tide 
for the same period divided by the niean range of the tide. It is to he noted 
that in this method of reducing to a mean value, any nontidal currents must first 
be eliniinated 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 e strait connecting two independent tidal bodies of water. East River 
and Harlem River in New York Harbor and Seymour Narrows in British Coluni- 
bia are esainples 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 
q0o.t of the factor used for ordinary tidal currents. 
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