
/ e & /  7 48 
P?gJ-- 

,A, . !&.-Ad 
2- 

Serial No. 311 

I kY3- D E P A R T M E N T  O F  C O M M E R C E  3 b  
U. S. COAST AND GEODETIC SURVEY 

E. LESTER JONES, DIRECTOR 

TIDES AND CURRENTS IN 
SAN FRANCISCO BAY 

L. P. DISNEY 
h i a t a n t  Mathematician 

W. H. OVERSHI 
'Lteutmmnt (j. g.). U. 

Special Publication No. 115 

PRICE 20 CENTS 
Sold oulv by the Superintendent of Documents. Govetutnent Prlnting OWce 

Wnshiugton. D. C. 

WASHINGTON 
GOVERNMENT PRINTING OFFICE 

1926 



National Oceanic and Atmospheric Administration 

ERRATA NOTICE 

One or more conditions of the original document may affect the quality of the image, such 
as: 

Discolored pages 
Faded or light ink 
Binding intrudes into the text 

This has been a co-operative project between the NOAA Central Library and the Climate 
Database Modernization Program, National Climate Data Center (NCDC). To view the 
original document, please contact the N O M  Central Library in Silver Spring, MD at 
(301) 713-2607 x124 or www.reference@nodc.noaa.gov. 

LASON 
Imaging Contractor 
12200 Kiln Court 
Beltsville, MD 20704- 1387 
January 1,2006 



E 



C 0 N T E N T+S 

Introduction, _ _ _ _  - _ _ _ _  _-- _ _- _ _ _ _  _ _  -_-_-------__.___ _ _ _ _ _ _ _ _ _ _  
Put I-TIDES IH 8AH FRAWISCO BAY 

The tide at Presidio, San Francisco, Calif _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
1. The Presidio tide station- _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
2. Lunitidal intervals ________________________________________- 
3. Duration of rise and fall ____________________________________  
4. Mean sea leve l - - - - - - - - -_ -_ - - - - - - - - - , -__ -___- - - - - -_ -___-____  
5. The plane of half-tide level _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
6. The planes of high water and low water _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
7. The range of the tide ______________________________________  
8. Diurnal inequalities _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ - _ _ - - _ - - _ - - - - _ - _  
9. Tidal harmonic constants _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

10. Meteorological and seismological effects--- - - _ _  - - _ _  - _ _ _  _ _ _ _ _  _ _ 
11. Summary of tidal data ___________________-_________________  

Tidal data for San Francisco Bay and tributaries _ _ _ _ _ _ _ r _ _ _ _ _ _ _ _ _ _ _ _ _ _  

12. Generalremarks_-_--_-------- - - - - - - - - - -_--- , - - - - - - - - -_-__--  
13. The tide in the a proaches to  San Francsico Bay _ _ _ _ _ _ _ _ _ _ _ _ _ _  

Fort Point--_----_-----,-------_------------_--------- 
Sausalito-----------__-_--------------_--------------- 
Tidal harmonic constants--- - - - _ _  - - - _ _  - _ _ _  - - - _ _  - - _ _ _  _ _  - - 

15. The tide in South San Francisco Bay _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
16. The tide in North San Francisco Bay _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
17.’The tide in San Pablo Bay and tributaries . . . . . . . . . . . . . . . . . . . .  
18. The tide in Carquinez Strait _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
19. The tide in Suisun Bay and tributaries _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

General considerations- - - - - - - - _ _ - - _ - - - - _ - _ _ - _ - - _ - _ - - _ _ _  - - - - - - - - - - - - 
1. Early observations__-------------------_-------_-------_---  
2. Early methods of observing currents _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
3. Present method of observing with pole and meter _ _ _ _ _ _ _ _ _ _ _ _ _ _  
4. Direction indicating deviccs _ _ _ _  - - - - - _ _  _ _  - _ - _ _  - - - _ _ _  _-__--_ - 
5. The bifilar current direction indicator _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
6. Present scheme for current survey of a harbor _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _  

Current data for San Francisco Bay and tributaries- _ - - _ _ _  _ - _ _  - _ _  _ _  - - - 
7. Preparation of tables giving current data _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ - - - _  

Discussion of results- - _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ - A  _ _ _ _ _  - _ -  _ _ _ _ _ _  
8. The current in San Francisco Entrance and South San Francisco 

Bay_-----_--_----------------_-------------~-----------  
9. The current in North San Francisco Bay- _ _ _ _ _ _ -  - _ _ _ _ - _ _ _ - - - _  

10. The current in San Pablo Bay ___________-___-_______________ 
11. The current in Car uinez and Mare Island Straits _ _ _ _ _ _ _ _ _ - _ _ _  

I h d e x - - - - - - - - - - - _ _ - - _ - - - - - - - - - - - - _ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

14. The tide in the cp olden Gate _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

Part Il.-CURRBBTS IN 8AN FRANCISCO BAY 

12. The current at San qF rancieco Light Vessel _ _ _ - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

ILLUSTRATIONS 

Frontispiece. San Francisco Bay and tributaries- - - - - - - - _ - - - - - - - .- - - - 
1. Presidio tide station- - - - - - _ _  _ _  _ _ _ _  _ _ _ _  _ _ _ _  _ _  - - - - - __-___--facing-- 
2. Marigram, Presidio, San Francisco Calif., November 21, 1910-- - _ - _  
3. Barogram, San Francisco Calif., Idovember 21, 1910 _ _ _ - _ _ _ -  _ -_ - -  -- 
4. Marigram, Presidio, San krancisco, Calif., A n l  15-19, 1906 - - - - - -  -- 
5. Marigram, Presidio, San Francisco, Calif., d v e m b c r  11-14, 1922- - - 
0. Tide stations, approaches to San Francisco Bay- - _ -_ - - - - -_ - - - - - -  -- 
7. Tide stations, Golden Gate _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - - - - - - -  - - - - - - - -  
8. Tide stations, South San Francisco Bay- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -- 
9. Tide stations, North San Francisco Bay _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - -  ---- 

I11 

Pam 
1 

2 
2 
2 
6 
7 
9 

10 
20 
23  
26 - _  
27 
33  
34  
34 
36 
38 
40 
41  
4% 
44. 
4 7  
49 
52 
55 

5 9  
5 9  _. 

59 
59 
61 

63 
64 
64 
68 

SZ, 

7 0  
78 
82: 
86. 
102: 
123. 

XI __ 
2 

2 6  
28. 
3 0  _ _  
3 2  
36 
37 
44 
48, 



rv CONTENTS 

Pam. 
49 
50 
53 
55 
69 
71 
78 
83 
87 

90 

91 
92 
93 
94 

95 

96 

97 
98 
99 

100 

101 
103 
104 

107 
107 
108 
109 
110 
111 
112 
113 
114 
115 
115 
116 
116 
116 
118 
119 
119 
120 
120 
121 
121 



TIDES AND CURRENTS IN SANrFRANCISC.O BAY 

INTRODUCTION 

Tidal and current observations have, been made at numerous 
stations throughout San Francisco Bay and tributaries tit various 
times orer a period of more than 70 ears. The first record of tidal 

were made on a box gauge located on Rincon Point, San Francisco. 
The first. current observations by the Coast and Geodetic Survey 
were not made until four years later, or in 1856, when records were 
obtained for several stations in San Pablo Bay. Since thesc dates 
numerous tidal observations of varying lengths have beon made 
throughout the bay and tributaries and primary tide stations have 
been estahlishcd ttnd rnaintnjned in the vicinity of Stln Francisco. 
In connection with hydrographic surveys qurren! observations have 
boen made on scrcrnl occasions in widely separated parts of San 
Frnncisco Bay, but in the fdl of 1023 a systematic current survey 
was made of Ann Francisco Bay and tributaries. 

Owing to the rcco nizad importnncc of Snn Francisco Bay and the 
numerous requests kom engineers and others for tidal and current 
data for this vicinity it was dcemed advisable to compile and publish 
all of these dntn on 610 in the Const and Goodotic Survey. Included. 
in these data are the results dcrived from tidul observations made 
by tho Vnited States Navy Department and by citg and county 
engineers, thc tnbulntions for which nre on file in this office. The data 
pertaining to currents, however, were derived from observations 
made entirely by this bureau. 

The publication is not devotcd to the discussion of any involved 
mathematical theory of tides and curronts but is intended to present 
and discuss the results of observations in such a manner khat it will 
be of interest and practical value to the mariner, the engineer, and 
the scientist. 

the 

tidal and-currcnt observfitions mndo in the important waterways of 
the United Stntes. Tho first, Tides and Currents in New kork 
Harbor, was issued in 1925 as Special Publication No. 111. In  that 
publication the first two sections are dovoted to a consideration of 
the general features of tides and currents and for convenionce of 
reference are re roduced in tliis volumo as an appendix 

Attention is $so directed to the Tide and Current Tables published 
annual1 by the Const and Geodetic Survey. Theso tables contain 

Francisco Bay and vicinity. 

observations in this vicinity w4s,o % tained in 1852 when readings 

This is the second of a series of s ecial publications issued b 
United States Coast and Geodetic E ‘urvey presenting the resu 9 ts of 

tide an dy current predictions for many places, including stntions in San 

1 



Part 1.-TIDES IN SAN FRANCISCO BAY 

By L. P. DISNEY, Assistant Mathematician, U. S. Coast and Geodetic Survey 

THE TIDE AT PRESIDIO, SAN FRANCISCO, CALIF. 

1. THE PRESIDIO TIDE STATION 

The tides a t  Presidio were observed by means of a United States 
Coast and Geodetic Surve automatic tide gauge located on what is 

reservation in latitude 37’ 48’ N. and lon itude 122’ 27’ W. All of 
known as the Presidio WK arf situated near tho eastern end of the 

the observations were reduced to a staff t f e zero of which was care- 

inclusive. 
2. LUNITIDAL INTERVALS 

The lunitidal interval or the time between the moon’s transit and 
the succeeding high or low water gives a most useful time relation. 

In  Table 1, columns 5 and 6, are given the daily lunitidal intervals 
at Presidio for a ty ical summer month, Column 2 contains the 

The times inclosed 
by parentheses refor to the lowor transits of the moon, the unmarked 
ones being for the upper transits. Columns 3 and 4 give the times 
of high and low water, respectively, as tabulated from the tide gauge 
record. The lunitidal intervals are obtained by subtracting from 
the time of each high and low water the time of the next proceeding 
moon’s transit except in the case where the time of high or low water 
is nearly the same as that of the moon’s transit in which case the 
transit which proceeds the tide by about 12 hours is taken. 

It should be noted that the intervals thus obtained are uncorrected, 
the true lunitidal interval being the difference between the mean 
local time of the tide and the mean local time of the moon’s transit 
over the local meridian. But on account of the use of standard time 
instead of local time and the inconvenience of changing the moon’s 
transits to the local meridian, these uncorrocted lunitidal intervals 
are computed and then rectified by a plying a correction to the mean, 

- 0.45 hour. 
2 

moon’s transits for t R e meridian of Greenwich. 

thus saving considerable work. P or Presidio this correction is 



FIG. 1.-PRESIDIO T I D E  STATION 
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TABLE 1.-Daily lunitidal intervale and hi h and low W(Ltt78, Presidio, Son 
Framiew, &if. 

Date 

Bums 28 days: Juris 

Moans ._______ _ _  - _ _ _  
Corroctlon to later 

Val9 __-. -____- -__- 

1-26 .__----__----- 

- - 
Noon's 
ransita 
Oreen- 
wloh 
mean 
clvil) 

Tr. DE. 
(11.8) - - - - - - -. 

0. a 
(12.0) 

1.0 
(13.4) 

1.8 

(16.0) 

3.3 

(le. 6 )  
4.8 

(17. 2) 
LO 

(18.7) 

7.1 
(18. 6) 

ao 
(m. 4) 

a9 
(21.4) 

8. 8 
(22.4) 
10. 8 

(23.4) 

11. 8 

(0.6) 
13.0 
(1.6) 
14.0 
( 2  6 )  
16.0 
(3.4) 
16. 8 

(4.3) 
10.7 
(6.1) 
17.6 
(6.8) 
18.3 
(6.7) 
18.0 
(7.4) 
18. 8 

(8.2) 
20.0 
(8. 0) 
21.4 
(8. 8) 
2 2  2 

(10.0) 
23.0 

"1 $1 

(1: ;) 

(1; 1"' 

.______- 

..___-.- . - - - - - 

.-___--- 

- 

Time of- 

High 
water 

Er. Dr... 
12 8 
23.0 
13.6 
23.7 
14.0 

14.6 
0 .7  

16.2 

1. 6 
16. 8 
2.0 

10. e 
3. 1 

17. 2 
4 .4  

18.0 
6. 7 

18. B 

7.2  
18.2 

8. 0 
20.0 
10. e 
21. 3 
11.6 
2 2 2  

1 2  3 
23.0 
13. 2 
23.8 
14.0 

a 7  
14.7 
1. 7 

16.6 

2 7  
10.4 
3.8 

17. 2 
6. 1 

17.8 
0.0 

18. 7 
8. 1 

18. b 

8.2 
20.2 

11. 2 
21. 6 
11. 7 
2 2 2  

.____---. 
0. a 

a4 m. o 

_ _ _ - _ - - -  

ia 1 m. 8 

_ _ _ _ _ _ - -  - - - - - - - 
- - - - - - - - 

- 
LOW 

water 

Kr. DE. 
6.1 

17.2 
0.0  

17. 8 

7. 2 
18. 2 
7.0 

8 .2  

8.8 
21.9 
8.2 
22. 8 
10.2 
23.8 
11.2 

0.8 
12 2 
1.8 

13.3 
2 7  

14.2 
3.0 

15.0 
4.5 

6.3 

0.1 

e. 9 

7. B 
18. 7 
8.1 

2 0 . 8  

8.1 
2 2  1 
10. c 
2 3 . 4  

0.1 
11.6 

1 . 4  
13. ( 

2t 
13. f 
3. ' 

14. i 

16. I 

ae 
1a 4 

m. o 

m. 7 

.___-__ - 

ia a 

IO. a 
17. a 
18 7 

la 6 _ _ _ _  _ - _ -  

4. I 

11 5 
_ _ _ _  ___. 
--_----. 

_-__-_-. 

- 

-- 
Lunltidd Interval 
- 
High 
water 

¶r. Dee. 
13.4 

(11.2) 
13.3 

(11.1) 
13.0 

(IO. 8) 
12.7 
(IO. 6)  
1 2  e 
(IO. 6) 
12 0 
(IO. 3) 
12. 6 

(10.0) 
12 4 

(11.2) 
12. 4 

(11.7) 
12 1 

- - - - - - - 

(E? u; 
(13.21 
11.7 

(13.2) 
11.4 

(13. I] 
11.3 

%Y1 
(12 7: 
10. 8 

(12 6: 

IO. 7 
(12 2: 
10. 7 

(12 1: 

10.8 
(12. 1: 

11. 1 
(12 1: 
11.0 

(12 0: 
12. a 

(12 1. 

.-___-- 

'%? 

(2 3 
13.4 

(11.8 
13.0 

(11 .7  
13. 6 

(11.0 

60 
074.0 

1 2  0 

-0. 4 

11.01 

- 

- 
- 

- 
Low 

water 

elght referred to 
andard sea level 

Feel. 
1.4 
2 8  
1.6 
2 8  
1. I 

2 0  
1.6 
2 3  
1.6 

2 1  
1.0 
1. 0 
1.6 
1. 1 
1.7 
0.9 
2.0 
0. e 
2 4  

0.7 
2 7  
0. 8 
3. 1 
1. 1 
3.4 
1 . 4  
3.8 
I. 0 
3.9 

1.7 
3.1 
1. 7 
3. 5 
1. Ll 

3.1 
21 
28 
24 

2.3 
26 
1.1 
27 
1.1 
27 
0.6 
26 
1. c 
3. t 

1.4 
3. 2 
1. I 
3. i 

1. i 
3. : 

___-_ -  

;: I 
- 

66 
118.3 

2 I! 

-_---_. - 
3 . a  
0. I! 

__. 

Low 
water 

Fetf.  

- 
-3.6 
-0.1 
-3.4 

0.0 

+o. 1 
-3.2 
+a 1 
-3. 1 +o. 1 

-3.0 

-2.7 
-0.4 
-2. 6 
-0. 8 
-2 2 
-1.3 
-1.7 

-1.7 
-1. 6 
-2 6 
-1.1 
-3.1 
-0. 6 
-3. e 
-0.6 
-4. I 
-0. 6 

-4.6 
-0. 6 
-4.7 
-0.7 
-4.7 
-0.7 
-4.4 
-0.8 
-3.0 

-3.1 
-1. 1 
-2 0 
-1.4 
-2.0 

-1. 8 
-1.4 
-2 3 

-3. a 

ao 

. -_ - - - - -_  

-a 7 

. - - - - - -. 

-a 8 

-2 4 
-0. 1 
-2 e 

0.0 
- 2 8  
+O. 3 
-2 9 +o. 2 

:n 
:TI4 



4 U. S. COAST AND GEODETIC SURVEY 

A glance at Table 1 shows thdt the lunitidal intervals differ con- 
siderably from day to day and even on the same day the intervals 
as obtained from the up er and lower transits may differ by as  
much as 2.2 hours. As B etermined from this single month of 29 
days record the corrected high water interval is 11.60 hours and the 
low-water interval 5.01 hours. 

Table 2 contains the month1 means for the corrected high and low 

These means are from 29-day series 
When the 

water lunitidal intervals for t 1 e two yenrs 1898 and 1923, the first 
and last years of the series. 

added to complete the series. 

with the first day of each calendar month. 
February contains but 28 days the 1st day of March is 

1888 _ _ _ _ _ _ _ _  ___. 
18W _ _ _ _ _ _ _ _ _ _ _ _  
1 0  _ _ _ _ _ _ _ _  _ _ _ _  
1901 _ _ _ _ _ _ _  ~ _ _ _ _  
1002 ... - - -. . -. - . 
1803 __._._.._. _ _  
1w __..__.__-_ ~ 

1905 _ _ _ _ _ _ _ _ _  _ _ _  
le00 _ _ _ _ _ _ _ _  _ _ _ _  
1807 _ _ _ _ _ _ _ _ _ _ _ _  

TABLE 2.-Lunilidal intervals, Presidio, S a n  Francisco, Calif., monthly means, 
1898 and 1923 

Ifaura ',I 

11.76 I 
11.70 
11.72 I 
11.71 
11.78 
11.76 
11.77 
11.73 
11.71 I 
ii.Z 

ZIIOLI-WATER INTERVALS 

1014 ...... 
1018 ..... .-----. 
1017 
1018. ______.____ 
1010. _.._. ~ ..__. 
1020 .._.._. __.__ 
1021.. . . -. . -. -. - 
lo n... . ._.__ _ _ _  
1023 _ _ _ _ _  _ _ _  _ _ _ _  

ioie _ _ _ _ _ _ _ _ _ _ _ _  

Hours I Ifours IIour.8 Rours IIours Iloura ' Hourn 
1898 _ _ _ _  11.77 11.08 11.70 11.7G 11.73 11.73 11.80 
1U23-..1 11.01 I 11.51 i 11.52 1 11.50 1 1l.S 1 11.58 I 11.50 

4.08 
4.04 

5.00 
6.02 
4.08 
5.00 
4. Ob 
4.03 
4. U6 

4.08 

Table 2 reveals tho fact that thore is o. variation in tho high and 
low water lunitidal intervals from month to month. For the high- 
water interval the greatest variation throu liout the ycar 1898 

During the year 1898 the greatest variation in the monthly means 
of the low-water lunitidal intervals is 0.13 hour while for 1923 the 
maximum is 0.21 hour or about 13 minutes. 

I n  Table 3 are tabulated the yearly means of both the high and 
low water lunitidal intervals for the years 1898 to 1923, inclusive. 

TABLE 3.-Lunitidal intervals, Presidao, S a n  Francisco, Calaf., yearly means,  

amounts to 0.14 hour while for 1923 i t  is 0.11 a our. 

1898-1 9%3 
. .  -. -. .- . - - . -. - __ __ .-. - -- 

High-wuter lunltidul intcrrols II Low-wnter lunitidal intervnls 

Moon ....I 11.73 I/ 

~ .- . . ... . . I. 1:: 
lull _._.__ ~ ____. 11.74 
1012 ... .___ ._.__ 11.72 
1013 .._____.____ 11.83 
1014 _ _ _ _ _ _ _ _ _ _ _ _  11.71 
1015 .... .____  _ _ _  1 1 . 0  
I010 .__._._____. 11.w 
1017 ___..___ _ _ _ _  11.07 
1018 ...... .__. _ _  11.05 
1010 _ _ _ _  ~ ____.._ 11.00 
1020 ____.-______ ll.M 
1921 .__________.  11.65 
1822. .____... _._ 1l.fU 
IO23 .______.____ 11.55 
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Tl to 
It has been shown that the lunitidal intervals vary from da 

.day and from month to month. Table 3 discloses the fact that t ere 
is also a variation fiom year to ear. 

From the high-water luniti B a1 intervals the greatest variation 
between two consecutive years is 0.09 hour or about 5 minutes, but 
tho variation between any two years is considerably larger than this. 
For exam le, in 1902, HWI = 11.78 hours, while in 1923, HWI = 11.55 
hours, a a ifference of 0.23 hour or 14 minutes. 

All of the important motions of the moon are subject to inequalities 
which pass through a complete cycle in a period of approxlmately 
19 years. It is therefore customary to consider as mean values the 
tidal constants dorived from a 19-year series. The series at  Presidio 
permits of two overlap ing Ig-year groups as follows: 1898-1916 and 
1905-1923. For the R rst 19-year group high-water interval is de- 
rived as 11.72 hours, while for the second it is 11.67 hours. It is 
observed that the time for the second series is earlier than for tho 
first. 

The low-water lunitidal intervals also show a variation from year 
to year. Tho greatest variation between any two consecutive years 
is 0.15 hour or 9 minutes, while the greatest variation between any 
two years amounts to as much as 0.23 hour or about 14 minutes. 
If the 26-year series is divided into two overla ping 19-year groups 

gives LWI = 5 hours, while for the second grou 1905-1923, LWI is 
4.97 hours. It is thus seen that the low-water P unitidal interval for 
the second 19-pear series is earlier than for the first s o r b  the same 
as with the HWI. 

A well-determined mean should be obtained from a 19-year series, 
conse uently the variation between the two 19-yonr groups indicates 

the tides occurring earlier in recent years than years a 0. Due to 

for tho second 19-year series (1905-1923) will bo accepted as giving 
results nearer the present-day values. 

the same a s  with the HWI, the mean for the H rst group 1898-1916 

that t x ere may have been a change in the time of the tido at  Prwidio 

this apparent change in the time of the tide at  Presidio t 7l o intervals 

3. DURAT!ON OF RISE AND FALL 

The duration of rise is obtained by subtracting tho low-water 
lunitidal interval from the high-wator lunitidal interval. The aver- 
ago time between tho upper and lower transits of the moon is 12.42 
hours. Consequent1 to obtain the duration of fall it is only neces- 

Jeferring to Table 1 it is readily seen that both the duration of 
rise and duration of fall vary materially from day to day. 

Tablo 4 contains the monthly means for two ears 1898 and 1923 

am the first and last years of tho 26-yoar series. 

sar to subtrnct the J uration of rise in hours from 12.42. 

for both the duration of riso and duration of fa f 1. These two years 

42412-26t-2 



6 U. 6. COAST AND GEODETIC SURVEY 

TABLE 4.-Duration of rise and fall, Presidio, San Francisco, Calij., monthly 
means, 1898 and I928 
DURATION OF RISE 

-_--- -. - - ----- 
Year Jan. Fqb. Mar. 

I I  
DURATION OF FALL 

189S....l 1823.... 5.71 b.741 5.811 6.80 5.83 5.711 6 .761  6.76 6.771 5.75 5.84 6.831 6.731 6.87 621 6.80 6.641 6.80 5.821 6.87 5.891 6.84 b.81,1 6.82 6.77 

- 

Table 4 clearly shows that there is a variation from month to 
month in the duration of rise. For any two consecutive months the 
greatest variation is as much as 0.18 hour or ap rosimately 11 min- 
utes. Taking any two months within the year t B e variation is found 

variation is found for the duration of fall. The maximum 
variation for any two consecutive months is 0.18 hour or approxi- 

variation between any two 
15 minutes, the same as the 

variation for the duration of rise. 
In  Table 5 are tabulated the yearly means of the duration of rise 

and duration of frill for 26 years, 1898 to 1923, inclusive. 

TABLE 5.-Duratwn of rise and fall, Presidio, San Francisco, Calij., yearly 

eat as 0.25 hour or 15 minutes. 

mately 11 minutes, while the 
months within the year is 0.25 

means, 1898-1 9.93 

Duration of rise II Duration of fall 

1910. _ _ _ _ _ _ _ _ _ _ _  
Mean.. - 1- 

Hour8 

6.70 

0.01, I 
0.02 1 j 
0. a8 
a. 78 I 6.71 

6. 81 
0.67 I 
0.71 

Iioura 
6. 80 
0.00 
6.64 
6. 73 
0.12 
0. 70 
0.07 

0.02 
0. 58 

0.70 
0. Bo 

a. a 

a. 70 

Hours 
5.77 
5.80 
5.72 
6.70 
6.72 
5.70 
6.73 
6. 71 
6.64 
6.01 
6. 76 
b. 02 
ti 67 

6.71 
- 

Hour8 
6.58 

6 7 8  
6.69 
6.70 
6.72 
6.76 
6. 79 
6.80 
6.86 

6.12 
6.82 

b.7a 

6 . n  

- 
6.74 

Inasmuch as the high and low water lunitidal intervals displayed 
a variation from year to  ear it is to be expected that the duration of 

This is brought out by Table 5. 
From this table i t  is seen that the duration of rise varies from year 

to year, the maximum variation between any two consecutive years 
being aa much aa 0.17 hour, and the variation between any two years 
amounting to as much as 0.30 hour or 18 minutes. T h e  mean for the 

rise and the duration o ;Y fall would also show a yearly variation, 
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26 years of continuous observations gives 6.70 hours for the duration 
of rise. If the series is divided into two overlapping 19-year groups, 
1898-1916 and 1905-1923, rcspectivcly, the mean for tho first group 
is 6.72 hours and for the second grou 6.70 hours. The mean of the 

sccond 19-yenr series wns adopted for HWI and LWI it should be 
adopted hero also. 

As the duration of fall is obtained by subtracting the duration of 
rise from .a constant, 12.42 i t  is apparent that them is a similar yearly 
variation for the duration of fall. The mean for the 26 years of con- 
tinuous observations gives 5.72 hours. Dividing tho series into two 
19-year groups ns abovo the means are 5.70 hours and 5.72 liours, 
respectively. The mean of the two 19-year groups gives 5.71 hours 
for the duration of fall. The value of 5.72 hours for the second 19 
years will be adopted for the reason stated above. 

two 19-yenr groups gives 6.71 hours P or the duration of rise. As the 

4. MEAN SEA LEVEL 

The planc of mean sen level is of considernble impbrtance as a 
tidal planc, being used as a datum plane for various scientific and 
engineering purposes. Mean sen level may be defined as the plane 
nbout which tho tide oscillates or as the surface tho sea would assume 
if undisturbed by tho rise and fall of the tide. This plane may be 
determined by averaging, over a considerable length of time, the 
hourly hei hts of tho sen with reference to a bench mark on shore. 

be of interest to note what variations take place betwoen the different 
periods and the length of series necessary to give a well-determined 
sen level plane. 

The variation in sea level a t  Presidio from day to day for a typical 
summer month is shown in Tnble 6. The values of sea level in this 
table were derived b averaging the 24 hourly heights of the tide for 

TABLE 6.-Daily sea lcoel on slaJ,Tl Presidio, San Francisco, Calij.l June, 1980 

Inasmuc Ei 1 as sea level is €requently used as n datum plane i t  will 

each day, and are re 9 erred to the fixed tide staff a t  Presidio. 

Feel 
8.42 

8. s3 
8.52 

8.4s 
8. 36 
8.31 
8.42 

a 48 

a 40 

a 40 

Fett 

8 56 
8.66 
8. 50 

8.84 
8.18 
R 18 
8.32 
8.M 

aM 

a m  

a43 I 

Peel 
8. 61 
8.65 
8.81 

8. 74 
8.90 

8.80 
8.65 
8 76 

a a3 

a 81 

- 
a 70 

It is readil seen from Table 6 that thero is a material variation 

of 10 days each, there still exists a variation between the means of 
these groups. The maximum variation between rtay 2 days within 
the month amounts to  0.78 foot, which conclusively proves that sen 
level determined from only 1 day of observationd furnished a poorly 

from day to  c r  ay in sea level, and if the month is divided into groups 
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determined datum plane. Variation in sea level from day to da may 
be due to varying meteorological conditions or to the so-calle B long- 
period tides. 

Sea level as determined from a period of a month will next be con- 
sidered. In  Table 7 are tabulated the heights of monthly sea levels 
on the tide staff for two years, 1898 and 1923, respectively. These 
heights are determined from the first 29 days of each month. 

TABLE 7.-Monthly sea level on staff, Presidio, San Francisco, Calif., 1898 and 
1923 

=I Jan. Fcb. Mar. Apr. 

1 Feel Feel Fed Feel 1 i 8we- - - -  a x  a 3 0  a 11 8.m 
1923.....1849 8.48 8.18 8.52 

Feel 8.201 Ftct 8.341 Feel 8 . 3 7 ,  I Fed 8.541 Ftef 
Feel 8.4.iI Feel 8 . 9 1  Feet 8.281 Feci 8.30 

a 3 3  844 8.54 (1.58 8.78 8.47 8. 52 

Can a well-determined sea level .datum plane bo obtnined from a 
month of continuous observations? By referring to Table 7 it is 
seen that there is still an appreciable variation in sea level between 
any two months of observations. Sea level for March, 1923, is 
8.18 feet, while for November of tho same year it is 5.78 feet, a vnria- 
tion of 0.60 foot. It is thus seen that H wcll-determined sea level 
datum can not be obtained from a month of continuous observations. 

Having found that the vnriation in sea level from day to day and 
month to month is of such size as to exclude the adoption of sea 
level datum from a day or month of observations, it  is logical that 
the vnriations in sea level from year to year should next he studied. 
Table 8 contRins tho tabulated values of yearly sea level on the tide 
staff nt Presidio for 26 years of continuous observation from 1898 
to  1923, inclusive. 

TABLE &--Sea leael on stafl, Presidio, Sun Fra~tciaco, Calif., genrly means, 
1898-1 923 

I t  might reasonabIy be expected that a year of continuous observa- 
tions would furnish a fairl well-determined plnrie of sea level. But 
such is not tho case as wi i 1 be seen by referring to Table 5. If sea 
level were determined from the observations during the year 1913, it 
would he 8.51 feet on the staff at Presidio, whereas if 1914 were 
selected the plane would be 8.81 feet, giving a variation of 0.30 foot 
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between the two years. Thus it is seon that a well-determined sea 
level plane can not be obtained even from a year  of continuous 
observations. For the sake of convenience the tabulations in Table 
8 have been arranged into tw6 groups of 13 years each. The mean of 
the first grou1,;898-1910, gives 8.52 feet for sea level while the mean 
of the secon roup gives 8.59 feet. It will be observed that even 
with series of t ose lengths variations still exist but fortunately the 
variation is not as large as before, amounting to but 0.07 foot. If a 
mean of the entire 26 years is taken, the plane of mean sea level is 
8.55 feet on the staff at Presidio. Dividing the 26 years of observa- 
tions into two overlapping 19-year groups, mean sea level for the first 
group, 1898-1916, is 8.54 feet and for the second group, 1905-1923, is 
8.57 feet on the staff a t  Presidio. The variation between these two 

Taking a mean of the two groups gives 8.555 
feet, which may bc taken tu a well-determined value of mean sea level 
for Presidio. 

During the 26 years of observations sea level was lowest in 1898 
with a value of 8.30 fwt, and highest in 1914 with a height of 8.81 
feet. The value for 1914 is principally affected by the extreme height 
of 9.16 feet for December of that  year. It is recorded that during 
that month the tides werc unusunlly hi h and that theKey-route Ferry 

their flawpoles in ortlcr tg avoid striking the sheds in their slips on 
the Oakfand side. 

Meteorological conditions vary from ear to year and these 

able to conclude that the variation in the hei ht  of sea level shown 
in Table 8 is due primaril to varying meteor0 ? ogical conditions. It 
is not evident as yet whet 3 ier tho variations in sea levol from year to 
year ossess any periodicity, but i t  is found that the variations from 

found that mean sca level is lowest in the s ring with a minimum 

generally in September or October. 
It has been shown that there is a variation in mean sea levol even 

when determined from a numbcr of years of observations. Continual 
changing of the datum of incan sea level as additional Observations 
become available is extrcmely bothersomo to the engineer and for 
this reason the United Stntes Const and Geodetic Survey has adopted 
a stantltird sea-level datum a t  Presidio of 8.519 feei; on the tido staff 
of 1897. This plane is based upon 16 years of continuous observations 
from 1898 to 1913. ’ 

r o u p  is but 0.03 foot. 

steamers between Sail Francisco and % akland were obliged to shorten 

variations are refiectcd by changes in sea 9 evel. Thus i t  is reason- 

mont R to m o n h  eshibit considerable peridoicity. At Presidio i t  is 

generally in April or May, and highest in tho P all with the maximum 

5. THE PLANE OF HALF-TIDE LEVEL 

Half-title lcvel, also callcd mean-tide levcl, may bc defined (LS a 
plane lying exactly halfway between the lancs of mean high water 
and mean low water. The planes of 1iaPf-tide level and inean sea 
level would coincide if the rise of mean high water above sea level 
werc exactly equal to the fall of mean low water below sea level. 
But for the 2G-year pcriod at  Presidio tho rise of high water is 0.11 
foot reater than tho fall of low watcr. Consequently i t  follows that 

nearcst hundredth the plane of hnlf-tide level may be taken as 0.06 
the p 7 ane of half-tide level lies 0.055 foot above sea level, or to the 
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foot above mean eea levol. The planes of half-tide level and mean sea 
level are frequent1 used.= if there were 110 difference between the 
two. For practica s purposes this may be permissible but for the sake 
of clearness the two must be distinguished. 

The yearly variations in half-tide level from 1898 to 1923, inclu- 
sive, aro presented in Table 9. 

I 
I 
I 

TABLE g.--Half-tide level Presidio, S a n  
1898-1 92s 

Francisco, Calij., yearlg means, 

.Feel 
ti. 38 
8.30 
u. 58 
8.61 
8.82 
8.55 
8.67 
8.70 
8. 04 
8. 72 
8.49 
8. no 
8.49 

8.61 

FCcl 
8. R7 
8. s i  
8.69 
8.90 
8.76 
8.58 
8.53 
8. 74 

8. b7 
8.62 
8.58 
8.65 

8. rfi 

8.04 

6. THE PLANES OF HIGH WATER-AND LOW WATER 

It is quite generally known that the height of 110th hi@i and low 
water varies considerably from day to  day, high water being notice- 
ably higher and low water lower during one period of the month than 
during another. These variations in the height of high and low 
water from day to day are due primarily to the varying positions of 
tho moon relative to the earth and sun. When the moon is new and 
full, high water rises higher and low wnter falls lower thnn usual. 
The tides occurring during these phases of the moon are known aa 
s ring tides. When the moon is in its first and third quurters and 

low water is less than usual. In  a like manner, high water rises higher 
and low water falls lower tlian the average a t  the times when the 
moon is in erigee. When the moon is in apogee the riso nnd fall is 
less than t K e averaee. Besides theso variations from day to day, 
changes in the moon s declination also bring about a difference in the 
heights of the two high waters and two low waters of a day. It is 
seen that all of these variations are due to astronomic causes, but 
apart from them there is also a variation, brought about by varying 
rnetcorological conditions. Thus it is seen thnt there may be various 
planes of high and low water, their respective designations being 
mean high water and mean low water, spring high water and spring 
low water, neap high water and neap low water, perigean high water 
nnd perigean low water, apo can high water and apogean low water, 

low water, and some arbitrary storm high water or low water. Sbith 
so man various planes in use it is apparent that the term “high- 

be prccise the exact high or low water plane refcrred to should ge clefi- 
nitely designated as “mean high water” or “higher high wnter,” etc. 

t e e so-called nenp tides occhr, the rise of high water and the fgll of 

higher high water and lower ! ow water, lower high water and himher 

water p 9 ane” or “low-water plane” is ambiguous nnd confusino. To 
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It is often desirable to know the average height of high and low 

water. These values are readily obtained by averaging the heights 
of the high and low waters, respectively, over a considerable period 
of time. 

Due to the diurnal inequality a t  Presidio there is a wide, variation 
in the heights of the two high and two low waters of each day. This 
is shown in Table I, columns 7 and 8, in which the heights of high and 
low waters are tabulated for each day of the month for June, 1920. 
The heights of both high and low waters in this table have been 
referred to standard sea level which reads 8.519 feet on the staff. 

Table 10 contains the tabulated month1 means of both high and 
low waters for the years 1898 and 1923. d x s e  means are for groups 
of 29 days beginning with the 1st day of the month. 

TABLE 10.-Mean high water and mean low water, Presidio, S a n  Francisco, Calif., 
month1 y means, 1898 and 1 D W  

MEAN BIOE WATER ON STAFF 

Year Jan. Fob. 

Frtf  Fed 
1898 _ _ _ _  10.30 10.35 
1023 _ _ _ _  10.51 10.47 

Mnr. Apr. Mny Juno July Aug. Sopt. Oct. Nov. Doc. Moan 

Fed Fed Feel Feet Fed Feet Feet Feet Fret Feel Fed 
IO. 12 10.09 10.22 10.39 10.41 1O.M 10.61 10.30 10.38 10.34 10.34 
10.18 10.53 10.38 10.50 10.58 10.59 10.78 10.77 10.Y7 10.00 10.66 

-------~ - ---- 

MEAN LOW WATER ON STAFF 

Table 10 reveals the fact that there is considerable variation in 
the monthly means of both high and low waters. Inasmuch as high 
and low water oscillate about mean sea level it is evident that any 
variation in mean sea level will cause a variation in correspondin 

illustrate this point. 
b The yearly means of both high and low waters for 26 years, 1898 
to 1923, inclusive, are tabulated in Table 11. 

high and low water means. A comparison of Tables 7 and 10 wi 1 

TABLE 11.-Mean high water and mean low water, Presidio, S a n  Francisco, Calif. 
yearly means, 1898-19.93 

- 
Menn low wntor on stnR II Moan hlgh wntor on stnff 

18g8 ............ 
1.8 Be... ......... 
1800 ............ 

1800 ............ I 
1W7. _ _ _ _ _ _ _ _ _ _  _I lea.. ....... 
1m.. .......... 
1910 ............ 

Fed 
10.34 
10.45 
10. M 
10.48 
10. 80 
10. M 
10.04 
10.71 
10. 03 
10.08 
10.50 
10.55 
10.45 

101 I...  ......... 
1912 _ _ _ _ _ _ _  -. . _ _  
1013 ............ 
1014 ............ 
1015 ............ 
1017 ............ 
1018 ............ 
1010 ..___. ~ ____. 
1020 ............ 
1921 ............ 
1m ............ 
102). ........... 

loin-.-- _ _  _ _ _  -. 

FCtl 

10.64 
10. w 
IO. 80 
IO. 07 
10. M) 
10.47 
10.71 
10.03 
10. I 
IO. 02 
10.67 
10.5u 

ia e1 

............ I ............ 
IW 
I O  
1910.. - - _ _ -  ~ - - - -  

1011 I ............ 
1012 ............ 
1013 ............ 
1014 _ _ _ _ _ _  _ _ _ _ _ _  
1015 ............ 

Ftrt I 
6.38 1 

0.03 
0.87 (1U10 ............ 
e.70 ! 191 7 ............ 
0.08 i u m  ............ 
O.tI5 1' 1010 _ _ _ _  _ _ _  __.__ 

1021 ............ 
............ 

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

Feet 
0. 74 
0. 69 

7. MI 
0.86 

(I. 60 

0. O i  
&MI 

0. 50 
0. 54 

n. nz 

0.07 

e. 77 

0.172 
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It is seen from Table 11 that there is also n variation in the early 
means of both high and low waters. By a comparison of Ta g les 8 
and 11 it is evident that the fluctuations in mean sea level account 
for most of the variations in the high and low waters. 

1898 to 1916 and 1905 to 1923, respectively, t g e means for t e high 
water are 10.57 and 10.60 feet, respectively, on the staff at Presidio. 
A mean of the two 19-year groups gives 10.58 feet on the staff for 
mean high water. 

For the low waters the mean ef the first 19-year group ives 6.64 
feet, while the second group gives 6.66 feet on the staff. !'he moan 
of tho two 19-year groups gives the value of 6.65 feet as the height 
of mean low water on the staff a t  Presidio. 

It is occasional1 useful to know the relation of mean high and low 
water to sea level For this ur  ose Table 12 is presented. This 

ard sea level. As previously stated, standard sea level at  Presidio 
is 8.519 feet on tho staff. 

rpsl Dividing the 26-year series into two overla ping 19-year 

table contains the yearly mean R. ig R and low waters referred to  stand- 

Mean high wnter above standard 808 level Mean low water below standard sea levcl 
-. 

Year 1 D ; g ~ l l  year - ] G i r F  
Feet 

2.00 
2.02 
2 02 
2.28 
2. 15 
1. MI 
1.9s 
2.19 

, 2 1 1  
2.00 
2. 10 
2.05 
2.04 

Mean ....I 2.m Mean ....I 1.93 j J  

1 

Peel 
1.78 
1.93 
1.80 
1.62 
1.07 
I. 85 
1.93 
1.76 
1.85 
1. 80 
1. Bo 

1. 88 

1.84 

I. sa. 
- 

The variations in Table 12 arc the same as in Table 11 because a 
constant has been used in obtaining the data in Table 12 from 
Table 11. It should be borne in mind that Tablc 12 is referred to  
standard sea level and not to the If it  is 

order to eliminate the variation due to fluctuation in mean sea level 
from year to year, i t  is only necessary to subtract the values of Tablc 8 
from corresponding values of Table 11. 

If the high water values in Table 12 are divided into two 19-year 
groups-that is, 1898-191G and 1905-1923, respcctively-the means 
are 2.05 feet and 2.08 feet, respectively. A mean of the t,wo groups 
gives 2.06 feet for the height of mean high water above standard 
sea level. 

For the low waters the mean of the first 19-year group gives 1.88 
feet, while the second 19-year group gives 1.86 feet. A mean of the 

enrly menn sea level. 
desired to rcfcr the mean high and 9 ow waters to mean sea level in 
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two 19-year grou s ves 1.87 feet for the depression of mean low 
water below stan f f  ar sea level. 

A study of the monthly means of mean high and low waters and 
mean sea level discloses the fact that the annual variations in the 

This 

high water and low water is directly due to the variation in the plane 
of mean sea level. 

The lanes of spring high water and s rin low water are deter- 
mined y averaging over a considerable en t of time all the high 
and low waters, respcctivcly, that occur at  t e time of spring tides; 
that is, when the effects of tho new and full moon are grfatest in 
increasing the range of the tide. As before mentioned, s ring tides 

This 
lag in the occurrence of spring tides with reference to new or full 
moon is known as the phase ago of tho tide and will be considered 
later in connection with the other “ages” of the tide. 

in determining the heights of spring high and low 

which fall nearest the time obtained by adding the phase age of tho 
tide to the times of new and full moon. Thus for any month there 
will be but four heights each entering, respectively, into the deter- 
mination of the spring high water and spring low water for that 
month. Since these heights are affected by the moon’s parallax, 
declination, and any accidental meteorological conditions, it follows 
that the monthly means may differ considerably. Thus it is apparent 
that the determination of these planes with any degree of precision 
from high and low water observations requires a series extending 
over a number of years. From a single year of observations (1895), 
which have been reduced for the phase tides s ring high wnter on 

The plane of standard sea level reads 8.52 feet on the staff, consc- 
quently the plane of spring high water as determined from the 
observations of 1808 is 2.17 feet above standard sea level and the 
plane of spring low water 2.43 feet below standard sea level. 

From the fact that the planes of mean high and low waters exhibit 
the same annual variations as that of mean sea level it is reasonable 
to conclude that the planes of spring high and low water will do 
likewise. 

The planes of spring hi h and low water mayalso be derived from 
the harmonic constants \y means of the formulae dovelo ed by 

method of direct tabulation, but the results €rom the harmonic con- 
stants may difl’or a little from tho results of the direct tabulation. 

For Presidio there are at  hand the computations of nonliarmonic 
uantities from harmonic constants for a period of six years during 

%e period 1904-1913. From these computations the plane of spring 
high water is 2.34 €cot above standard 6ea level, while that of s ring 

and mean low water closoly resemble 
of mean sea level. High water and low 
April and highest in September. 
the annual variation in the height of 

t ? #  
occur a little after the times when tho moon is new or Y ull. 

waters to take t 7 e two consecutive high or low waters, respoctivoly, 
It is customa 

the Presidio staff r e d s  10.69 feet and spring P ow water 6.09 feet. 

R. A. Harris.’ This method requires considerably lcss time t P inn the 

low water is 2.23 feet bolow standard sea level. Giving the B eter- 
1 Manual of Tldw, Part 111, U. 8. Coast and Qwdetlo Burvey report for 1884, p. 144. 
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minations from the series of six years a weight of six the lane of 
spring high water may be taken as 2.32 feet above stan B ard sea 
level and the plane of spring low water 2.26 feet below standard sea 
level. 

The planes of neap high and low waters are derived by substituting 
in the preceding paragra hs relating to  spring high and low waters 
the moon’s first and thir B quarter for the new and full moon. For 
the one year of direct tabulation, 1898, tho plane of neap high water 
is 1.41 feet above standard sea level and the plane of neap low water 
1.76 feet below standard sea level. From the harmonic constants 
for six years the plane of neap high water is 1.60 feet above while 
the plane of neap low water IS 1.49 feet below standard sea level. 
Giving a weight of six t o  the values from the six-year series a mean 
of the two determinations gives 1.57 feet above standard sea level 
for the plane of nea high water and 1.53 feet below standard sea 
level for the plane o P neap low water. 

When the moon is at  its least distance from the earth tho high 
waters are hi her and the low waters are lower than the average. 

the high waters are lower and the ow waters are higher than the 
average. These periodic variations in the moon’s distance from the 
earth give rise to two other sets of tidal planes which are known, 
respectively, as the planes of erigean h g h  and low waters and 
a ogean high and low waters. there  is usually a lag in these tides 

gean and a o ean tides occur about two days after the corresponding 

and apogean tides available for Presidio but these planes have een 
determined from the harmonic constants for six years, 1904-1913. 
For the perigean tides these results give 2.39 feet for the height of 

erigean high water above standard sea level and 2.16 feet for tho 
$e ression of perigean low water below standard sea level 

$or the a ogean tides the results are 1.69 feet for th i  height of 

de ression of apogean low water below standard sea level. 
&he moon moves in an orbit which makes an average angle of 

approximately 2 3 x 0  with the plane of the E uator. Thus the moon’s 
declination is constantly changing, varying P rom zero to a maximum 
north and south declination, the comploto period being about 27 
days. This periodic change in the moon’s declination gives rise to 
four tidal high water and four tidal low water planes, namely, the 
planes of higher high water, lower hioh water, tropic higher high 
water, and tropic lower high water, ana lower low water, higher low 
water, tropic lower low water, and tropic higher low water. These 
datum planes are called declinational planes since they depend on 
the moon’s declination. The average height of the higher of tho two 
high waters of each day over a considerablo period of time determines 
the plane of higher high water, while the average hei ht of tho lower 

wnters, the average height of tlle lower of tho two low waters of each 
day over a considerable period of time determines the plane of lowor 
low water, while the average height of the hi.gher determines the lane 

high water are determined, respectively, hy areraging the heights of 

B Conversely, w a en the moon is at  its reatest distance from the earth 

w K ich varies for different localities. At Presidio, for example, peri- 

positions o F B  t e moon. There are no direct tabulations of pori ean % 

apogean hig g water above standard sea level and 1.59 feet for the 

determines the plane of lower high water. Similar f y with tho low 

of higher low water. The planes of tropic higher high and f ower 
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%he highor hi h and lower high waters that occur a t  the times of 

moon's extreme north and south declinations. In  a like manner, the 
planes of tro ic lowor low and higher low water are determined, 

low waters that occur at  the times of tropic tides. 
As before mentioned, the diurnal inequality in the height of the 

tido at Presidio is considerable, come uently the declinational datum 
planes are of material im ortance. !Chis is illustrated by columns 

of a day being well marked. 
The variations from month to month in higher high water and 

lower low mater are given in Table 13 for two years, 1898 and 1923. 
Theso monthly means are for groups of 27 days, the first and last 
days of the 29 day group being omitted. 

TABLD 13.-Higher hi h water and lower low water, Presidio, San Francisco, 

tropic tides; t E at is, the tides occurring fortnightly at  the time of the 

respoctively, E y averaging the heights of the lower low and higher 

7 and 8 of Table 1, the di ff orence between the two heights of the tide 

t a l i j . ,  monthly means, 1898 and 1923 

IIIOLIEH i m H  WATER ON STAFF 

Apr. Moy ' June July AUK. If3opt. Oct.. 

Feet Feet Feet Feet 1 Fttt I Feet' Feet 
10.59 10.00 11.17 11.18 11.20 10.94' 10.74 
10.81 10.82 11.14 11.28 11.22 11.21 11.W 

---- --__---- Yonr \ Jon. I Fob. Nov. Doc. 

Fe?t Feet 
10.08 11.14 
11.33 11.20 

1808 .... 11.12 11.02 
1923.-.. 11.12 10.95 I I 

- - 
Mor. 

Feet 
10. &5 
10.49 
- 

= 
Moan 

Fed 
10.97 
11. OB 

, 
of Table 13 shows that there is considerable varia- 

of higher high fa te r  and lower low wator from 
It is thus seen that a declinational datum plane 

based upon only one month of observations ives but a rough approxi- 
mation. This is of special interest on tho fJacific coast, as the plane 
of lower low water is frequently used as a datum plane and is the 
datum plane to which the soundings on the United States Coast 
and Geodetic Surve Charts me referred. 

With this in minJ i t  will be of interost to noto what, if any, varia- 
tions there are from year to year. This can be done by a study of 
Table 14, which contains the yearly heights of higher high water 
and lowor low water for 26 years of continuous observations from 
1898 to 1923, inclusive. 
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Higher hlgh wnter on staff 

TABLE 14.-Higher high water and lower low water, Presidio, Sun Francisco, 
calif . ,  yearly means, 1898-1983 

Lower low anter on stoff i 

Feet 
5.40 
5.30 
5.31 
h. 70 
6.01 .. . . 
6. 40 
5. 41 
5. Bs 
6. 03 
6.67 
6.62 
5. 03 
5. 67 

From Table 14 it is quite evident that there is a variation from 
year to year in the declinational tides. For the higher high water the 
greatest difference in the height between any two consecutive years is 
0.28 foot while the variation between any two years within the 
series amounts to 0.46 foot. 

As a matter of convenience in compiling Table 14 the 26-year 
series has been divided into two 13-year grou s. It will be seen that 

from the second group HHW is 11.20 feet, giving a variation of 0.09 
foot between two 13-year series. I t  has been shown that a series 
of 19 years gives a mean value. Dividing the 26-year series into two 
overla ping 19- ear series, 1898-1916 and 1905-1923: respectively, 

A mean of the two 19-year s e i k  gives 11.16 feet as tlie%eight of 
HHW on staff. 

Lower low water also shows ti variation between the yearly means. 
For any two consecutive yenrs the variation is as much as 0.41 foot 
while for any two years within the series the variation amounts to as 
much ns 0.58 foot. The two 13-year groups give heights of 5.50 and 
5.53 feet, res ectively, with a variation of 0.03 foot. If the 26-year 
series is divi cp ed into two overlapping 19-year series as was done with 
the HHW, the heights of LLW on the staff for the two scrics are 5.49 
and 5.52 feet, respectively. A mean of the two 19-year series gives 
5.50 feet as the hei h t  of LLW on staff. 

It has previously % een mentioned that the plune of mean lower low 
water is the datum plane for the United Stntes Coast and Geodetic 
Survey charts on the Pacific coast. Lower low wntcr has been shown 
to vary from year to year, but i t  is very bothersome to have a datum 
plane changed from time to time as additional observations became 
available. For this reason the Cotist and Geodetic Survey has 
adopted a standard lower low water plane of 5.55 feet on the staff of 
1897 a t  Presidio. This plane is based u on 10 years of observations 

difference between the adopted standard lower low water plane and 
the plane determined from 26 years of observations. 

the mean for the first of these groups gives If HW ns 11.11 feet while 

the va P ues of a 6 W are derived as 11.15 and 11.18 feet, res ectively. 

from 1897 to 1907. I t  will be observe 0 that them is but 0.05 foot 
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Table 15 is here presented to show the relation of higher high 
water and lower low water to standard sea level. 

TABLE 15.-Higher high water and lower low water, referred to standard sea level, 
PTesidio, San Francisco, Calif., yearly means, 1898-1923 

11 
. . . __ - - - -- -. 

Higher high water nbove stsndurd sen level Lower low water below standard sea le,vel 

Feet I 
2.50 
2. 62 

2.45 I 

2. 50 
2.05 
2.70 

2 M 
2:59 1 
2.55 , 

2.60 I 
2.00 I 

Feet 
2.70 
2. BR 
2. a4 
2.91 
2.78 
2.81 
2.57 
2 8.5 
2.08 

2.64 
2..59 
2.54 

2. 81 

19-year series gives 3.02 feet QS the height of LLW 
sea lovel. 

From the two overla ping 19-year series of observations the plane 
of higher high water Hes 0.58 foot above the plane of mean high 
water. The plane of lower high water lies as much below the lane 
of mean high water as the plane of higher hi h water is a f ove; 
honce, the plane of lower high water a t  Presidio 7 ies 1.48 feet above 
the lane of standard sea level. 

T i e  plane of lowor low water for the same series lies 1.15 feet below 
mean low water, convequontly the plane of higher low water will lie 
1.15 feet above the plane of mean low water. Thus the plane of 
hi her low water lies 0.72 foot below standard sea level. 

$here are no dircct tabulations of the tropic planes available, 
but these planes have been determined from the harmonic constants 
for six years, period 1904-1913. From these results the plane of 
tro ic higher hi h water is 2.70 feet and tho plane of tropic lower 

%he plane of tropic lower low water is found to be 3.53 feet below 
standard sea level while the plane of tropic higher low water is derived 
aa 0.08 foot above standard sea level. 

Data pertaining to oxtromo tidos are frequently dosired by tho 
enginaer and contractor as a guido for various ro'ects. In this 

tides that have been observed but also tho average of such tides 

hi R water 1.41 9 eet above standard sea level. 

connection it is ofton desirable to know not only the R X  ig est and lowest 
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that are likely to be encountered. These tides suggest the adoption 
of two other planes of considerable im ortance, and since these 

designated as storm high water and storm low water. I t  is evident 
that the effect of storms in raising or lowering the height of the water 
will be greater a t  times of spring or perigean than it will at  times of 
nea or apogean tides, consequently it is seen that the plane of storm 
h ig i  or low water must be rather arbitrarily defined. As here used 
the plane of storm hi h water for any given year is determined as the 

a like manner tho plane of storm low water for any given year is 
determined as the average of the 12 lowest waters of that year, 1 for 
each month. I t  might reasonably be assumed that these planes 
would exhibit very material variations from ear to ear as only 12 
heights enter into the determination of t i l r  e year y values. An 
inspection of Table 16, however, shows that there are no great 
variations from year to year, in fact the variations are quite con- 
sistent with those occurring between .the yearly means of other tidal 
planes. 

TABLE 16.-Yearly extremes, Presidio, Salt Francisco, Calif., 1898-1925 

STORM nIOH WATER ABOVE STANDARD SEA LEVEL 

abnormal tides usually occur as the*resu P t of storms they may be 

average of the 12 hig % est waters of that year, 1 for each month. In  

Date 
Jan. 14 _ _ _ _ _ _ _ _ _ _ _ _  
July 13 __________._ 
Dec. 25. _ _ _ _ _ _ _ - - _ _  
Dee. 18, 17........ 
Jon.% _ _ _ _ _ _  _ _ _ _ _ _  
Jnn. 3, Dec. 24 _ _ _ _  
Fob. 25 - _ _ _ _  ~ _ _ _ _ _ _  
Nov. 18 _ _ _ _ _ _ _ _ _ _ _  
Dec.6 _____..___ - _ _  

Year 

Fed 
4.4 
4.1 
4.2 
4.9 
4.9 
4.7 
4.4 
6.2 
4.5 

Fed 
a. 9 
4. 'I 
4.7 
4.4 
3.9 
4.0 
4.2 
1.2 
4.0 
4.0 

4.1 

Jan .4  _ _ _ _ _ _  _ _ _ _ _ _ _  
Dec.23 .______---__ 
Fob. 10 _ _ _ _ _ _ _ _ _ - _ _  
NOV.,~  _ _ _ _ _ _ _ _ _ _ _ _  

Feet 
3.67 
3.01 
3.m 
3.92 
3.80 
3. G9 

a. 79 
3.70 
3. Go 
3.68 
3.47 

3.40 

a. 44 

4.1 
4.7 
4.6 
4.0 

I-- 
NOV. in ,  1918 _ _ _ - _ _  I 5.2 

STORM LOW WATER BELOW STANDARD SEA LEVEL -- 
Year I Average I Loweat \I Year I Average I Lowest 

Date 
'Jan: 20,21_______._ 
Fob. 8. _ _ _ _ _ _ _ _ _ _ _ _  
May 28,29, Dec. 6. 
May 19 _ _ _ _ _ _ _ _ _ _ _  
J u n e 7  _________._ _ _  
Juno 26,28. _ _ _ _  ~ _ _  
Jan. 4, 6... _ _ _ _ _ _ _ _  
Dec. %,a, 27. _ _ _ _  
NOV. 18 _ _ _ _ _ _ _ _ _ _ _  
Juno 28 _ _ _ _ _ _ _ _ _ _ _  ~ 

J8n.6: ... _ _ _ _ _ _ _ _ _  
Nov. 27. _ _ _ _ _ _  _ _ _ -  
Dee. lo-.- _ _  - _ _ _  _ _ _  

Fut 
6.2 
6.1 
4.6 
4.9 
4.0 
4.0 
4.8 
4.7 
6.0 
4.6 
6.0 
6. 2 
5.1 

Fed 
4.34 
4. €4 
4.30 
4.10 
4.27 
4.60 
4. I 
4.03 
4. M 
4.28 
4.01 
4.03 

4.04 

Dote 
June  20,27 _ _ _ _ _ _ _ _  
nec. 25 _ _ _ _ - _ _ _ _ - _ _  
Jan 22 23 _ _ _ _ _ _ _ _ _  
Junb 8'9, Nov. 18. 
Juno 26. ~ ~ _____.__ 
May 'Bl--------.-- 
J R ~ .  22. _ _ _ _ _ _ _ _ _ _ _  
May 11 _ _ _ _ _ _ _ _ _ _ _  
Nov. Q, Dec. 8 __._ 
Jan. 6 _ _ _ _ _ _ _ _  _ _ _  _ _  
June 8, Dec. 15,lO. 
Jon. 12, 13, Moy, 

11, Nov. 19 _ _ _ _ _ _  
Doc. 9 _ _ _ _ _ _ _ _ _ _ - _ _  

Feet 
4.9 
5.3 
4.9 
4.6 
6. 1 
4.9 
4.9 
4.6 
4.7 
4.8 
4.3 

4.4 
6. a 
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Table 16 contains the storm hi h and low waters for every year of 

the series. The second and sixt % columns give the average height 
of the 12 monthly highest and lowest waters for each year, reckoned 
above standard sea level for the storm high water and below standard 
sea level for the storm low water. The date and height, referred to 
standard sea level, of the highest and lowest tide for each year of 
the series are given in columns three and four, and seven and eight. 
For convenience the serics has been divided into two 13-year groups 
and at  the foot of the table there are given in columns two and SIX 
the mean of the storm high or low water for each group, while in 
columns three and four, and seven and eight. there are given the date 
and height of the highest or lowest tide in each 

The mean for the first 13-year grou gives n 

group tho mean is determined to be 3.65 
storm high water above standard SO& f evel. 

the two 13-year Groups being but one-tenth of a foot. A mean of the 
entire 26 years gives 3.60 feot as tho height of tho lane of storm high 
water above standard sea level. The highest tide $ uring the 26 years 
of observation occurred November 18, 1918, the height being 5.2 
feet above standard sea levcl. 

For the storm low water tho mean of the Grst 13-year group is 
4.18 feet below standard sea level, while themean for the second group 
gives 4.22 feet, a vnriation of but 0.04 foot. Taking a mean of the 
entire 26 years tho plane of storm low water is determined to be 
4.20 feet below standard sea level, The lowest tide observed during 
tho serics occurred on December 25, 1912, and December 9,1923, tho 
hei ht  on both dates being 5.3 feet below standard sea IovoI. fi should be noted that thoso heights aro roferred to standard' 
sca lcvel, a &xed datum with a height of 8.519 feet on the st& at  
Presidio. 

In order to show the hoights of storm tides above or bolow the 
datum of soundin s on the bnited States Coast and Geodetic Survey 

the same as in Tablo 16 but tho hei hts &re roforred to  the datum 
plano of standard lower low water w E ich i s  5.55 feet above tho zero 
of the tide staff at  Presidio. 

charts Table 17 is e, ere presented. In  this table the data is arranged 

TABLE l'l.--Yearlg ezlremes, Presidio, San Francisco, Calif., 2898-1983 

STORM HIGH WATER ABOVE BTANDARD LOWER LOW WATER 

Year Avorago l- 
Dole 

July 1 , 2 , 3  _______. 
Jan. IO.. _ _ _ _ _ _ _ _ _ _  
Jan. 2 _____._______ 
Jan. 3 _ _ _ _ _ _ _ _ _ _ _ _  ~ 

Doc. 16, 16 _ _ _ _ _ _ _ _  
Jan. 13 _ _ _ _ _ _ _ _ _ _ _ _  
Dec. 7 _ _ _ _  ~ _ _ _ _ _ _ _ _  
Nov. 28,27 __._____ 
Mar. 12 ... _ _ _ _ _ _ _ _  
Jon. 14 _ _ _ _ _ _ _ _ _ _ _ _  
Fob. 2 _ _ _ _ _ _ _ _ _ _ _ _ _  
Jan. 21 _ _ _ _ _ _ _ _ _ _ _ _  
Jan. 23 _ _ _ _ _ _ _ _ _ _ _ _  

FCc( 
6. M 
0. 58 
0. M 

0. 83 
QBB 
6.43 
6.78 
6.73 
0. b7 

0. 44 
8.41 NOV.9 _____..._ --:I 7.0 

a 89 

8.65 

Dllte Fed 
Jan. 14 _ _ _ _ _ _  ~ ____. 7.4 
July 13..-. __._____ 7.1 
Deo. 26 _.___.._____ 7.2 
DW. 16, 17 _-_____. 7.9 
Jan.29 _ _ _ _ _ _ _ _ _ _ _ _  7.9 
Jan. 3, Doc. 24 _ _ _ _  7.7 
Fob. 26 _ _ _ _ _ _ _ _ _ _ _ _  7.4 
Nov. 18 _______.___ 8.2 
Doo. 6 ____.__._____ 7.6. 
Jan. 4 _______._____ 7.1  
DW. I _.___..._.-_ 7.L 
Fob. 10 _.__________ 7.6 
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STORM LOW WATER BELOW STANDARD LOWER LOW WATER 

Dote 
Jnn. 20 ,21_________  
Feb. 8 _.___ ~ _ _ _ _ _ _ _  
Mny 9.29, Dec. 6. 
May 19 _ _ _ _ _ _ _ _ _ _ _  
June 7 _ _ _ _ _ _ _ _ _ _ _ _  
June 25,26 _ _ _ _ _ _ _ _  
Jsn.4, 6-: __.______ 
Dec. 26.26.27 _ _ _ _ _  . .  
Nov. 18 __.________ 
June 26-. - _ _ _ _ _ _ _ _  
Jsn. 6 _ _ _ _ _ _ _ _ _ _ _ _ _  
Nov. 27 .________ _ _  
Dec. 16 _ _ _ _ _ _ _ _ _ _ _ _  

Fed 
2 2  
2.1 
1.6 
1.9 
1. e 
1.6 
1.8 1 
2.0 
2 2  
2.1 I 

Feet 
1.37 
1.69 
1.39 
1.19 
1.30 
1.53 

1.00 
1.07 
1.32 
1.04 
1.08 
1.07 

I. m 

IDec. 25, 1912 _ _ _ _ _ _  
LDec. 9, 1923. _ _ _ _ _ _  

From Table 17 the mean of 13 years of observation 1898-1910, 
gives a value of 6.52 feet for the height of storm high water above 
standard lower low water, while for the second 13 years 1911-1923 
the mean is determined to be 6.62 feet. For the entire series of 
26 years the mean storm high water is determined to be 6.57 feet 
above standard lower low water. The highest tide durin . f the .2! 
years of observations occurred November 18, 1918, its heig t bem, 
8.2 feet above standard lower low water or in other words at  the time 
of the highest tide a t  Presidio the water stood 8.2 feet above the 

lane of lower low water used as the datum on Coast and Geodetic 
urvey charts. 
Storm low water for the 13 years 1898-1910 is determined to be 

1.21 feet below standard lower low water while for the second 13 
years of the series, 1911-1923, the mean is 1.25 feet. The mean 
of the entire 26 years of observations gives a value of 1.23 foet as 
the depression of storm low water below standard lower low water. 
The lowest tide a t  Presidio occurred on two different datcs, namely, 
December 25, 1912, and December 9, 1923. On these dates the low 
water fell 2.3 feet below the datum plnne of standard lower low 
water, or it  might be said that on these dates at  the times of lowest 
tide the water stood 2.3 feet below the plane of lower low water used 
as the datum on Const and Geodetic Survoy charts. 

i3 

7. THE RANGE OF THE TIDE 

The ran e of the tide is the difference in height between high 

the positions of sun and moon relative to the earth. t the time 
of spring tide and perigean tide the range is increased while a t  the 
time of neap tide and apogean tide the range is decreased. The 
various ran es of the tide ma thus be classified in a manner similar 

neap range, perigean range, apogean range, and several kinds of 
tro ic ranges. 

$he variation in the range of the tide a t  Presidio from day to 
day for a typical summer month is shown in Table 1. The varin- 

K water and 7 ow water. I t  varies from day to day due rimarily to 

to that use i for the datum p P anes, giving mean range, spring range, 
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tion from year to  year mny be obtained by subtracting the vearl 
means of low wnter from the corresponding yearly mean of hig 
water in Table 11 , or by adding the yearly values of mean low water 
below standard sea level to the corresponding yearly values of mean 
high water above stnndnrd sea level in Table 12. These results are 
given in Table 18. 

21 

E 

TABLE 18.-Yaorly m e a t i  range, Presidio, Sa71 Francisco, Calif., 1898-1983 
. -- 

Tenr Year (Mean (Moan// .- 
Fret 

3. w 
3. w 
3.87 
3. 94 
3.87 
3.87 
3. 94 
4.04 
3.87 
3.00 
4. w 
3. w) 
3.92 

Ful  
a. 87 

9.82 
3.80 
3. a2 
3.83 
3.88 
3.95 
3.97 
4.03 
4 .00  
3.88 
4.02 

a. 9s 

The range of the tide exhibits from .year to yenr a change which 
occupics a period of about 19 yaars and is duo to the variation in the 
lon tude of the moon's node. This brings nbout a chnnge in the 

of the lunnr orbit to the lane of the earth's oquator, 
which passes through a cycle varying rom a minimum of 18.3: to a 
maximum of 28.6' nnd thcn back to a minimum of 18.3' again, the 
average period of this vnriation being 18.6 years. The tidal forces 
me Jess thnn the nvoruge at the time of maximum inolination, and 
hence the range of the tidn is less t,h'an the average a t  such times. 
Similarly, the tidal Eorcts are greater thnn thc avorage when the 
lunar orbit has its minimum inclination, and a t  such times the range 
of the tide is greater than the avernge. Thus, i t  is seen that if a 
series of 19 ycnrs cnn be obtained this variation should be eliminated. 
The 26 years of observations a t  Presidio peimit of two overlapping 
19-year groups, 189s-1916 and 1905-1923. The mean range for 
the first 19-year group is 3.93 feet, while for the second i t  is 3.94 feet. 
A mean of t.he two overlapping 19-year periods gives a mean range 
of 3.93 feet. 

The corrcctcd menn range for each year may be obtniried by 
multiplying the mean range as directly obtained from the tabulations 
by factors F(Mn) devised to take account of the variation in the 
longitude of the moon's node. These results are given in Table 19. 

P incinntion fl 

f Manunl of Tides, Part 111, by R .  A .  Harris (Unltod Btatas Coast and Oeodotlc Survey Report for 
ISM), p. 247. 
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TABLEI l9.-Yearly corrected mean range, Presidio, san Franci(lW, calif., 1898-1993 

PCd 
3.88 
3.80 
3.94 

3.81 
3.80 
3.87 
3.97 
3.92 
3.87 
4.04 
3.82 
3.80 

3.93 

3. ne 

Ped 
3 . M  
4.01 
3. Bo 
3.86 
3.87 
3. f!A 
3.89 
3.94 
3.94 
3. 87 
3.93 
3, Bo 
3.98 

A study of Tables 18 and 19 brings out some significant facts. 
As previously stated the variation in the longitude of the moon’s 
node should cause a periodic variation in the uncorrected mean range, 
but Table 18 containing the uncorrected mean range shows no such 
periodic variation except for the last few years or from about 1914 
to the end of the series. The corrected mean ran e should be a mean 

feet as determined from two overlapping 19-year periods. An in- 
s ection of Table 19, however, shows that there is still considerable 
Ectuation between the yearly values of the corrected mean range 
and that the values do not show the approximation to the mean value 
expected. It will be of interest to ascertain just what results are 
obtained by correctin the mean range for the longitude of the moon’s 
node. Throughout &o entire series of 26 years It is found that for 
7 different years tho uncorrected mean range gives better r03Ulti3 
than the corrected, on 14 different years the corrected mean range 
gives better results than the uncorrected while on the remaining 5 
years the corrected and uncorrected values are the same. Thus it 
b seen that during a period of 26 years a t  Presidio the corrected 
values of mean range give better results for 14 different years but 
fail to improve upon the uncorrected values for 12 different years. 

The results denved above indicate that for certain localities correct- 
ing the mean ran e for the longitude of the moon’s node doos not 

value. In  fact, it  has been shown 
that approximately onl 50 per cent of the mean range values at 
Presidio ar0 improved z y applying the factor F(Mn) to them and 
furthermore about 27 per cent of tho time tho corrected values ive a 

dirunal inequality is small the application of the factor F(Mn)  has 
been shown to give a satisfactory mean range. Consequent1 the 
frtilurc of the correcting factor to ive entirely satisfactory resJts  a t  

ine uality at  that place. 
?he various rangos previously mentioned are readily determined 

by obtaining the difference in height between the corres onding high 

tions which are self-ovidcnt as, for exam lo, the mean, spring, nea 

value and consequontly should approximate close 5 y the value of 3.93 

always give a wel-determined P 

poorer determination than the uncorrected. For tides in whic % the 

Presidio must be attributed in a B arge measure to tho large diurnal 

and low water datum planes. A number of. these ranges g ave designa- 

perigean, and apogean ranges, but it will B e well to define some of t I!’ e 
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others. Thus, the great diurnal range is the distance between the 
mean higher high water and mean lower low water; the small diurnal 
range is the distance between mean lower high water and mean higher 
low water; the eat tropic range is the distance between tropic higher 
high water an f tropic lower low water; the small tropic range is the 
distance betweon tropic lower hi h water and tropic higher low water; 
the storm ran e is the distance % etween storm t.11 h ,water and storm 
low water; an the greatest ran e is the distance etween the hi hest 
observed high water and the owest observed low water. %ese 
various ranges are compiled in Table 20. 

 TAB^ 20.-Rangea of the tide, Preeidio, San Francisco, Calif. 

4 8 

Daslgnatlon I Feet I1 Designallon I Feet 

8. DIURNAL INEQUALITIES 

It has been shown that there is a material variation between the 
heights of the two high waters, and the low waters of each day at 
Presidio, hence the diurnal inequalities are of considerable importance. 
The diurnal high water ine uality is derived by subtractin mean high 
water from mean hi her%gh water. Similarly, the %iurnal low 

from mean low water. 
The variations in high and low water diurnal inequalities from 

ear to year may be derived by takin the corres onding differences 

water inequality is o Q tained by subtracting mean lower low water 

getween the values of Table 11 and rf: able 14. .I% ese results for the 
years 1898 to 1923, inclusive, are given in Table 21. 

TABLE 2l.-Diurnal inequalities, Premdio, San Francisco, Calif., yearly means, 
1898-19W 

Diurnal hlgh wator inequaltty Diurnal low wator lnogualltp 

Y W  Year I DHQ Y W  Year 1 DLQ 1 DHQ 11 
FCCl 

0.03 
0.82 
0.00 
0. w 
0.66 
0. M 

0. b5 
0.w , 
0.02 I 

1911 _.___.__.___ 
1912 .... _ _ _ _ _ _ _ _  
1913.. _ _ _ _ _ _ _ _ _ _  

Fed 
0.61 
0.83 
0.83 

1914 _ _ _ _  ~ .______ 0. 83 
1916 _ _ _ _ _ _ _ _ _ _ _ _  0.03 
1918 _.__________ 0.83 
1917 _ _ _ _ _ _ _ _ _ _ _ _  0.82 
191 8... _ _ _ _ _ _ _ _ _  0.86 
lOl0 __--_._-____ 0.67 
1920-. --_._-- _ _ _  0.54 
1921 ____.______ ~ 0.54 
19 22... . _____. _ _  0. M 
1923 ... .________ 0.50 

Fed 
1.22 
1.14 
1.06 
1.03 
1.02 
0.91 
0. Qo 
0.88 
I. 08 
1.08 
1. 17 
1.21 
1. n 

Fed 
1.28 
1.29 
1.31 
1.28 
1.24 

1. 18 
1.11 
1.04 
0.99 
1.00 
0.90 
0. w 

1. ai 



Correctod dlurnsl high rater lnoqunlily 

Year 1 DUQ. /I Ye8.r DIIQ. --- l- 
0. 02 
0.03 
0.02 
0. u5 
0: 05 
0. 02 
0.00 I 

’ 

0. 60 
0. Id 
0.58 II 

Corrected diurnal low anter lnoquallty 
----I-. ---- 

Yew Pear DLQD 
-- 

E’ed 
0. 60 
0.50 
0.54 
0.57 
0.57 
0.50 
0. Bo 
0.07 
0.02 
0.01 
0. 04 
0.05 
0.80 

0.00, 
- 

Feel 1 I .  17 
1.14 
1.11 
1. 16 
I .  10 

1.15 
1. 10 
1.21 
I .  10 
1.10 
1.17 
1. 10 

1.17 

1. io  

’ 

I_ 

, 

It is of interest to note that the “Factor 1.02 F,” has not com- 
letely eliminated the, yearly variations in the diurnal inequalities. 

Between two consecutive years there remains n varintion ns much as 
0.07 foot for the DHQ, wliilc for an two yetm within the series a 
variation as large as 0.13 foot is i o u n J  For the DLQ, there is found 
a variation of 0.06 foot between two consecutive years, whilc if any 
two years within the series is taken the variation nmy be as lar e as 
0.10 foot. It should be observed howevcr t h t  the corrections P lave 
eliminated any periodic variation and consequontly the remaining 
fl actuations must be due to meteorological conditions. 

~ 

t R. A.  Harris, Xlanunl of Tides, Pakt 111, United States Coast and Qeodctic Surrey Report for 1894) 
P. ux). 
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9. TIDAL. TIdRMONIC CONSTANTS 

of the hourly 
ordinates of the tide a t  Presidio have been determined for six years, 
1904, 1905, 1906, 190-7, 1908, and 1913. Each year was based upon a 
series of 369 days beginning with the 1st of Januar The results 

The 

local meridian. J d h e s  inclosed in parentheses have been inferred. 

T A B L E  23.--Harnionic constants, Presidio, San Francisco, Cahj.  

Tidal harmonic consfnrnts from harmonic analysis 

for thcse six-years-of analysis are 
amplitudes are ex ressed in feet, an 

in the ta %- le below. 
epochs are referred to the 

Sa. _.________-_-_--____________ 
S6a ____.______ ~ ___._.__________ 

I €I Component 
I- - 

0.110 
0.154 

K 

Degrees 
147 
336 
246 
112 

104 
335 
2 4  
311 

(82) 

24 

04 
304 

.. __ 
Series, 1Qoc1813: length, 0 years. 

A number of tidal characteristics may be readily derived from the 
harmonic constants by means of the formulae given in Harris's 
Manual of Tides. 

Thus the ages of the tide are det'ermined from the following for- 
mulae : 
Phase ago, in hours - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - = 0.984 (13," - Mz") 
Parallas age, in hours _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  = 1.837 ( M Z " - " ~ ~ )  
Diurnal age, in hours _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  =0.911 (K,"-01")  

The phase age of the tide is defined as the time that elapses between 
full or new n?oon and the spring tides, or the time that elapses be- 
tween tho moon's first and third quarters and the near tides. Sub- 
stituting the values of the harmonic constants from Table 23 in the 
above fonnula the phase age of the tido a t  Presidio is derived to be 
4.9 hou13. 

The parallus ago of the tide is defined as the time by which the 
perigean and apogean tides follow tho corresponding positions of the 
moon. Tho abovu formula gives 47.8 hours for the parnllux uge of 
the tide at Presidio. 

The diurnal ago of the tide is defined as the time by which the tropic 
tides follow the moon's semimonthly maximum north or south decli- 

- 
4 For a dotdlod dlscusslon of hnrinonlc snnl sis 8ce Harmonic AnalyYls and Prediction of Tidrs by PaU 

Bohuromao, Unltotl RtatoS Court und Oeodetrc Survoy. 
'Ibld., p. 334. 



I 
Ro. 2.-Mar@mI, Presidio, Ssn FmncIsm, Calif., November a, 19 lO 
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nation. The diurnal age of the tide at Presidio as derived from the 
above formula is determined to be 15.5 hours. 

Tho type of the tide at Presidio may be inferred from the harmonia 
constants by the ratio of Kl+O to H2+S,. Substitutin the con- 
stants frop Table 23 it is found that the ratio ie 0.90. h e n  the 
ratio is between 0.25 and 1.25 the tide ie of the mixed type, conse- 

e. 

hei hts of high and low water is large. 
'!he order of occurrence of the tides may also be determined from 

the harmonic constants. The formulae entering into this detormi- 
nation arb rather involved and will not be re roduced here but can 
be found lin Harris's Manual of Tides Part R (Coast and Geodetio 
Survey Report for 1894), pa e 146. li\hese formulae give the order 

water, lower low water, lower high water, higher low water. 

uently the t ide,at  Presidio is deduced to be of the mixed t 
%his is albo borne out by the fact that the diurnal inequality in 9K t e 

of occurrence of the tide at  B residio to be as follows: Higher high 

10. METEOROLOGICAL AND SEISMOLOGICAL EFFECTS 

Winds and sudden barometric ohanges ma exert a marked in- 

effects may be sufficient to completsly mask the tide, while in other 
localities, where the tidal range is ap reciable, the effects are suffi- 

and depressions and thereby robably reversing t e direction of the 
current for short intervals. % he effects of these nontidd forces are 
frequently quite evident from a marigram. 

A very good illustration is found on the marigram from the Presidio 
tide gauge for November, 1910. Figure 2 is taken from a tracing of 
this tide roll and shows the hour1 variations in the tide on November 

to ri ht, represent the hours of the day beginning with midnight. 
The %oup aro thus numbered consecutively to 23 to eliminate all 
uncertainty as to whether morning or afternoon is meant.' :'Refer- 
ring to (he figure it is noticed that there is a marked jog in the 
curve between 4 and 5 hours. During these hours the water surface 
was suddenl elevated approximate1 0.6 foot in a period of about 10 

were tendin to lower the water surface. After a few minor oscilla- 

mg before the abrupt elevation, the water surface ra idly dropped 

immediatply began to rise again. These sudden elevations and de- 
pressions of the water continued about every 25 minutes over a 
period of ,about 6 hours after which the gradually died out. Mark- 

rent. In  some instances the effect may be sufficient to temporarily 
reverse the current in the Golden Gate. 

Climatological records from the United States Weather Bureau 
clearly indicate that these disturbances were meteorologjcal. Figure 
3 is R copy of the bar0 am obtained at the San Francisoo office on 
Novembw 21, 1910. This curve shows the variations in the RU 
pressure in inohes of mercur from midnight to midnight on tho 
day indicated. It is noted tgat there is R sudden drop in the air 

fluence upon the water surface. Where the ti B a1 range is small these 

cient to mate'rially affect the water su $ ace, causin sudden elevations 

21,1910. In  this figure the num 5 ers from 0 to 23, increasing from left 

minutes, &n CY this occurred on a fa 5 ing tide when the tidal forces 

tions, proba E ly due to the continuation of the small oscillations exist- 

back approximately 0.8 foot in about 15 minutes an if then-almost 

ed oscillations of this character probab 9 y materially affect the cur- 

B 



FIG. 3.-Barogram, San Francisco, CalU., Nomubet 21,1910 
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pressure between 4 and 5 a. m., followed by n rapid rise to nbout 
6 a. m., after which there nre several much smaller variations. These 
fluctuations occur about tho same time as thoso noted on the mari- 
gram, the sudden drop in pressure between 4 and 5 a. in. beisg 
reflected by a sharp rise in the water surface between the same hours. 
The extent of the pressure drop was nbout 0.14 inch which in itself 
was insufficient to cause a 0.6 foot chnnge in water level. It is 
probable that the water surface was affected to a greater extent by 
the sudden wind from the south which accompanied the dro in the 
baromoter. The variations of the wind at  San Francisco on govern- 
ber 21, 1910, as obtnincd from the anemometer records of thoGnited 
States Weather Bureau are tabulnted below. These tabulations in- 
clude tho hourly wind velocity in miles with corresponding prevailing 
direction. 

Hourly wind velocity and direction, San Francisco, C d i j . ,  November $1, 1910 

horn 

Bourly wlnd voloclty 
(mlles) ______._______ ~ -__.  

Prevoiling hourly wlnd 
dlroctlon -..... _ _ _  _ _ _  - - _  ~. 

a 
Eorirlp wlnd velocity 

(rnlles) _ _ _ _  ~ _ _ _ _ _  - _ _ _ _ _ _  _. 
Provalling hourly wind 

direction - - - - - - ~ - - - - __ -  - _. 

- 
2 
- 

2 

9 w 
-_ 

A .  &I., hour ending- 

3 4 6 0 7 8  

- 
__._ - 

2 4 1 1 1 1  0 3 

s \ v  s s XU’ NW N 

P. M., hour euding- 

I __ 

9 10 11 

3 3 4  

S N W  NW 

2 

8 - 
Referring to  the data above i t  is seen that until 3 a. m., on Novem- 

ber 21, 1910, the wind wns blowing from the northwest with a velocity 
of 2 miles. Between 3 and 4 a. m., it shifted to south, the velocity 
increasing to 4 miles. During the next hour, 4 to 5 a. m., the pre- 
vailing direction romaincd south and the velocity continued to in- 
crease, the avera e velocity for the hour bein It will bo 

a sharp rise in tho water surface and the barogrnm gave a sudden drop 
in air pressure. During the next hour the wind mnintaincd a velocity 
of 11 miles but the wind shifted buck to northwest. 
this period, 5 t o  G a. m., that tho water surface dro 

wind lu P led Considerably with the prevailing direction sllifting occa- 
sionally as shown in the above data. From the climatological records 
it appears orident that tho sudden fluctuation in the water surfaco 
shown in Figure 2 must be attributed to the sudden drop in tho air 
pressure and tho accompanying sudden wind from the south on that 
date. 

With regnrd to the effects of earthquakes upon son level i t  is found 
that the water surface may be affected by a shock in the immediate 

11 miles. 
noted that i t  was Et etween 4 and 5 a. m., thnt t K le marigram indicnted 

fi 
the air ressure underwent a corresponding rise. If ter (i a. m., the 

It was durin 
ad rapidly an 

42412-2Zt-i 
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vicinity or by one which is thousands of miles away. The amplitude 
of the water oscillation is dependent to a large cxtent upon the inten- 
sit of the shock, the displacement of the sea bottom. and the magni- 

Figure 4 shows the efiect of the destructive California earthquake 
of April 18, 1906, upon the mnrigram a t  the Presidio title station. 
I n  this figure the hours of the day are numbered consecutively from 
0 to 23 to eliminate any ambiguity as to whether a. m. or p. m. is 
meant. Although the earthquake occurred on April 1s around 
5 a. m., the tide curve is given for several dnys prior to nnd one day 
after that date to show the normal fluctuation recorded by the 
gauge. 

From 12 noon to bctween 17 and 18 hours on A ril 15 the curve 
is smooth. A little before 18 hours on the 15th a &ght disturbance 
was recorded which incrcnsed in magnitude until about noon April 
16, after which i t  slowly diminished but continued to prevail until 
the time of the shock on April 18. These fluctuations were probably 
due to an imperfect oscillation ncross tho Golden Gut0 set up by the 
wind. The effect of the shock is shown on the marigram shortly 
after 5 a. m. on A ril 18, thc curve showing a depression of the 
water levcl in tho cp olden Gnto slightly in excess of 4 inches. This 
depression of the water surface did not begin instantancously with 
the earthquake, but followed after an intervd'of about 9 or 10 
minutes. Tho minor vertical movement during the drop in the love1 
of the water wns probably duo to tho continuation of the oscillations 
existing before the shock. 

The record shows that the lowering of the water lasted about 9 
minutes, after which i t  immediately began to recover and rose to its 
normnl level without minor oscillntions in about 7 minutes. That 
the movement was not periodic is indicated by the fact that  tho 
depression was not followed by a complementary rise of the water 
surface. 

It is to be noted that the amplitude of the wind oscillation which 
occurred several days roater 

attributed to the fact that in the fault of April 18, 1906, the move- 
ment was chiefly horizontal. The vertical component of the dis- 
placement WRS quite small and consequently the resultant sea wavo 
was practically insignificant. 

The effect of an earthquake in a distant part of the Pacific Ocean 
upon the wnters in the Golden Gate is shown by Figure 5 .  The tide 
curves in this figure were copiod from tho marigram obtained a t  the 
Presidio tide station and show the fluctuations produced by an oarth- 
quake off the coast of Chile on November 11, 1922. 

From computations based on the records from numerous scattered 
seismographs i t  a pears that this earth unke occurred on November 

of CarriznI, Chile. 
Tho inarigrnm for Presidio shows that the first seismic sea wavo 

arrived at that  station about 10.20 a. in., one hundred and twentieth 
meridian west, or G.20 p. ni., Greenwich civil time. Thus the timo 
of t,ransmission of thc soa wave was about 13 hours and 47 minutes. 
Figurc 5 also shows that tho oscillations at Presidio reached a maxi- 
mum amplitude about 11 hours after the first disturbance with a 

tu B e of the vertical component of the earth movement. 

rior to the earthquake is at  times 
than the water distur E ance caused by the earthquake. $his is 

11, at  4.33 a. in. ( e reenwich civil time), B t o origin being in the vicinity 
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range of more than 1 foot. The principal oscillations had a period 
of from 30 to 40 minutes and ersisted for several days with gradually 

November 14. 
diminishing amplitude, fina P ly disappearing from the record on 

As San Francisco is about 4,890 nadtical miles from Carrizal it may 
appear unusual that  the Chilean earthquake should affect the water 
in the Golden Gate to a greater extent than the disastrous California 
earthquake of April 18, 1906. This is readily explained however, by 
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the fact that the California shock consisted primarily of a horizontal 
displacement while the Chilean earthquake of November 11, 1922, 
was a submarine disturbance in which the vertical Component of the 
displaccment was considerable. When there is a vertical displace- 
ment, one ortion of the sea bottom is dropped relative to an adjacent 
portion an! the ensuing displacement of the prism of water over tho 
region affected generntcs a periodic wave. The amplitude of thls 
wave is dependent upon the amount of the vertical component. 
If this is considerable the amplitude of the resulting wave is apt to 
be  large. 

11. SUMMARY OF TIDAL DATA 

For the sake of convenience the results derived slid discussed in 
this section have been compiled in one table and the results are 
tabulated below. The more frequently used constants given in this 
table are based upon 26 ymrs of observations while others are based 
upon shorter series and still others are derived from harmonic con- 
staiits. Since each of the constants given in Table 24, howcver, has 
been discussed separately in this section, the basis for tho deter- 
mination of each value given in the table may be ascartained by 
referring to the proper paragraph. 

TABLE 24.-Tidal data, Presidio, San Francisco, Calij. 

TIME RELATIONE 
Hours 

High-water interval- - - - _ _  _ _  _ _  - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  11. 67 
Low-wnter interval ________________________________________- - - - - - -  4. 97 
Duration of rise ________________________________________- - - - - - - - - -  ti. 70 
Duration of fall _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - - - - - - - _  5. 72 
Phase n g e _ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  4.9 
Parallax a g e - - - - - - - - - - - - - - - - - - - - - - - - - - - _ - - _ - - - - - - - - - - - - - - - - - - - - - -  47. 8 
Diurna lage- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -_- - -_- - - - - - - -  15. 5 
Sequence of tides is H H W  to LLW. 

RANGES A N D  INEQUALITIES 
Foot 

Mean range - - - - - - - - - - - . - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  3 . 9 3  
Great diurnal range _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - - - -  5. 60 
Small diurnal range _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - - - -  2. 20 
Great tropic range _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - - - - -  6. 23 
Small tropic range _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ^ _ _ _ _ - - - - - - - -  1. 33 
Spring range _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  = _ _ _ _ _ _  4. 58 
heap range _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - - - - - - - - - - - -  3. 10 
Perigean r a r i g c - - - - - - - - - - - - - - - - - - - - - - - _ - - - - - - - - _ - - - - - - - - - - - - - - - - - -  4. 55 
Apogean range _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - - - - - - - - -  3. 28 
Storin r a n g e _ - _ _ - _ - - - , - _ - _ . - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  7. 80 
Greatest range _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - - - - - - - - -  10. 5 
Diuriial high-water inequality- - - - _ _ _ _ _ _  _ _ _ _ _  _ _ _  _ _ _ _ _ _  _ _ _  - _ _  _ _  _ _  _ _ _  0. 58 
Diurnal low-water inequality- - - - - - - - - - - - _ _  - _ _  - - - - - - _ - - - - - - - - - - - - - 1. 15 

Rntlo 
S iring ranyetmcaii range- - - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  1. 10 
rfcap range+-mean range- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.79 
Perigean rangesniean range _ _ _ _ _  _ _ _  . . . . . . . . . . . . . . . . . . . .  _ _ _ _ _ _ _ _ _ _ _  1. 16 
Apogean rangetmean range _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  0. 83 
Great diurnal ranyci-incan range _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  1. 44 
Great tropic rangesincan range _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  1. 59 
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HEIGHT RELATIOXS 

Mean high water above standard sea level _ _ _ _ _  - - - - - - - - - _ _  _ _  - - - - - - - - - 
Mean higher high water above standard sea level- - - - - - _ _ _ _ _  - - - - - - - - - 
Mean lower high water above standard sea level- . . . . . . . . . . . . . . . . . . . .  
Tropic higher high water above standard sea level--- - - - - - - - - - - - - - - - - - 
Tropic lower high water above standard sea l e v e l _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Spring high water above standard sea level _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
h e a p  high water above standard sen IevelL- _ _  - - _ _  - - _ _ _ _ _ _ _ _ _ _ _ _  _ _  _ _ _  
Perigean high water above standard sea level- - - - - - - - - - - - - - - - - - - - - _ _  - 
Apogean high water above standard sea level _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _  
Storm high water above standard sea level _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Highest high water above standard sea level _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Storm high water above standard LLW _ _ _ _ _ _ _ _  _ _  _ _  _ _  _ _ _ _ _ _  _ _ _ _ _  - _ _ _  
Highest high water above standard LLW- - - - - - - - - - - - - - - - - - - - - - - - - - - 
Half tide level above mean sea level ______._____________^___________ 

Mean low water 1,elow standard sea level- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _  
Mean lowcr low water helow standard sea level _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ - _ _ _ _  
Mcan higher low water below standard sen level-- _ _ _ _ _ _ _ _ _ _ - _ - - - _ _ _ _  
Tropic lower low water below standard sen level _.__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Tropic higher low water above standard sea level - - - - - - - - - - - - - - - - - - - - 
S ring low water below standard ma level _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  _ _  
Pfenp low water below standard sen level _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Perigean low water below standard &ea levcl. - - - - - - - - - - - - - - - - - - - - - - - - 
Apogean low water below standard fiea level _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Storm low water Iwlow standard sen level- - - - - - - - - - - - _ - - - - - - - - - - - - - - 
Lowest low water l ~ A o w  .itaudard sea level- _ _ _ _ _ _ - _ _ _ - - _ _ _ _ _ _ _ _ _ _ _ _ _  
Storm low water I~elow standard LLW-- - -. _ _ _  - - - - - - - - - _ _  - - - _ _ _  _ _  - - - 
Lowest low water bclow standard LLM7-- - - - . . . . . . . . . . . . . . . . . . . . . . .  - 
Standard HCU level 011 ntnff of 1807 (16 years) ____.___________________ 

Mean sea level on staff of 1897 (20 years) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - - - - -  
Standard lower low watcr on staff of 1807 (10 years) _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ -  
Mean lower low water on staff of 1897 (26 years) - - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

Fact 
2. OB 
2. 64 
1. 48 
2. 70 
1. 41 
2. 32 
1. 57 
2. 39 
1. 69 
3. GO 
5. 2 
G. 57 s. 2 
n. 06 
i: 87 
3. 02 
0. 72 
3. 53 
0. 08 
2. 28 
1. 53 
2. 16 
1. 59 
4. 20 
5. 3 
1. 23 
2. 3~ 
8.519 
8.555 
5. 55 
5. 50 

TIDAL DATA FOR SAN FRANCISCO BAY AND TRIBUTARXES 

12. GENERAL REMARKS 

ive the tidal characteristics in the different parts of 
San Franciscogay and its tributaries and to show the location of 
the various tide stations, the bay as a whole has been nrbitrnrily 
divided into seven unequnl segments. These segments are desig- 
nated QS follows: 1, Approaches to San Francisco Bay; 2, Golden 
Gate; 3, South San Francisco Bay; 4, North San Francisco Bay; 
5, San Pablo Bay arid tributaries; 6 ,  Carquinez Strait; and 7, Suisun 
Bay and trihutaries. 

Por each segment there is presented a fi ure which covers the 

stations in that area. Ttese stations are indicated by means of 
circles with designative letters. The tidal data for cach of these 
various sections of the bay are presented in the form of tables. 
These tables of tidal datu give the station letter ns shown on the figure 
for the corresponding section, the name or location of tho station, 
the period during which the ohservations were made, the length of 
the observations, the high-water and low-water lunitidal intervals, 
the duration of rise, and the mean range of the tide. 

Unless otherwise noted all intervals and ranges in these tables 
have been reduced to mean values by comparison with simultaneous 
observations at soine standard station such RS Fort Point, Sausalito, 
or Presidio. In some instances where there were no simultaneous 
observations for comparison tho mean range was corrected for the 

In order to 

area of thnt particular se ment and shows t F; e location of the tide 
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longitude of the moon's node. Wherever the mean ran e has been 
thus corrected it is indicated by the subscript c after t fl e value of 
the mean range. In using the data from the tables, consideration 
should be given to the length of observations, for obviously values 
obtained from only a day or two of observations are rather poorly 
determined and should not be given the same weight as values 
derived from observations covering a period of several months or 
more. Due to the dificulty of keeping accurate time, the time 
relations for stations derived from early observations contain an 
element of uncertainty. 

It should be noted that, in general: the direct difference between 
the lunitidal intervals a t  two stations does not give the diiference in 
time of tide a t  the two stations. If the two stations hnve tho same 
longitude the direct difference of the intervals gives the difference 
in time of tide, but when the stations have different longitudes it is 
necessary to a plv a correction for this difference. In  explaining 
this method o r  obtaining the time difference it is convenient to  
select one station as tho reference station. Let the longitude in 
degrees of this reference station be called L, and the longitude of the 
secondary station L,, and consider west as positive and east as 
ne ative. The differcnco in time of tide at  the two stations expressed 
in 1 ours is then given by the following formula: 

tide occurs lator at  t h o  secondary station than at  t P 10 reference 

Timo difference = (I,,  - I,) + 0.069 (L,, - L,) 

in which I, and I,, are, respectivoly, the intervals in 1ioui.s a t  the 
reference and secondary stations. i f  tho final result is ositive, the 

station, while if the result is minus, the tide occurs earlier a t  tho 
secondar~~ station. 

13, THE TIDE IN THE APPROACHES TO SAN FRANCISCO BAY 

Tho approaches to San Francisco Bay for the purposes of this dis- 
cussion may be considered as extending from southenst Fnrallon 
Island to tho cntranco to Golden Gate or to a line drawn from Point 
Bonita to Mile Rock. The location of the tide stations in this section 
aro shown in Figuro 6. 

The tidal data for the stations shown on Figuro G arc prcscntcd in 
Table 25. 

TABLE 25.--l'idnl data, approaches to S a n  Francisco Bay 

Gcrics 

I 
Location tion 

~ 

Soutlienst Fnrnllou Islnud. Mny-Oct., 
IiodooCovo __._____ ~ _ _ _ _ _  1 hlnr .- Apr ., 

~~~ ~ 

Thh intervals and ranges for stations A and 13 wore reduced to 
mean values by comparison with simultaneous observations at  Fort 
Point arid Sausalito, rospoctively. 

Cotidal lines indicate that the tide sweeps in toward Sun Francisco 
Bay nearly parallel to tho coast line and this is supported by the data 



FIG. 6.-Tide stations, approaches to San Francisco Bay 



FIG. 7.-Tide st_ntions, Golden Gate 
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Sta- tlon 

from Table 25, the lunitidal intervals indicatin that the tide occurs 
earlier at  southeast Farallon Island than at  Ro % eo Cove. 

Referring to Fi ure 6 it  is seen that there is a shoal extending across 
the entrance to bolden Gate. Grudual shifting or changes in this 
shoal probably cause changes in the character of the tide in Golden 
Gate and San Francisco Bay. 

The mean range at  southeast Farallon Island, station A, as derived 
from observations made in 1855 is 3.46 fcot, while at  Rodeo Cove, 
station B, observations mado in 1895 give a mean ran o of 3.73 feet. 
It should be noted, however, that the data for Rodeo 8 ove arc based 
upon only two days of observations. 

14. THE TIDE IN THE GOLDEN GATE 

San Francisco Bay communicates with tho Pacific Ocean through 
a strait, the Golden Gate, the northern shore of which is bold and 
rugged with cliffs rising abruptly from the water's edge to heights of 
over 600 feet. 
As here defined Golden Gate comprises tho area between lines 

drawn from Point Bonita to Mile'Rock on the west and Sausdito 
Point to North Point on the east. At tho western end the width be- 
tween Point Bonita and Milo Rock is 1% nautical miles and from this 
it contracts to less than seven-eighths nautical mile between Lime 
Point and Fort Point while its length as defined above is between 4 
and 5 nautical miles. Considerable depth can be carried throughout 
the strait, the depths increasing from loss than 23 fathoms at  the 
western end to over 60 fathoms near Point Diablo and then decreasing 
toward tho eastern end, the deeper water favoring tho northern shore. 
As the gateway to  San Francisco Bay and its tributaries, one of the 
lar e and important harbors on the Pacific coast of the United States, 

coast of America. 
The locations of the tide stations in tho Golden Gate at  which 

observations have been made are shown in Figure 7 and the tidal 

Go P den Gate ranks as one of the leading waterways on tho Pacific 

Lunltldnl later. 
vnlv 

Locstlon Serles 1 Length 1- - 

I>urfl- 
tion 01 

ri.w 

Hours 
0.75 
0.61 

0. 73 

0. 80 
0. Bo 
0.85 

0.03 

0. 50 

0. 78 

e. 70 

-- 
Feet 

4.32 
3. 08 

3.88 

3. 77 
3.56 
3 . 4 5 ~  

3 . 7 5 ~  

4. Oa 

3.03 

a. 83 

nonltn Covo _ _ _ _ _ _ _ _ _ _ _  
Point Dlnblo. ~ _ _ _ _ _ _ _  ~ 

Llme Polnt ..... _ _ _ _ _ _ _  
Fort Polnt _ _ _ _  ~ _ _ _ _ _ _ _ _  
Snusall to.... _ _ _ _ _ _ _ _ _ _ _  
Presldlo _ _ _ _ _ _ _ _ _ _ _ _ _  _ _  

Do. _ _ _ _ _ _ _ _ _ _ _ _ _ _  ~ 

North Bench _ _ _ _ _ _ _ _ _ _  
Do _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

Powoll Street Wharf ... 

LWI 

Ifourn 
4.78 
4.97 

4. 82 

5.05 
5. 37 
6.20 
4. 87 
5.52 

5.36 

5.62 

__ 
jfOUr8 

Jnnunry, 1017. _ _ _ _ _ _ _ _ _  2 days  .__._____ 11.53 
September-Novomber. 7 days.. _ _ _ _ _ _ _  11.58 

December, 1810-Jflnu- 4 days. _ _ _ _ _ _ _ _  11.05 

1800-1870 _ _ _ _ _ _ _ _ _ _  _ _ _ _  17 years _ _ _ _ _ _ _  11.85 
1878-18BB __.______ ~ _ _ _ _  (1) _ _ _ _ _ _ - _ _ _ _ _  11.87 
June-November, 1853 8 4 months.. _ _ _ _  1 2  05 
1808-10rJ ______._ ~ __.__ 20 ycnrs 11.07 
December, 1853-July, 7 months. _ _ _ _  ~ 12.16 

February-Novomber, 62 days-.. _ _ _ _ _  11.85 

September, 1805 _ _ _ _ _ _ _  2 days _ _ _ _ _ _ _ _ _  I 2  a0 

1895. 

nry, 1017. 

1854.' 

187 1. 

* Intervals bnscd upon 7 years: 1880-1883, 1887, 1888, 188% mean range bnsod upon 18 years: 1878-1800. 
8 Not compared with n stnndard stntlon. 
8 Intervnls based upon lost 10 years (1805-1823). 
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The list of tide stations included in Table 26 contains the three 
uscd as standard stations in the comparison of simultaneous obser- 
vations with other tide stations throughout the bay and its tribu- 
taries. Of thesc three stations Presidio has ahead becn discussed 

lito, will bo. taken up se arately under this section. 
The observations a t  %ort Point, Sausnlito, and the 1898-1923 

scrics a t  Presidio cach covcr a period of a numbcr of years and the 
tidal data for these stations are taken directly from the reduction of 
the observations. All the other stations in Table 26,with the excep- 
tion of the June-November, 1853, serics a t  Presidio, and the December, 
1853-July1 1854 series a t  North Bcach for which no simultaneous ob- 
servations were obtained, were compared with simultaneous observa- 
tions at  onc of the above standard stations. 

Omitting station H the observations for which covor n vcry short 
period of timo a numbcr of years ago, the data fromTnble 26 indicate 
that the tide at tho western end of the Golden Gate occurs nbout one- 
third of an hour enrlier than a t  the eastern end. I t  will be noted 
thnt the tidal data show that the tide a t  Prcsidio occurs cnrlicr than 
at Fort Point althou h from Fi uro 7 i t  is sccn that Prcsidio is cnst of 

the chnractcr of tidc nt these places. It should be noted that the 
intcrvals for Fort Point arc based upon an early series cstcnding 
from 1860-1876 while the intervals for Presidio are based upon 19 
years of observations from 1905-1923. A stud 7 of the ycarly values 
a t  Fort Point shows that the intervals for the Arst pnrt of thc scries 
are latcr than thoso for the lattcr part of the series. Furthcrmore, 
it has already becn shown in saction 2 thnt from two ovcrlapping 
19-year series at Prcsidio from 1898-1923 tho intcrvals for the 
19-year series from 1898-1916 are later than the intervals for tho 
19-ycar series from 1905-1923. Thus i t  is rcwsonnblc to conclude 
that the tide in the Golden Gate, particularily in tlic vicinity of Fort 
Point and Presidio, has under ono a chango, tho titles occurring 
earlier now than years ago. Tiis fact is furthcr borne out by tho 
June-November, 1853, series at Presidio which gives considorahly 
later intervals than the 1898-1923 series. Altliough this sories is 
not compared with a standard station i t  is basod upon four months of 
observations and should give approximato values. Thus tho relation 
shown by Tabla 26 of the tides occurrin earlier at Presidio than a t  

vations a t  the two stations and not to a truo tidal phenomcnon. 
Tho duration of rise of the tide in the Golden Gato varics from (3.5 
to 6.8 hours. 

Tho mean ran e of the tide a t  stations Ir and G niarked with the 

Table 26 shows that the mean range of tho tide in the Goldcn Gate 
varies from about 3.6 to 4.3 feet. Tho value of 4.3 feot a t  Bonita 
Cove, however, is based upon only a few days of observations during 
which thoro was a heavy swell and probably gives a range larger than 
the true mean range. 

in a previous section and the remaining two, Fort $ oint and Sausn- 

Fort Point. This rc ation hns % een brought nbout by the change in 

Fort Point should be attributed to a di B eronce in tho time of obser- 

subscript c have f )eon corrected for the longitude of the inoon's node. 
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3.77 
4.6 
3.0 
5.64 

0.67. 
I .  IO 

- - ._ 

FORT POIKT 

Tidal observations were made a t  Port Point by means of an auto- 
matic tide gauge from June 30, 1854, to November 27, 1877, but 
owing to the difficulties in operation of tide auges in earlier years 

The tidal data for Fort 8 oint as obtained from these observations 
are given in Table 27. For the sake of convenicnce the high and low 
water lunitidal intervals, the duration of rise, and the mean range havo 
been repeated. The diurnal high water ine uality has been reduced 
to a mean value by correcting i t  by the P actor 1.02 F,. This is 
indicated by the subscript c after the value for the DRQ. A number 
of the tidnl constants are based upon observations covering a period 
of 17 years or more, while others are based upon but 1 year of obser- 
vations. The series and length of observations used in the determi- 
nation of each of tho tidal constants, however, are indicated in the 
table. 

somc of-the results do not ermit of detailed i f  iscussion. 

17 (1800-1870). 
1 (July 1803-June 1804). 

1 (Aug. IO, 1876hug. 22, 

20 (1855-1874). 

DO. 

1870). 
Do. 

..... 

TABLE 27.-Tidal datu, Station D ,  Fort Point, Sun Francisco, Calif. 
-~ . - - __ - 

lIoi ht 
relntfons 

(leet) 

I T h o  I 
I &ours) 

r lations Observations (years) 
I 

Observnt ions 

High water lunitidnl Intervnl_____ _ _  _ _ _ _ _ _ _ _  _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Low wntor lunitidal interval-- _ _ _  _ _ _  - _ _ _ _ _ _ _  _ _ _ _ _  _ _  _ _ _ _ _ _ _  _ _ _ _  - 11.85 ' 17 (1800-1870). 

5. OS I DO. 
Duration of rise. _ _ _ _ _  _ _ _ _ _ _  _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  i 
Duration of fall- - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - _ _ _ _  _ _  _ _ _ _  _ _ _ _ _ _  ~ _ _  _ _ _ _  ~ _ _ _ _ _ _ _ !  E: I 2 ! 

Mean range _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  ~ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _  - 
8 rlngrange _ _ _ _ _ _ _  ~ ____________________----.- _ _  
Orent dlurnal range. _ _ _ _ _ _  - _ _ _ _ _ _  - _ _ _  _ _ _ _  _ _  _ _ _ _  _ _  
Dlurnal hlgh water Inequality _ _ _ _  ~ _ _ _ _ _  - - ~ . . . . . . . . . . . . . . . . . . . . . .  
Diurnal low water Inequality-- _ _  ~ _ _ _ _  _ _ _  _ _ _ _ _ _  ~ _ _ _ _ _ _  ~ ________.  

J enp range 

Rlghest tldo observed above mean so0 love1 (Nov. 6, l860)-----. 
Lowest tldo observed below mean Ma level (May 24,1872) ...... 

I- 

It should be noted that the tidal' data in Table 27 aro based on 
observations made a number of years ngo and consequently the values 
iven do not necessarily rcpresent the present-day characteristics. 

f n  fact, it has already been shown that the tide in the vicinit of 
Presidio occurs earlier now than i t  did a number of years ago. &ith 
regard to the mean range a study of the yearly values indicatcs that  
the range a t  Fort Point increased during the latter part of the series 
and i t  is probable that the mean range a t  Fort Point is approximately 
the same as a t  Presidio. 

The highest tide observed a t  Fort Point during the period 1860-1876 
occurred on November 5, 1869. On this date tho high water was 
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2.9 feet above mean hi h water, or 4.9 feet above mean sea level. 
For the same period t a e lowest tide occurred on May 24, 1872, 
when the low water was 3.5 feet below mean low water, or 5.4 feet 
below mean sea level. Tho greatest range of the tide at  Fort Point 
for this period is thus 10.3 feet. 

SAUSALITO 

In  1877 the tide station a t  Fort Point was transferred to Sausalito 
where obscrvations were continued from February 19, 1877, to 
Septeinber 1, 1897, by means of an automatic tide gauge. As with 
Fort Point all of the observations have not boon completely reduced; 
in most cuses, however, sufficient reductions have been made to give 
the more important tidal constants. 

In  order to make available a long series of mean sea level the 
eriod af 19 years are presented in 

with Table 8, given in section 4, the early va ues of mean sea levol, 

early values at Sausalito for a 
{'able 28. This table ives the R eights referred to tho tide staff a t  
Presidio as well as to t a e local tido staff. B combining this table 

referred to the staff a t  Presidio, are o 9, tainod for a period of 45 years. 
9 

TABLE 28.-Afean sea level, Sausalito, Calif., annual means, 1878-1896 

Year 
Reforrod 
to  Sausn- 
lito staff 

Hefurrod 
tn Pro- 

sidlo stnff 

Feef 
8.78 
8. 46 
8. M 
8. 68 
8.47 
8.61 

8. 05 
8. 52 
8.43 
8.49 
8.113 
8.08 
8.40 

8.48 
8.42 
e. 82 
8. 00 

n. 80 

n. as 

8. 35 

Mean sea level for the 19-year period from 1878 to 1896 referred 
to the tide staff a t  Sausalito is 8.39 feet. This same period referred to  
the tide staff a t  Presidio gives mean sea level as 8.55 feet, which is 
the same value as obtained from the 26-year period of observations 
a t  Presidio. 

The detailed tidal data for Sausalito as determined from observa- 
tions made during the period 1878-1896 are given in Table 29. Tho 
diurnal high-water and low-water inequalities have been reduced to 
mean values by correcting them by the factor 1.02 F,, as indicated 
by the subscript c Rftor the values. It should bo notod that all the 
tidal constants are not based upon the same length ?f observations, 
for example, the mean range is based upon observations covering a 
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Hlgh wnter lunltldnl intervals ... ~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _  
Low wntor lunltldnl intervals.- _ _ _ _ _ _ _ _ _  _ _  _ _ _ _ _ _ _ _ _ _ _ _ _  ~ _ _ _ _ _ _ _ _  
Durntion of rise-------  ~ _ _ _ _ _  ~ _ _ _ _ _ _ _ _ _ _ _  ~ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ~ 

Durntlonollnll. _ _ _ _ _ _  _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _  ~ _______, _ _ _ _  _ _ _ _ _ _  _ _ _ _ _  

period of 19 years while the spring range is based upon only 1 year 
of observation. 

TABLE 29.-Tidal data, Station E, Sausalito, Calif. 

11.07 
5.37 
6.00 
5.82 

- 
I Tim0 

relations I (hours) 

Highest tlde observed n h v e  menn sen level (Jan. 10,1878) ...-.. 
Lowest tide obsorvcd below monn so8 love1 (Juno 15,1893) ....... 5.1 

6.3 

Observntlons (years) 

7 (188W33, 1887, 1880, 1803). 
DO. 
Do. 
DO. 

- 

Observntlons (yenrs) 

10 (1878-1880). 
l(1880). 

Do. 
Do. 

1 (Issei. 
6 (1877 1885-1888). 

Ohsorvntlons 

.O (1878-1806). 
DO. 

The highest tide observed a t  Sausalito durin the period 1878-1896 

above menn high water, or 5.1 feet above mean sea level. The lowest 
tide observed during the same period occurred on June 15, 1893, 
when the low water fell 3.5 feet below mean low water, or 5.3 feet 
below mean sea level. The greatest range of the tide a t  Sausalito 
for this eriod is therefore 10.4 feet. This compares with 10.3 feet 
at Fort Faint for the period 1860-1876 and 10.5 feet a t  Presidio for 
the period 1898-1923. 

occurred on January lG, 1875, when the hig a water rose 3.1 feet 

TIDAL IIARMONIC CONSTAITTS 

Part of the observations at the three standard stations in the 
Goldon Gate-Fort Point, Sausalito, and Presidio-have been sub- 
jected to harmonic analysis. The harmonic constants derived from 
these analyses of the hourly heights of the tide are shown in Table 30. 
The am litudes are expressed in feet and the epochs are referred to  
the loca P meridian. Values inclosed in parentheses were not obtained 
directly from the analysis but wcre inferred from the other constants. 

The combined length of the series, together with the first and last 
year of the observations from which the constants were derived, is 
shown for each station. I n  combinin tho results from several 

were taken. 
analyses a t  a station the direct means o B tho amplitudes and epochs 
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TABLEI 3Q.-Harmonic constunts, Stations D ,  E ,  and F ,  Golden Gate 

0. 120 
0.055 
0.030 
1.773 
0.013 
0.077 
0. m 
0. OMI 
0.376 
0.041 
0. 764 
(0.038) 
0.377 
0. 128 

Component 

IT 

920 
363 
104 
330 
332 
25 
22 
e4 

304 
270 
89 

82 
(1% 

I 

0.404 
0. 002 
0.002 
0. 004 
0. on 
0.020 

104 1 0.371 1 100 83 0.124 82 

x15 
240 
112 
104 
835 
224 

3tatlon F, Prmldlo 

li 1 x 

1804-1913 
0 yonrs. 

A number of the tidal characteristics ma be obtained by sub- 

by R. 1. Harris . Although these formulas do not in all cases give 
as well-determined values as a good series of high and low waters, 
they do ive a number of characteristi~9 that can not easily be 

tidal data thus derived from the harmonic constants in Table 30 
are presented in the follosing table: 
TABLE 3l.-Tidal data f r o m  harmonic constants. Stations D,  E, and F ,  Golden 

stitutin the constants from Table 30 in t { e formulas developed 

obtained f rom a direct reduction 01 the high and low waters. The 

Gate - 
Stution D ,  
Fort Point 

A ogonn rnngo .....................................-...~.--.. 3.23 
0.51 

Diurod low wator lnequnllty _.___ _ _ _ _  _ _  _ _ _ _ _ _  _. . ___. _. . . . . _ _ _  1.91 
Dllrnai high wntar inequality ..... _ _ _ _ _  _ _ _ _  ___.__ ~ __..__...__ 1 

Hour8 
Phnso ago .._.__ ~ _________. ______.__ ~ ______._ ~ _ _ _ _  _ _ _ _  _ _ _ _ _ _  - _ _  
Parallex age. _ _ _ _ _ _ _  _ _  _ _ _ _ _ _ _  _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _  _ _ _ _  _ _ _ _ _ _ _  _ _  
Dlurnel age ...... .________ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _  - le. 2 

Statlon E, 
Snusalito 

Ftef 
3. MI 
5. 78 
0. 62 
4.12 
2.91 
4. 17 
3.06 
0. M) 
I .  60 

Iioura 
10.8 
49. 0 
14.0 

IHW-LLM 

Station F, 
Prosidio 

Feet 
3.87 
6. 01 
0.23 .. _. 
4. b7 
3.08 
4. bK 
8.28 
0.4K 
1. a2 

Iiourt 
4.9 

47.8 
15. 6 

[H W-LLW. 

1880-1880 
1 year. 

1804-1913 
0 yoara. 
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15. THE TIDE IN SOUTH SAN FRANCISCO BAY 

South San Francisco Bay aa hero defined includes all of that part 
of San FranciscolBay south of a line drawn from North Point San 
Francisco, to Shcllmound on the east side of the bay. I t  thus inciudes 
tho greater part of San Francisco water front as well as those of 

10 
1 - 

17.a 

\ 

FItf$.-Tldo stattons, South Snn Frenclscn Bay 

Oakland and Namoda. North of Point San Bruno the channel is 
wide and of good de th, whilc south of this point the shores aro low 

extending to tho head of tho bay. 
In Table 32 are recorded the tidal data determinod from observa- 

tions made a t  tho various stations shown in Figure 8. 

with marshes and B ats, intersected by numerous winding sloiighs 
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T A B L ~  32.-Tidal data, South Sun Francisco Bay 

Ff 
0 nf I 

A 
B 

C 
D 

E 
F 

ct 
11 
I 

J 

K 
L 
M 

N 

0 

P 
Q 
R 
S 
T 
U 

V 

W 

x 

Y 
Z 

An 
B b  

cc 
D d  
Eo 

Enst Sido.. _ _ _ _ _ _ _ _ _ _ _ _  I Sopt.-Oct., 1874 _ _ _ _ _ _  
Nnvol Trnlning Station Apr., 1020-Fob 1921. 
Northwost Point.-..--' Mny, 180bApr; 1807. 

I 

Location 

WEYT SHORE 

Mlsslon Street _ _ _ _ _ _ _ _ _  
Rincon Point. _ _ _ _ _ _ _ _ _  

Serlcs 

_ _ _ _ d o  _ _ _ _ _ _ _  _ _ _ _  _ _ _ _ _ _  I 
Polnt hvi.sndcro ... ~ ~ - - 
Point Snn Bruno .--... 
...- do _ _ _ _ _ _ _  _ _ _ _ _  _ _ _ _ _  
Polnt Snn Mntoo ...... 
Ounno Island. _ _ _ _ _ _ _ _ _  
Entrnnco Stointxrmn I 

IIours 
0. 58 
0. 62 
0.53 
6. 35 
6.52 
G . 6 4  
0. so 
0.09 

6. K2 
0. 4R 
5.80 

o. 30 

Sopt.-Dm., lt189 _ _ _ _ _ _  
Jnn., 1852-Mnr., 1853 1 
Nov., 1804. _ _ _ _ _ _ _ _  ~ _ _  
Fob.-Apr., 1872 _ _ _ _ _  ~ 

Mar.-Junc 1805-.. _ _ _  
oct., 1 9 d u n o ,  1920. 
Fcb.. 1917-Fob.. 1020. 

Feet 
4. 24 
4. 12 
4.02 
4.30 
4. 50 
4.53 
4.89 
5.80 

5. 26 
5.40 
0.08 

5. a APr.2AUR., l80f _ _ _ _ _  I 
rMny 1017-hrOV., 1010. 
Aprii, 1857.. _ _ _ _  _ _ _ _ _  
Mar.-Apr., 1857 ...... 
MnY-SoDt.. 1808 _ _ _ _ _ _  

4months  _ _ _ _ _ _  
2dnys  _ _ _ _ _ _ _ _ _  
2% mont hs.... 
2 dnys _ _ _ _ _ _ _ _ _  

Slough. - 1  . - .  
Entmnce R o ti wo o d 1 Alny, 1807-Jnn., 1800. 

Rnveriswood .... _ _ _ _ _ _ _  I Mnr., 1857-Juno,185S8. 
___.do.- - ______._ _ _ _ _ _ _  Nov., 1808 .... _ _  _ _  ~ _ _ _  
Off Cnlnvors  Polut ... Sept.-Sov., 1808 _ _ _ _ _  
Alviso _ _ _ _ _ _ _  _ _ _ _  _ _ _  _ _ _  Oct., 1808. - _ _ _ _ _ _  _ _ _ _  

I 

Slough. 

BAST BUORE I 

12 37 0.02 
0:28 1 O , i <  
0.25 0.00 
0.42 1 0.72 

0.35 
0.07 
0.07 
0.12 

Oct., 1R08 _ _ _ _ _ _ _ _ _ _ _ _  
Mny, 1897. _ _ _ _ _ _ _ _ _ _ _  
SOpt.-Sov 1898. - _ _ _  
Oct.-Xov.,~'l0W - _ _ _  _ _  
Mny, 1807. ... _. _ _ _ _ _ _  
Mfly-June, 1807..-. ~ - 
Nov. 1010-Jnn.. 1020.. 
Dcc.-Jnn., 1857-8 _ _ _ _ _  

0.41 
6.70 
G. 92 
7. 54 

SAN LEANDRO BAY 

Bay Fnrm Islnnd i Oct., 1021-0ct., IOZZ.. 

nrk Slough. 
Dunibnrton Potnt . ~ - ~ - 
Duniborton Bridge .... 
Coyota Hill Slough.-.. 
Co wte Oystcr Llousc-. 
ORMulford lnndlng.-- 
Mulford Innding.. ~ - - - - 

Grid o 

land BrldKC. 
Enst oBnny Pnrm 1s- ~ Oct., 1~80.  _________._ 
Mcrmntllo 501 Co ... _ I  Fob., 1020 _ _ _ _ _ _ _ _ _ _ _ _  

0.08 
6. 10 
0. 22 
5.03 
0.42 
0.70 

ALAYEDA I 

Munlclpnlllght plnnt..l Fob., 1920.. _ _ _ _ _ _ _ _ _ _  
Encinnl Boat Club _ _ _ _ I  l"cb.-Aug. 1805 _ _ _ _ _ _  
Pornltn Wharf _ _ _ _ _ _ _ _ _  I Mnr., 1857LJnn.. 1858. 
Narrow gauge plor-----l Fub.-Aug., 1895 _ _ _ _ _ _  

OAKLAMD IIARIIOR I 

0. 65 
6. 21) 
6. 11 
5.94 
5.80 
0. 12 

Onklnnd 5 n r  _ _ _ _ _ _  _ _ _ _ I  Mny-June, 1880 _ _ _ _ _ _  
Enst of 11 b t  tower Mny-Juno, 1012 _ _ _ _ _ _  
Sessions insln~--~:~::~' Aug.-Sopt., 1800. _ _ _ _ _  

13 months ....- 
6 dnys _ _ _ _ _ _ _ _ _  
3 dflys _ _ _ _ _  _ _ _ _  

OOAT ISLAND I 

12.37 6.83 

0.20 5.07 

0.08 6.70 

e. 54 

0.05 

0. 80 

Lunitldnl ln- 
tcrvels 

HWI LM'I 

Length 

-- 

4.83 

4.68 

4. 77 

2% months ...- 
4% months .... 
4 dnys ..-..... 
1 month ....... 
4 months .-.... 
8% months -... 
1 month .....-. 

3 d n y  ... _ _ _ _ _ _ _  
7 days _ _ _ _ _ _ _ _ _  
1 months 
7%iys-----::;: 

_ _ _ _  do .... _ _ _ _ _  
10 days _ _ _ _ _ _ _ _  
12 days. - - - - 
13 dflys .....-.. 
3% mont hs.... 

0.03 6.08 
0. 10 0.10 

11.80 6. 17 
12.27 5.87 

Iiou.ra 
12. 15 
12.02 
12.02 
12.05 
12.32 
12.22 
12. '2R 
12.22 
12.23 
11.7s 
12.03 
0.10 I 

0.17 _ _ _ _ _ _ _  
0. 73 

IIoUrJ 
5. 57 
5. 60 
5.54  
5. i o  
5.80 
5. 5s 
5. 78 
0. 13 
5. 03 
5. 23 
5.55 
0.72 

4.33' 
4.61 
4.80 

2% months ....I 0.30 I 0.33 

4 days.. _ _ _ _ _ _ _  
1% months..-. 
0 days. _ _ _ _  _ _ _ _  

11.80 5.73 _ _ _  _ _ _ _ _  _ _ _ _ _ _ _ .  
1233 6.60 

2 dnys _ _ _ _ _ _ _ _ _  0.33 0.03 

_ _ _ _ d o  _ _ _ _ _ _ _ _  0.451 0.00 

3 dnys. _ _ _ _  _ _ _ _  
1% mouths .... 
4 tiflys - - - - - -__-  
7 dflys. _ _ _ _ - - _ _  
4 dnys.. ____.__ 
2 dflys _ _ _ _ _ _ _ _ _  

' 0.08 
0.47 
0.60 
0.01 
0.08 
0.07 

I 

0.42 
0.70 
0.80 
0.50 
8. 08 
5.73 

Durn- 

-I-- 

0. 27 7. 23 0.12 1 7'44 

4. w 

All the stations in Tablo 32, with the exception of the January, 
1852-MarcI1, 1853, series at Rincon Point for which no siinultaneous 
observations were available, were reduced to mean values by com- 
Parison with simultaiieous obsorvations a t  eithor Fort Point, Sausalj to, 
O r  Presidio, but it should bo observed that a number of the series are 
based on only a few days of observations. 

Tho mean range increases from the northern par t  of the bay 
toward t.he head of t,he bay varying from about 4 eet a t  stations A 
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and H h  to approximately 6 feet a t  stations T and U near the middle 
of the section and continuing to increase to over 7 feet a t  stations M 
and N in the slouglis a t  the head of the bay. This material increase 
in the range of the tide new the head of South San Francisco Bny may 
be ascribed in part to its configuration and hydrographic features. 
It will be observed from Fi ure 8 that  the lower part of the bay shows 

Thus the tidal wave RS it advanccs up this narrowing funnellilre form 
with shoaling bottom is practical1 cooped up, thereby piling up the 
water and giving a large range. J i t h  reference to the mean range on 
the two sides of the bay it is noted that in general the range is 
on the western shore than on the eastern shore. For examp e, sta- 
tion A hns a range of 4.24.feet while station Ub has a range of 4.21 
feet, station E, 4.89 feot, station Y, 4.87 feot, station I, 6.OG feet, and 
station S, 5.94 feet, respectively. This difference in the rango of the 
tide on the two shores is due to the deflecting force of the earth's 
rotation. 

Table 32 gives the lunitidal intervals a t  station A 8s 12.15 hours 
and 5.57 hours and a t  station IJ near the head of the bay as 0.25 or 
12.67 hours and 6.60 hours, respectively. An average of tho intervals 

The 
%stance betwecn the two stations is ap roximatel 24.5 nautical 

The formula for a progressive wave is T = Using this formula i t  
is found that the tide should travorse this waterway in 1.74 hours, 
which is considerably longer than the time derived from the obserra- 
tions. Thus the tide is not of the purely progressive wave type. 

It will be interesting to see if this body of water permits of a sta- 
tionary wave. For this type of wave the formula is T =  g = approxi- 
mately 12 hours. The total length L of the bay is about 26.5 nautical 
miles and the mean depth is 17.6 feet which gives a value of 7.5 hours 
for T. This indicates that the tide is not of the pure stationary t 
but is undoubtedly partly stationary and partly progressive. $!E 
fact that the tide in South San Francisco Bay is largely of the station- 
ar type helps to ex lain the largo increase in the mean range of the 

The stations in South San Ihncisco Ba for which the hi h and 

tions covering a period of one month or more are given in the follow- 
ing table : 

T A B L E  33.-Diurnal inequalities, South S a n  Francisco B a y  

a contraction in width wit E extensive flats and a narrowing channel. 

Fer 

ives a time difference between stations A and 'IJ of 0.78 hour. 

miles and'the mean depth of South San R. rancisco IJ ay is 17.6 feet. 

a 

ti B e throughout the B ay. 

low water diurnal inequalities have been B etermined from o % serva- 

- 
Diurnal Dlurnnl 

cqunlity equnllty 

1 

Berles hlgh low Location Eta- 
tion 

- I-.- 

D UnIon Iron Works _ _ _ _  Octobor, 1018-May, 1820 

1.24 
1.45 I 1.24 
0.60 1.23 

1.24 
1. 14 

E Polnt Avlsndero-.. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  Fohruary, 1817-Feb~nry, 

1 Corrected by factor 1.02 FI. 
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With the exception of station K for which no siinultaneous observa- 
tions were available all of the inequalities in Table 33 were reduced 
to mean values by comparison with simultaneous observations a t  
Presidio. Station 1< was corrected by applying the empirical 
factor 1.02 F, to tho values as obtained from the observations. 

Omitting station K tho observations for which were mado many 
years ago, Tahle 33 shows that the diurnal high water ino unlity for 
the whole of South Sun Francisco Bay muy be taken to t 9 IC nearcst 
tenth as 0.G foot. Tablo 33 also indicates that the diurnal low 
water inequality varies from 1.1 to 1.2 fect, the inequality ap- 
parently increasing sli htly near the head of the ba 7 .  

the ran e % ctween higher high water anflower low water-is readily 
obtnines by means of tho formula G t -  Mtz.+DHQ+DLQ. From 
this formula i t  is seen that the great diurnal ran e may be derived 
by merely adding the mean range and the diurnn k inequalities. 

16. THE TIDE IN NORTH SAN FRANCISCO BAY 

Knowin the diurntt F inequalities tho reat diurna i range-that is, 

For tho purpose of this discussion North San Frnncisco Bny 
includes that part of San Francisco Bay included between a line 
drawn from Point Blunt, Angel Island, to Curlton on the south and 
(I line from Point Snn Pedro to  Point San Pablo on the north. 

Short series of titlal observations hclro been made at  a number of 
stations in' this section. Tho tidnl datn derived from these observa- 
tions are given in tho table bclow. The lunitidal intervals and 
ran es in this tablo hare been reduced to  menn valuns by comparison 
wit a simultaneous observations at a standard station. 

TABLE 34.-Tidal data, North San Francisco Bay 

Locatlon Scrles Sta- 
tlon 

- 
WEST 8110RE 

Longth 

A..... 
B..... 
C..... 
D... .  
E..... 
F..... 
O.... 

Durn- 
lonor 
rise 

IIoura 

6.65 

6. 35 
8. 66 

0. w 

a. 52 

8.12 

a. 52 
a. 44 

0.77 
6. GO 
0. E 4  
0.43 
11.47 
0.75 

0.38 
8.41 

n.... 
I . . . . .  
J...-. 
K.... 
L....- 
M.... 

2::; 
-- 

Ftet 
3.74 

3.71 

3.42 
3. 90 

3.80 

3. 59 
5.70 

3. 94 

4.42 
4. 14 
4. 12 
4.26 
4.31 
3. Bo 

4.16 
4.12 

Angol Island: 
Polnt 13lunt - - - - - - 
Quarry Polnt ..... 
Immigrant Covo.. 

Tlhuron. -. . .__ __.___ ~ 

Cnllfornlo City- - - - - _ _  
El Campo.. ~ - _ _ _ _ _ _ _ _  
Polnt Son Quontin ...- 

Do-.. _____. _ _  .____ 
EABT BHORE 

Polnt Snn Publo ...-.. 
Polnt Rlclimond.. ~ _ _  
Ellis Lnndlns .__ _ _  _ _  _ _  
Drooks Island _ _ _ _  ~ _ _ _ _  

D o  .... .___ ___.____ 
Southampton Shod ... 
Wwt Bcrkcloy ..... _ _ _  

Do ._._.__. ._ _._ _. ~ 

H W I  

Ifoura 
1200 
12.12 
12.00 
1 2 L n  
1 2 2 7  
1 2 4 0  

0. 12 
0.06 

0.03 
12.25 
1 2 %  
1 2 2 0  
1 2 0 7  
12.33 
12.08 
1 2 0 8  

Fob., 1 8 7 3 - D ~ . ,  1874.- 
?day, IBObMw., 1896.. 
Sopt.-Oct., 1809 .-..... 
Mny-July, 1805. - -.___ 
Oct., IW-Jan., 1004 ...I 
Oct., 1895-July, 1807 ... 
Jan 1900-A ir 1001 ~ - 

I Dei.', lWO-~ob:, 1017.. 

L W I  -- 

IIoura 
5.48 
5.57 
h ,% 
6.72 
5.72 
5.88 

6.00 
a. 03 

6.08 
5. ob 
5.75 
8 . i 7  
5.00 
5.68 
5. C i  
5.70 

Ilec., 1810 ...........-. 
Doc., 1918-Fob., 1917.. 
AUK,,  1605 .... _ _ _ _ _ _ _ _ _  
Oct., 1895-Aug., 1897.. 
Apr., 18MkMar., 1901.. 
Jati.-I;eh., 1873 .... _ _  ~ - 
MRY 1UVbApr.. 1807.. 
Doc.; lDlbMnr., 1V21..\ 

22dnys ...... 
9 tluys ....... 
21 dnys ...-.. 
2dnys ..-.... 
2% months.-. 
8 dnys .....-- 
10 days -..... 
17 dnys .-.... 

1 day ........ 
2 mouths ..... 
Yda ys....... 
4 cfnys ....... 
13 days ...... 
4 days ....... 
14 days. ~ ~ ~ - 
Odnys ..-.... 

From Table 34 it is seen that the data for the stations in North Sm 
Francisco Bay are for the most part bused on observations coveruig 
short periods of time, varying from only 1 day to 2% months, also 
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that several of the observations were made as long ago as 50 years. 
For these reasons care should be used .in any study involving the 
time relations between the various stations. 

With regard to the mean range it will be noted that in all cnses the 
range is greater on tho eastern shore than on the western shore. 

-0 
ul 
I- 
W 

This phenomenon is due to the dcflccting forcc of tho enrth’s rotation 
which causes tho water to be deflected to  the right. Thus with a 
rising tido the water is deflecting toward the oastern shore, giving n 
higher tide on that shore than on the western. When the tldo falls 
the water is again deflected toward the right but now 5t is tho western 



Pia. 10.-Tide atatlons, Ran Pablo Bay find trlbutnrles. 
42412--25. (Fnce p. 4%) 
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This then ives to the shore that has the higher water elevation. 
eastern shoro a higher water lcvol on the risin tide and a 5 ower wator 
level on the fallin tide and consequently a Y arger range of the tlde 
thnn tho eastern s B lore. 

Tho diurnal ine ualitics have been obtained for the two following 
stations in North ?rnncisco Bay where tho observations extended over 
a period of a month or more: 

- -. 

Loeatlon Serles 

E _ _ _ _  Cnlifornle Clty . . . . . . . . . . . . . . . . . . . . .  Nov.-Dee., 1Om. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
I _ _ _ _ _  Polnt Hlchmond _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  Dw., IQlO-Feb., 1017 _ _ _ _ _ _ _ _ _ _ _ _ _ _  

The incqualities for both stations wore reduced to mean values by 

TEo great dirunnl range may bo obtained for theso stntions by add- 
com arison with simultaneous observations a t  Presidio. 

ing the above inequalities to the corrcsponding mean ranges. 

17. THE TIDE IN SAN PABLO BAY AND TRIBUTARIES 

San Pablo Bay is a nearly circular basin of water about 10 nautical 
miles in length in a northcast and southwest direction, with a greatest 
width of about 9 nautical milos. The northcrn art consists of low 
marshes intersected by numerous sloughs with a r arge aren of shonls 
rind mud flats that bare a t  extrome low tides. I ts  southern end joins 
North Sun Francisco Bay a t  the iinrrows butwoen Point Snn Pedro 
nnd Point San Publo, while at its castorn end it communicates with 
Suisun Bay through Carquinoz Strait. The tributaries of San Pablo 
Bay to be discussed in this scction consist of Petaluma Creek, Sonoma 
Crcuk, arid Wa a Rivor including Mnro Island Strait. Owing to the 

small aren a scpnrato figure showing tho location of these stations is 
importance of !h are Tsland Strait nnd tho number of stations in the 

presented. 
Tho tidal data for tho stations in San Pablo Bnv and its tributaries 

are given in Table 35. With the excoption of the l"856 series a t  station 
B and the 1857-1858 series a t  station I, for which no simultaneous 
observations were avnilablo, the lunitidal intervals and mean range 
in this table have all been rcduccd to mean values by comparison with 
siinultaneous observations n t  one of the standard stations. 
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~~~~ 

FIO. 11.-Tide stations, hlnro Island Btralt 



- - 
Stn. 
tlor 

YABE ISLAND STRAIT 

Mnynzlne Whnrf.- _ _ _ _  
Ilospltal Whnrf _._. _ _ _ _  
Indopondenco Whnrf. - 
Dry dock ... _______. .__ 
Fowy slip. ___. __.__ _._ 
North end son wnIlF-7s 

A.. .  

B... 
C... 
D... 

E--. 

F--. 

o... 
II... 
I.... 
J.... 
IC--. 

L.. .  
M-- 
N...  
O... 
P... 

Q--. 
K... 
S - - .  

T--. 
U... - 

Aug., 1878-Mar., 1878. 7 months ...... 0.08 
June-Oct., l8W _ _ _ _ _ _ _  0 days-- - _ _ _ _ _  1.01 
Mny-July, 1870 _ _ _ _  _ _ _  l f  months ....- 1.07 
May, 102'2.. _ _ _ _ _ _ _  _ _ _ _  3 days-- _ _  _ _ _ _  0.80 
Oct., 1857-Mnr., 18581-. 41 tnonths. _ _ _ _  1.20 
Jan.-Mar.. 1001.. _ _  3 months ....-. 0.88 
Nov., 1000-Mnr., 1007. 33 months _ _ _ _ _  1.21 

TIDES AND CURRENTS, SAN FRANCISCO BAY 

TABLE 35.-Tidal data, San Pablo Bay and tributaries 

hiidgo. 
Sonomn Crook _ _ _ _  ~ - _ _  - 1  Jan.-Apr., 1022 - _ _ _ _ _ _  
Off Midshlprnon Polnt., Mar., 1809.. _ _ _ _ _ _ _ _ _ _  

PETlLUYA CREEK 

nlnck Point ~ - _ _ _ _  _ _ _  _ _  Nov 1021-Mnr 1022. 
Rnilroad bridge-- _ _ _ - _  hlnr :~Mny,  le& _ _ _ _ _  
EntrnnceSnn Antonio I Mny. 1 S B L  _ _ _ _ _ _ _ _ _ _ _  

Lunitidal ln- 

0 tlnys _ _  _ _ _ _ _ _ '  0.68 
3days _ _ _ _ _ _ _ _ _  0.02 

5 dnys. - ~ _ _  _ _ _  0.07 
Ib months _ - _ _ _  0.80 
2dnys _ _ _ _ _ _ _ _ _  1.13 

Location 

McNear's Lnnding- _ _ _  
Pinole Point ...-. _____. 
Enst Pinolo Point ...-. 
Kefugio Landing . - ___. 
Mare Island Light--.- 

Doc. 1807-Doc 1800-- 
Doc.: 1816-Feb:: 1817.. 
Dcc., 1021-Jan., l922-- 
Jan.-Fob., 1850 I - - - - - -  
SO it., lBQU-Apr., 1888. 
Fob., 1879 ___. _ _ _ _ _ _ _  _ _  
Jon.-M ar., 1887 - - - - _ _  - 
July, lBVO-hlnr., 1807.. 
Nov., lOSl-May, 1022- 
18061807 ...-..... ___._ 

24 months ....- 
2 months ...... 
4 dnys _____.__ 
25 dnys .-...... 
5 days ______.__ 
2 days..-. - -. ~ 

11 months.-.-- 
4 months ...... 
54 months ..... 
2 soars _ _ _ _  _ _ _ _  

Iiours 
0.35 
n. 45 
0. 20 

12.37 
0.02 
0. 52 
0. 75 
0. 70 
0.85 
0.83 

SlauKhtcr IiousoPoint.! Allg.-Sopt., 1800 _ _ _ _  _ _  2 dnys ..... _ _ _ _  1.28 
Drawbridge ....... _.__, Mny,  1022.. _ _ _ _ _  _ _ _ _ _ _  4dnys.  _ _ _ _ _ _ _  1.46 
N R I ~  (Third Street) 1.- __-do.  - _ _  ~ _ _  _ _ _ _  _ _ _ _  - 3 days _ _  - _ _ _  _ _  1.48 

Orock. 
Lnkovillo Landing. _ _ _ _  
Upper drawbrldgo _ _ _ _  

- 
L W I  

Iiours 
0. 07 
0.22 
0. 18 
0.83 
0.38 
0. 72 
0. 87 
0. 83 
0.7R 
7.08 

7. 15 
7. 00 
7.40 
7. 25 
7.33 
7. 32 
7. 30 

7.45 
7. i S  
8.33 

7.43 
0.70 

7. 23 
7. 05 
7. 15 

7.40 
8. w 
8. 03 

- - 

Dura- 
ion of 
rlso 

Hours 
0. 70 
0.05 
6.53 
6. 54 
0.00 
0.22 
0.30 
0. 20 
0. 40 
0.27 

0.25 
0.43 
0. 09 
0. 13 
0. 20 
5. 98 
0. 27 

0.25 
0. 12 
5. 57 

5.87 
0.34 

6.80 
0. 17 
0.40 

0. 27 
5.74 
6.84 

51 

- - 
Moan 
range 

Fed 
3. 80 
4.08 
4. 21 
5. 26 
4. 51 
4.48 
4.73 
4.83 
1. a 
4.70 

4.50 
4.70 
4. 58 
5.07 
4. 29 
4.80 
4.05 

5. 32 
5. 42 
5.58 

4.84 
4.04 

4. 80 
4. 73 
5.24 

5.30 
4.80 
5.82 

1 Not comparod with a standard station. 

The data in Table 35 for the stations in San Pablo Bay are based 
on observations varying from two years at station E to only two days 
at  station C. Neglecting tho 1856 series at  station B the observations 
for which were made mmy years ago and which were not compared 
with a standard station, the high water lunitidal intervals in San 
Pablo Bay may be taken as varying from 0.4 to 0.9 hour which indi- 
cates that high wator throughout San Pablo Bay varies only by about 
a half hour. Table 35 also indicates that the duration of rise in 
San Pablo Bay varies from 6.2 to 6.7 hours. With regard to tho 
mean range of the tido a comparison of Tables 34 and 35 sliows that 
the rise and fall of the tido is groater in San snblo Bay than in tho 
adjoining North San Frnncisco Bay, and furthermore the data in 
Table 35 indicate that the mcan range increases toward the head of 
the bay giving larger ranges at stations P and E than at stations A 
and B. 

Most of tho stations in Potuluma Creek and Sonoma Crook are 
bdsed upon short series of observations and consequently the results 
are sub ect to revision as longer series of observations become avail- 
able. hhe results as givon in Table 35 indicate that tho duration of 
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rise is less in these creeks than in San Pablo Bay but the mean ranges 
increase up these streams. * 

The observations in Mare Island Strait and Napa River cover a 
considerable period of time, the observations for station 1 bein 
made in 1857-58 while the results for stations M and N were derive 
from observations made in 1922. The high water lunitidal intervals 
for tho stations in Maw Island Strait may be takcn as about one 
hour. The stations up the Napa River ive gradually increasin 

of about 1.5 hours. The obsorvations indicate that the mean range 
increases up the Napa River varying from about 4.6 feet at  station 
F in Mare Island Strait to approximately 5.6 feet at  station N at  
Na a. 

$he diurnal high water and low water inequalities have been ob- 
tained from a number of the stations in San Pablo Bay and tributaries. 
The results for those stations wherc the observations were of suf- 
ficient length to give approximately accurate values are presented 
below : 

fi 

P values up to N a p  where the observations B or station N give a HW 

- 
Locntion Series Length 1 DHQ 1 DLQ 

-- 

Ferry Slip _ _ _ _ _ _ _ _ _ _  ~ _ _ _ _ _ _ _ _ _ _ _  Jan.-Mar., 1801. 
I 

All of the ine ualities given above were reduced to  mean values by 
comparison wi% simultaneous obscrvations at  Presidio. Havina 
thcso ine ualities the great diurnal ran e-that is, tho rise and faR 

obtaincd by adding tho diurnal high and low water inequalities to 
the respective mean ran es. Using this formula thc roat diurnal 

Slip, Marc Island Strait, i t  is 6.57 feet. 

betwceii gigher high wrbtcr and lowcr 7 ow water-may readily bo 

range at  Mare Island Lig a t is derived to be 6.43 fcet w K d e  at  Ferry 

San Pa 7 3  lo Bay, is the connecting link between San J ab10 and Suisun 

with the exception of a smnl P stretch of flats on the northern shore, 

, 

18. THE TIDE IN CARQUINEZ STRAIT 

Car uinez Strait, running in a generally easterl direction from 

Bays. This strait is about 6 nautical miles in  length and its width 
varies from a little less than. % mile for tho first 3% miles to about 
1% miles at  its widest part o posite Benicia. It is deep throughout 

and a smaller area in bhe bight on the southern shore near tho castern 
end. 

Tide stations have bcen maintained during .different periods at  
various localitics throughout the strait. The results derived from 
the observations at these stations are presented in Table 36. 
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TABLE 36.-Tidal data, Carquinez Strait 

Length Location 

Oct., 1880 -... _ _ _ _ _ _ _ _ _  
Agr.-May, 1890 _ _ _ _ _ _ _  
AUK.-OCt., 1890 _ _ _ _ _ _ _  
A pr.-Sopt., 19 22... . - 
Aug., 1911 _________.___ Port Costs -... _ _ _ _ _ _ _ _  

BENICIA 

P.  M.  9. 6. Co. Dock. 

1 month.. _ _ _ _  
3 dnys ... _ _ _ _ _  
5 days ........ --~.. do ... ._ _ _  - 
3 days _.______ 

Army Point _ _ _ _ _  _ _ _ _ _  

Martinez ~ - - _ _  _ _ _  - 
Sulsun Point _ _ _ _ _ _ _ _ _  

Aug., 1911 _________. _ _ _  
Nov 1885-Mnr 18136. 
N~v:~l )Cc. ,  1876-'_____ - 
Apr.-May, 1690 _ _ _ _ _ _ _  
SI? t 1916 .... _ _ _ _ _ _  _ _  
Fe<.?Mar., 1909.; _ _ _ _ _  
Aug.-Dw., 1922 _ _ _ _ _ _ _  
6ept.-Nov., 1923.. . _ _ _  

G months ..... 
G dnys .... _ _ _ _  
10 days ....--. 
2 days _ _ _ _ _ _ _ _  
1% months ... 
20 days ......- 
3 days _ _ _ _ _ _ _ _  
1 day _ _ _ _ _ _ _ _ _  
4 dnys _ _ _ _ _ _  _ _  
5 months ....- 
1% months ... 

Lunltidal in- 
tervnls 

HWI 

Hour8 
1. 15 
1. 17 
1. 17 
0. 95 
1. 25 

I .  70 
1. 52 
1. 23 
1. 35 
1.55 
1.48 
1.53 
1.36 
1.30 
1.67 
1.09 

- 
LWI 
__ 
Ifaura 

7.32 
7. 10 
7. 17 
7. os 
7. 32 

7. 72 
7.38 
7. 18 
7. 35 
7.40 
7. 48 
7. -53 
7.40 
7.42 
7. G8 
7.00 

- - 

Dura- 
,ion of 
rlso 

- 
m 1 a  

0. 2.5 
0.4v 
0.42 
0. 32 
0. 35 

0.40 
0. 50 
8.47 
0.42 
0.57 
0.42 
0.42 
0.37 
0.30 
6.41 
0. 51 

- - 
Moan 
range 

- 
Feel 

4.56 
4.78 
5. 19 
5. (I4 
4.98 

4. 82 
4. 19 
4. 93 
4.87 
4. 75 
4.70 
4.72 
5.31 
6.30 
4.06 
4.47 

1 Not compared with a standard station. 

In ,Table 36, as in previous tables, the lunitidal intervals and 
ranges have been reduced wherever possible to mean vdues by 
comparison with simultanoous observations at  one of tho standard 
stations. Tho December, 1856-0ctobar, 1868, series at station C 
was not thus reduced since thoro were no simultaneous observations 
available at  any of the standard stations. 

Omitting the shoals inside of tho 3-fOOt lino in Southampton Bay 
and along the west shore of Benicia, together with the flats in tho 
arm of the strait off Martincz, the average depth of Cnrquinez 
Strait at  mean sea level is approximately 46.5 feet. The distance 
from station 4 to station F measured along the channel is about G 
nautical miles. Referring to Table 36 it is seen that obsorvations 
wore mado at  stations A and F in the same ear, 1922. From the 
intervals for this year for those two stations t hy e average time differ- 
ence is derived to  be 0.57 hour. According to the formula, r=&& 
a progressivo wave should tako but 0.26 hour to  traverse this water- 
way. In this connection, however, it might be mentioned that the 
theory for the progressive wave is based upon the assumption that 
the waterway is straight whereas Carquinoz Strait has soveral 
swooping bends. 

In  some instances tho mean ranges for the various series at the 
stations in Carquinez Strait show appreciablo fluctuations. This is 
probably duo in part to  the meteorological conditions existing at  
the time of these observations. 

The diurnal inequalities for the stations wliere the observations 
extended over a period of u month or more me tabulated below. The 
results for stations A and F were reduced to mean values by com- 
parison with sirnultanoous ohsorvations at Sausrtlito and Presidio, 
respectively, while those for stations C and D were corrocted by the 
factor 1.02 I?, tu indicated by the subscript c after the values for tho 
inequalities. 
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I 
A....! Crockett _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ~ 

C _ _ _ _  P. M. 8. 9. Co. Dock ..... _ _ _ _ _ _  ___. 
D _ _ _ _  1 Army Polnt _ _ _ _ _ _ _ _ _  ~ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
F _ _ _ _ ,  Biusun Point _____________.____ ~ _ _ _ _  

I 

Monihs . Feet Feel 
Oct., laso __.________ _ _  _ _ _ _ _ _ _ _ _ _ _ _  1 0.m L O B  
JuneOct., 18%- - __.__ _ _ _ _ _ _ _ _ _ _ _ _  4 0.48. 1.14. 
Nov.-Dec., 1805 ... - _ _ _ - - _ _ _ _ - _  _.-_ 1 0.44. 1.06, 
Aug.-Doc., 1022.. __.___________ _ _ _  5 0.49 1.03 
Oct ., 19 23....-. _ _ _ -  ~ - - - -  ~ _ - - -  I _ _ - _  1 0 . B  1.02 

The great diurnal ranges for the stations given above may be 
readily obtained by adding the diurnal high water inequalities and 
diurnal low water inequalities to  the respective menn ranges from 
Table 36. 

19. THE TIDE IN SUISUN BAY AND TRIBUTARIES 

From Car uinez Strait the tide sweeps easterly into Suisun Bay, 

islands. In the eastern end of the bay these islands practical1 form 
a delta with tho Sacramento and San Joaquin Rivers. T.le ap- 

roaches to  these two rivers are by narrow winding channels which 
gave undergone changes duo to improvements for increasing the 
depth, removing obstructions, and providing relief during seasons 
of freshets. 

a broad, shal 1 ow body of water with marshy shores and numerous 

H& Sacramento 

F Io. 13.-TldeStatlons, Sulsun Bay md trlbutarlas 



56 U. S. COAST AND GEODETIC SURVEY 

Doc. 180CrAug., 1807.. 
Mar.’, !013-Mar., 1015. 

Tidal observations have been made at  various localities in Suisun 
Bay and its tributaries over a considerable period of timo. The 
results derived from these observations are given in Table 37. The 
lunitidal intervals and mean ranges in this table, with the exception 
of the November, 1857, series at  station K for which no simultaneous 
observations were available, have been reduced to mean values by 
comparison with simultaneous observations at  one of the standnrd 
stations previously mentioned. 

TABLE 37.-Tidal &la, Suiswa Bay and tributaries 

13 days .... ___. 
2 yesrs. ______. A u 

C 

D 
E 
F 

0 
H 

I 

J 
K 

L 
M 

Hour8 
8.23 
8.42 

8.30 

8.33 
8. 10 
8. 13 

8.52 
8.73 
0. 18 

0.27 
0.63 

0.42 
9.36 

8.35 

0. 22 

10.82 
3.13 
3. 70 

0. W 
0. 05 
1. 25 

Location 

IIoura 
5.80 
0.43 

e. 17 

0.14 
R. 20 
0. 24 

5.62 
6.01 
5. 87 

5. W 
5.57 

6.43 
5.60 

8.00 

e. 02 

5.40 
4.31 
5.07 

5.30 
6. 76 
6.30 

BU1SUN 8LOUCn 

Entrance _ _ _ _ _ _ _ _  _ _ _ _  
Sulsun ... ___.__._____ 
MONTEZUMA BLOUGH 

Entrance - - - _ _  - - _ _  - - _. 
BUISUN BAY 

Seal Blufl. - - _ _ _ _ _ _ _  _. 
Bay Point _ _ _ _ _  ----\-. 
Ryek Island _________. 

Freomnn Island __.___. 
Plttsburg, h’cw Yorh 

Collinsville. - - - - - _ _  __. 

Slough. 

Jan., 1923-. - - - _ _  _____. 

0ct.-Nov., 1886 _ _ _ _ _ _ _  
Scpt., 1015.. _ _ _ _ _ _ _ _ _ _  
Oct., IM2....-. _ _ _ _ _ _ _  
0ct.-Nov., 1878 ._____ ~ 

Fob!, 1800 _ _ _ _ _ _ _ _ _ _ _ _  ~ 

Mar.-Apr., 1807.. _ _ _ _ _  
I)ec.,1022-Mnr.,1023.- 
Mar.-Apr., 1867 .______ 
Sept.-Nov., 1878 _ _ _ _ _ _  
May-Juno, 1800 1 _ _ _ _ _ _  
Mar., IWa-Apr., 1000.. 

May-July, 1800 _ _ _ _ _  _ _  

S A C R A Y E N T O  RIVER 

3 day8 _ _ _ _ _ _ _ _ _  

1 month ______. 
2 days.. ______. 
3 days _ _ _ _ _ _ _ _ _  
15 days _ _ _ _ _  _ _ _  
H days _ _ _ _ _ _ _ _ _  
4 days.. ______. 
2% m&tlis ... 
1 month _ _ _ _ _  _ _  
10 days _ _ _ _ _ _ _ _  
15 days _ _ _ _ _ _ _ _  
13 months ____. 

1 month ....... 

Rlo Vista _ _ _ _ _ _ _ _ _ _  _ _ _  
Sacramento ..... - _ _ _  -. Nov., 1867 a _ _ _ _ _ _ _ _ _ _ _  

0ct.-Dec., 101 1.. - - - - - - 

Apr.-May, 1807 _ _ _ _ _ _ _  
Doc., 1886. - - - _ _  _ _ _ _ _ _  - 
Apr.-Oct., 1008 _ _ _ _ _ _ _  ~ 

8AN JOAQUIN R I V E R  

Antloch. - ___________. 
Stockton.. __________. 

15 days-.. _ _ _ _ _  
2 months. - - - - - 

7 days.. ______. 
1 month _ _ _ _ _  ~. 
0 months _ _ _ _ _ _  

Lnnltldal 
intcrvals Dura- 

tion of 

Iiours 
1.07 
2.43 

1. 05 

1.05 
1. ea 
1. 9.5 
1. 03 
1.72 
1.02 
2.03 

2. 75 
2.08 
2. R2 
2.43 
2. e2 

3.80 
7.44 
0.37 

2.87 
3. 28 
0.07 

_i 

Mean 
range 

Feel 
5.00 
6.02 

6. i e  

4.70 
5.20 

4. 14 
4.65 
4.72 
4.68 

3.83. 
4. n 
4.04 
3.20 
4.01 

4.38 

2. 84 
1.47 
0.34 

3.83 
3.72 
1.87 

1 Obsorvatlons made during B frrashet. I Not compared withastandardtitation. 

Considerable quantities of fresh wator nre continually dischnrged 
into Suisuii Bay by the Sacramento and San Joaquin Rivers. Besides 
materially affecting the tom erature and salinity of tho bay this fresh 
water has a considerable lnffuence on tho character of the tide in this 
lOGality. During the periods of freshets the tidal characteristics are 
ofton considerably mnskod and conso uentl observations made 
during such periods frequontly pivo rosu?ts d d r i n g  matorially from 
the mean values. These varying metqorological conditions nff ord 
an explanation of the variation in tho tldal data givon in Tablo 37. 
The fluctuations in tho lunitidal intervals and raiwes for the different 
sories at  tho various stations given in this table inxicnte that obsorva- 
tions based upon short sories, or made durinm poriods when moteoro- 
logical conditions arc1 abnormal, givc poorly aetermincd mcnn vduos. 
Thcy arc of value, howover, in that t h y  indicnto tho tidal conditions 
existing a t  tho time of meteorological disturbances. During a 
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freshet the lunitidal intervals may be retarded or advanced depending 
u on the action of the frushet, but tho mean range is always reduced. 
'&e May-Juno, 1890, series a t  station I is basod on observations 
made durin a freshet and shows the effect on the mean range. I n  
this particu P ar case the range is approsimatoly 0.8 foot less than tho 
mean value based on 13-month observations. 

The data indicate that the rise and fall of the tide in Suhun Slough 
is greater than iii tho other tributaries, the 2-year series a t  Suisun, 
station B, wing a mean rango of approximately 5 feet. 

increase and the ranges decreaso up tho Sacranionto and San Joaquin 
Rivers. Considering tho more recent observatioris at  stations along 
these rivers it is seen that for the Sacramento River the results 
indicate that the tide occurs about 6.75 hours later a t  Sncramento, 
station K, than a t  Collinsville, station I, which is approxiiiiately a t  
the mouth of tho river. It might be noted at  this time that thc low- 
water lunitidal intervals for Sacramento and Stockton are rcferrcd to  a 
differelit transit than the other low-water intervals in this table. In 
order to refer them to the samc transit used for the other stations 
12.42 hours should be added. With regard to  the mean range the 
13-month series at Colliiisvillo gives 4.01 foot ,  while the 2-month 
series a t  Sacramento ives but 0.34 foot. Observations are avnilablo 
in the Snn Joaquin fiiver as far up as Stockton, station M. 'The 
results from the 6-month series, April-Octobor, 1908, a t  this station 
give hiah-wator lunitidal interval as 6.67 hours, low-water lunitidal 
intcrvn? as 1.28 hours, and the mean range ns 1.S7 feet tls compared 
with HWI=2.75 hours, LWI-9.27 hours ind mean ran e=3.83 

nt Pittsburg, station H, which is near the entrance to San Joaquin 
Rivor. 

The following table gives the diurnal inequalities for those stations 
in Suisun Bay and tributaries where the observations extended over 
a period of a month or more. The values marlred with a subscript 
c,were reduced to mean values by correctiqg the observed value by 
the emperical factor 1.02 F,. The remaining inoqualities were re- 
duced to mean valuos by comparison with simultaneous observations 
a t  Presidio or Sausalito. 

TABLE 3 8 . - D i u r n a l  i n e q u a l i t i c s ,  Suisun Bau and tributaries 

The resu 'i' ts from Table 37 also show that tho intervals gradually 

feet for the 2% month series during Drccmber, 1922-Marc1, 7 1923, 

High 
walor 

Feet 
0.44 
0.41 e 
0.60. 
0.48 

0. 42 
n. ar 

0.35 
0.08.. 

0.62 
0.24. 

-- - 

stn. 
tlon 

- 
n 
D 
F 
I1 
I 

J 
K 

1, 
M 

---. 

- 
Low 

watcr 
-- 

Fed 
0.86 
I. 01 
0.05 
0.76 

0. 09 
0.08. 

0.48 
0.04. 

0. 54 
0.23# 

__ ........... .- ............. . . . . .  

Locntlon 

March, IOlbhinrch, 1015 _ _ _ _ _ _  _ _  
Octobor-Kovombor, 1888 _ _ _ _ _ _ _ _ _ _  
July, 1800. ........................ 
January-Fobrunry, 1023. _ _ _ _ _ _ _ _ _ _  
A rll 1807 ........................ &&, 1008-Aprll, 1ooO- ---: _ _ _ _ _ _  

Suisun, Suisun Slough.. _ _ _ _ _  _ _  _ _ _ _  
Son1 UIuU ......................... 
llgcr Island.. ..................... 
Plttsbur , Now York 6lough ...... 
Collinsvfflo. _ _ _ _  - _ _  - - -. - - - -- - - - - _ _  - 

24 
1 
1 
2 
1 

14 
SACBAHBNTO RIYBR 

March-AuRu8t, 1w8 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Octobor-Docembor, 1011 .......... 

__.__ . - -. _- ... ... - . . -. . ...... -- -- 

I 

6 
2 

Soriea Longtt 

I 

Antloch.. _ _ _ _ _  ~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ .  Uccombor, 1886 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Stockton. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ~ _ _ _ _ _ _ _ _ _ '  April-October, 10013 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  1 

0 
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From Table 38 it  is seen, as is to be expected, that the diurnal in- 
equalities are smaller in Suisun Bay and tributaries than in the ofher 
sections of San Francisco Bay and tributaries. The data indicate 
that for Suisun Bay proper tho diurnal high-water inequality is 
about 0.4 to 0.5 foot and the diurnal low-water inequality a 
mately 1 foot, as compared with a DHQ of 0.6 foot and a $r;xtf 
1.2 feet in the vicinity of Presidio. In  the tributaries the inequalities 
become much smaller, the data available indicating that at  Stockton, 
station M, on the San Joaquin River both inequalities aro only 
about 0.2 foot while up the Sacramento River at  Sacramento, station 
K, the inequalities are negligible, being less than 0.1 foot. 



Part 11. CURRENTS IN SAN FRANCISCO BAY 
By W. H. OVERSHINER, Lieutenant ( j .  g.), U. S. Coast and Geodetic Survey 

GENERAL CONSIDERATIONS 
1. EARLY OBSERVATIONS 

Current observations hare been made in San Francisco Ba a t  

1856 by R. M. Cuyler and included ohsorvations of 1 da each a t  5 
stations in various parts of San Pablo Bay. The next o 1 serrations 
on record are those a t  2 stations southwest and southeast of Goat 
Island, res ectively, occupied by A. F. Ro ers in 1862. 

the San Francisco water front between tho years of 1865 and 1867. 
Continuous observations were made at  each station for periods vary- 
ing from 1 to  16 days. The noxt survey was made by Gershom Brad- 
ford between the years 1871 and 1875. This work consisted of obser- 
vations made at 44 widely distributed stations located between 
Southampton Shoal and Point Avisadero. Continuous observations 
with a duration of 1 to 3 days were made a t  each station. 

No further current observations were'undertaken in San Francisco 
Bay until the fall of 1923, nearly half a century later. This survey 
was in charge of R. L. Schoppe and included 56 stations extending 
from the Golden Gate to Dumbarton Bridge on the south, and to 
Petaluma and Sonoma Creeks and Carquinez Strait on the north. 

various times by parties of this surrey. The earliest were ma B e in 

these are t R e observations of Edward Corde ii made at 10 stations o 

2. EARLY METHODS OF OBSERVING CURRENTS 

In  eneral, on the earl surveys, the observations were made with 

a 28-second run and the float being a weighte pole reaching about 
12 feet below the surface in' order that the results might be applicable 
to vessels of avera e draft in those days. Occasionally the direction 
and velocity of su % surface currents were observed by means of two 
connected cylinders, the lower cylinder being set at  the depth at  
which the observation was desired and the upper cylinder set so as to 
float on the surface, the two cylindors being connected by a wire. 

The velocity and the direction of the surface cylinder obviously 
re resented the velocity and direction of the resultant current, from 
d i c h  the Velocity and direction of the current a t  the bottom could 
be computed. 

zi float, P og line, and sand g 9 ass, the log line being raduated in knots for 

3. PRESENT METHOD OF OBSERVING WITH POLE AND METER 

currents as employed by the 
Coast and Geodetic Survey is as fo § ows: The vessol from which the 
observations are to be made is anchored on tho slation with the 
shortest scope of chain possible and when practicable she is anchored 

The present method of observin 

59 
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fore and aft so that her osition will be the same on flood as on obb. 

located Ilcar a bend in a r!arrow channel or river since under these 
conditrcm a smoll chauge in position may mean a considerable 
difference in the velocity and direction of the current observed. 
Where the station is located in an open area, however, and the con- 
tour of the bottom is uniform, it is not so important that the vessel 
be anchored in this manner. The exact location of tho vessel is 
determined by sextant angles taken between plotted signals on shore 
and a position is taken at  least once on each ebb and oach flood 
whenever possible. The position of the station is then plotted on a 
section of a large-scale chart which is pasted in the record book. 

At each station observations are made with both the pole and the 
meter. ole (excopt where 
shallow water makes a shorter one necessary), 2ginches in diameter 
and loaded at  one end with sufficient lead to allow it to float with 

It is particularly advisab P e to anchor foro and aft when the station is 

The pole used is the standard 15-foot 

of which has been well determined; then 
and variation to this reading and 
reading, the true direction of tho current as 
is obtained. The direction can also bo determined by a sextant 
angle taken between the pole and some rominent and well-located 
object on shore, and it is advisable to &termine the direction fre- 
quently in this manner as a check. Observations for both the direc- 
tion and velocity of the current are made with the polo overy hour 
durin thp series. 

Wi% tho meter, which is of the Price or Gurloy typo, observation's 
are made half hourly and at  three depths, name1 , 0.2, 0.5, and 0.8 

observations near the surface are made below all noticeable wave 
action. In  making tho moter observations the one noar the surface 
is made first followod by the mid-depth and near-the-bottom) obser- 
rations. Then the order is reversed and before the meter is drawn 
u the observation near the bottom is repeated, then tho mid-depth 

cate sot of observations is obtained for oach half hour with but little 
outlay of time. In  every case the timo to the noarest minuto a t  
which the observations were begun is rocordod in the record book. 

As noted above the meter is of the Price or Gurley t pe with tele- 
phone attachment for counting the number of revoutions. 9 The 
number of revolutions for a period of GO seconds, as determined by a 
stop watch, is noted in tho record. Then from a rating tablo which 
has been roviously prepared the velocity of the current in knots is 
tabulate% 

The meter is lowored from the vessol by moans of a specially 
designod triple-strand insulatod wire; two of the wires carry the 
Qk3CtI'iC current and tho third and hoavior wire carries tho weight of 
the moter. From the motor the triple-strand wire lcads over a 
registoring sheavo swinging outboard from tho vessel and thonce t? a 
small sounding machine upon which is wound a supply of the m e  

of the depth at  tho station. Care should be ta i en, however, that 

o B servation and finally the one near tho surface. In  this way a dupli- 
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necessary for the depths to be encountered and also enough to allow 
for waste as the wire becomes unserviceable from wear. , A register- 
ing sheave serves to show the depths at  which the meter is lowered 
but once tho depth at  the station is determined tho wire itself is marked 
by a small pieco of tape for the 0.2,0.5, and 0.8 depths and no further 
reference made to the registering sheave. The end of the wire which 
is attached to the sounding machine is lod t h o u  h a hole in the 

with a small dry-cell battery and telephone recoivor. 
Considerable trouble was experienced with the contact point in 

the meter head due to corrosion and gradual doterioration from 
electrolysis when used in salt water. To obviate this dimculty the 
meter head was filled with heavy cylinder oil which prevented. the 
entrance of salt water and in no wa hindered the operation of the 
meter. The meter itself is rather Tight and to prevent its being 
carried downstream by the current it is allowed to slide on a one- 
fourth-inch steel cable at  the lower end of which is attached a 250- 
pound concrete block, moulded to stream lines. The cable support- 
ing the concreto block is lcd over a sheave and thence to a small 
hand winch for lowering and raising the block on arriving a t  and 
leaving tho station. The block when in use is loworcd to within a 
few feet of the bottom. 

flange of the machine and fitted with a connoction B or “plugging in” 

4. DIRECTION INDICATING DEVICES 

Various methods have been used for determining the direction of 
the subsurfaco curronts during the history of current surveys, possibly 
the earliest of those being the one previously described as emplo ed 
by Bradford; that is, the USQ of a surface cylinder and a subsur P ace 
c linder connected by a fine wire. The Canadian Tidal and Current 
&vuy has used a modification of this mcthod for determining both 
the velocit and the direction of subsurface currents. A description 
of the mctlod may bo found in W. Bell Dawson’s Re ort of Can- 
adian Tidal and Current Survey for the year 1896. Tfe apparatus 
consists of two shoots of galvanized iron about 26 inches deop by 18 
inches wide, slit so as to pass t h o u  h each other at  right an les, thus 

water by a fine sounding wire and is used in connection with a sound- 
ing machine on which the do th to which the vanes aro submorged 
can be read at  any instant. $ ho direction of the subsurface current 
is taken as the direction which the wire assumos a t  the surface with 
respect to its support. Tho inclination of the wire with the vertical 
is taken also by means of a clinometer and from a table reviously 
prepared the velocity corresponding to tho observed incKnstion is 
recorded. 

Pillsbury in his Gulf Stream work used a meter of his own design, 
described in Appendix 10 of the Coast and Geodetic Survey Report 
for 1890. It wm used for obtaining both the directioqand velocity 
of the current at  any depth. The subsurface direction was obtained 
by means of a device that locked a compass needle with res ect to a 

when tho meter was being raisod. When the meter was raised to the 
surface the azimuth of the vane was road. The velocity of the CUP- 

forming four wings of oqual area. h i s  apparatus is suspen f od in the 

dlrection van0 and was brought into action by the force of t 1 e water 

42412--25t4 
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rent mas obtained from a device that automatically recorded the 
number of revolutions of a set of cups. 

Another direction indicating current meter used was the Ritchie- 
Haskell meter, a joint invention of E. S. Ritchie and E. E. Haskell. 
A description of this apparatus is found in part 2 of tho Coast and 
Geodetic Survey Report for 1891. It consisted essontiall of a com- 

free to assume the magnetic meridian a t  all times. This chamber 
was kept filled with oil giving stability to the motion of the needle 
and preventing rusting. By means of an electric circuit, tho an lo 

magnetic meridian was transmitted to a repeater or direction rocorder 
on the deck of the vossel. The number of revolutions of a set of 
cups was also indicated electrically by means of which the velocity 
was determined. This meter proved to be a rather delicate a paratus 

The Ekman meter is still another directibn indicating apparatus. 
A description and illustration of this meter may be found in A Text- 
book of Oceanography by J. T. Jenkins. 

The direction of the current is ascertained by means of an apparatus attached 
to  the revolving arm which lends off from the propeller. This ap aratus con- 
sists of a rotating wheel divided into compartments, each of whicR contains a 
separate Bhot. Every 30 revolutions of the propeller liberates a shot which falls 
into a box containing a compass needle which is suitably grooved. Below the 
needle is a bos divided into 36 compartments, each of which therefore corresponds 
t o  10" of the compass. The shot rolls down the compass into one of these com- 
partments. From the distribution of the shot in the various compartments the 
average direction of the current can be asertained. 

The number of revolutions of the propeller is also automatically 
recorded from which the velocit of the current is determined. 

At  tho present time thero is teing tcstcd by this bureau another 
direction and velocity recording mctor of foreign make, an invention 
of Prof. 0. Pettorsson, of Sweden. A description of it may bo found 
in the Quarterly Journal of The Royal Meteorolo ical Society (Vol. 

trical, and photographic devices both the velocit and direction of 

meter may bo set, for a poriod of two'weeks without attention in the 
meantime. 

It can readily be seen that tho accurate determination of the 
direction of a subsurface current with a simplo ap aratus that will 

problem and one that is still not satisfactorily solved. 

pass neodlo so supported in a chamber in the meter bo J y as to be 

to tho nearest degree between the direction of the metcr and t % o 

to withstand the hard use i t  was necessarily put to in the fie P d. 

Quoting Jenkins: 

XLI, No. 173, January, 1915). By a system o B mechanical, elec- 

the current aro photographically recorded a t  any J opth at  which the 

withstand the hard use i t  is necessarily put to in t R e field is quite a 

5. THE BIFILAR CURRENT DIRECTION INDICATOR 

Tho ap aratus for determinin subsurface directions that has boon 

one that has so far proven tho most successful is the bifilar suspension 
apparatus of triple vane form, commonly called tho bifilar current 
direction indicator. It consists essentially of three pipos of different 
lengths built in arrow form, each ono of which is susponded hori- 
zontally at a different de th  by two fine wires. The wires from each 

1 3 1  bearings around a singlo centor axis. Just below each vane on 

used for t K e past few seasons onsarbor  work by this bureau, and the 

i e connect, rcspectivoy, P to three upper vanes which journal on 
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the axis and mounted with its 0-180’ line arallel to the fore and aft 
line of the vessel is a pelorus on which t R e nximuth of the current 
may bo read. Mounted on each vanc also is a winding device fitted 
with a ratchet control so that tho nrrows may be raised or lowered 
as desired. The wire leading from the drum of the winding device 
is lead over ulleys of 1 foot circumference a t  the end of the arms of 

tion so that tho de th of the arrow may thus be determined. The 

longth of arrows thus allowing each set of v a n e  an8 arrows to rotate 
independently without fouling one ano ther. 

It was found in practice, however, when strong currents were 
encountcred, that the wcighted arrows lind u tendency to be carried 
downstream and the upper arrows foul the supporting wircs of thosu 
below. To eliminate this difficulty and to keep thc apparatus ver- 
tical, a %-inch hole was nude  in the midsection of each pipe so that 
the arrows could be run down u %-inch cable attached to  the centcr 
shaft uhout which the uppcr wines rotntc, nnd to n 250-pound 
concrete block swung from the lower end of the cnhlc. Since the 
cable hnd to be of various lengths, depending on the depth of water 
a t  the particular station, n length was used sufficient for the reatest 

through an eye on the end of the ccntcr shaft, doubled bnck on itself 
a t  the desired length, and a wire clamp placed just  below the eye. 
The extra cable, if nny, wtis then coiled up and ticd out of the way on 
the shaft. This arrnngemcnt provcd very effectite in preventing the 
fouling of thc wire, but in extreme depths and with vcry stron cur- 
rents the entire apptwatus still had a tendency to be carried $own- 
stream. In  order to overcome this difficulty n lino wns mnde fast to 
the concrete block and carried ns far forward on the deck of the ob- 
serving vessel as possible; that is, considering that the bifilar was 
swung from the stcrn or an nftor davit nnd that thc vesscl wns swing- 
ing to one anchor only. This line wns then hauled tnut until the 
ap aratus assumed a vertical position. The line also proved useful 
in P owering and raising the concrete block. In some instances, how- 
ever, it was found that this line would foul the forward cnd of the 
lower arrow, and i t  then became necessary to  attach an additional 
w i g h t  a t  some point on the linc in order to  hold it low enough to 
clear the nrrow. Observations for subsurfnce dircctions nre made n t  
tho same depths and a t  thc same time that meter observations for 
velocity are trtkon. 

the vane an f; one of these pulleys operates a counter on each rqvolu- 

uppcr vanes nro o P graduated sizes, correspondinv to tho different 

depth to be encountered during the season. The cable was t f iroaded 

6. PRESENT SCHEME FOR CURRENT SURVEY OF A HARBOR 

In making a current survey of a Inrge harbor the prcscnt ractice is 

somewhat on the shape and cxtent of the various b ~ y s ,  rivers, etc., 
of which the harbor is composed. In  cnch section stations nro suit- 
ably located, one of which is designated the “control stetion.” Tho 
control station is kept in operation continuously during tho time that  
tho other stations in tho section are being occupied. Two or moro 
obsorving units are thus employed, and whilo one remains on the con- 
Fro1 station the others aro occupying tho various secondary stntions 
in the section. 

to divide the urea to be covered into suitnblc sections, i!i epcnding 
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The secondary stations are occupied for either 13 or 25 consecutive 
hours, depending upon their location and importance. Stations 
located on a cross section of a channel are occupied simultaneously 
wherever possible. In  moving from one section to another, 25 hours 
of simultaneous observations are made at  the two control stations of 
contiguous sections, thus tying in the observations made in t,he dif- 
ferent sections. 

In  the earlier surveys no such scheme as this was followed; usually 
but one observin unit was em loyed and the stations were occupied 

mitted. As has been previously stated, Bradford's occupation of 44 
stations extended between the years of 1871 and 1875. 

for various lcngt a s of time an8  at  various intervals as occasion per- 

CURRENT DATA FOR SAN FRANCISCO BAY AND 
TRIBUTARIES 

7. PREPARATION OF TABLES GIVING CURRENT DATA 

Due to dredging o erations that have been carried on and to tho 

time, as well as to the manner in which the observations were mado, 
slight differences in the results obtained in !he enrlier and later survoys 
may bo expected. In  Teblcs 42 to 51, mclusivo, all tho results of 
various survey# of San Francisco Bny have been tabulated as ob- 
tained. In  these tablos the following data are given. The number of 
each station corresponding to the number of the station as shown on 
the accompanying print of ench section of the bay; tho general 
locality of the station- the officer in charge of the survey; tho yenr 
and month in which the surve was macle; the time of slack water; 

tho durntion of the flood and ebb; and tho length of the series of 
observations at  each station. The times of the current, as givon, 
rofer to the times that the corresponding predicted phcnomenn occur 
at  San Francisco Entrance or the Golden Gate as tabulated for each 
day of the year in the Current Tnbles for the Pacific Coast issued 
annually in advance by this bureau. The tabulated mnximum 
velocities are the observed strength of flood or ebb corrected for the 
mean ran e of the tide as explained in the Appendix, 

In  thc 8 urrent Tables issued each year in advance y this bureau 
the current predictions for San Frnncisco Entrance as heretofore 
madc contain only tho predicted times of slack water for each day 
of the ycnr with suitable indication as to whether the current is about 
to turn from east to wcst, or vice versa. Beginning with the yew 
1926, however, the predictions have been considerably elaborated. 
For each da there are tabulated the time of each slnck before flood, 

before ebb, and the timo and velocity of each maximum ebb. The 
tables pre ared from the various surveys havo therefore been mado 

Sinco thcro were no predictions, however, of the time of each 
maximum flood and ebb published for 1923, and no predictions at  all 
published for the periods of the earlier surveys, it  became neccssary 
t o  mako these predictions for the desired periods in order that the 
observed currents mi h t  be referred to tho predictiqns at  San f ian-  
C ~ B C O  Entrance RB ma % e to-day. 

various changes in t R e harbor that have been mado from time to 

tho time, truo azimuth, and ve r ocity of the maximum flood and ebb: 

gagre l2l 

the time an (I velocity of each maximum flood, the time of each slack 

compnrab f c with tho presont predictions. 
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On the other hand, practically continuous tidal observations have 
been carried on a t  Fort Point or some other principal stntion in San 
Francisco Bay since 1854. The enrly current observations, there- 
fore, were referred to the tide a t  the stntion in oporntion a t  thnt time 
and these results wero in turn referred to tho tides a t  Fort Point. 
I n  onch case the time of slack beforo flood and the time of strength of 
flood were reforred to tho time of low wttter, and thc timo of slack 

a t  S m  Francisco Entrance. Using the first four months of the yoar, 
tabulations were made of the time of occurrence of each slack water 
with res ect to the corresponding low or hi h water. The mean 

TABLE 30.-Relation between time of slack water at San Francisco Entrance and 
time of the tide at Fort Point 

valves o tnined for oach month are shown in fk able 39. 

__  .- . , 

Month 

I water I wate; 

It was deemed unnecessary to emplo a longer period than four 
months for determinin 

since a closo agroement was found to exist between those monthly 
means. Using these relations, the observed currents were referred to 
tho time of slack water a t  San Francisco Entrance; that is, the time 
of slack before flood and the time of maximum flood a t  oach station 
were referred to the time of slack before flood at  San Francisco En- 
trance, and similarly the time of slack before ebb and maximum ebb 
were referred to the time of slack before ebb. 

There yet remained the times of maximum flood and ebb a t  each 
station to be referrod to the correspondino maxima a t  San Francisco 
Entrance. In  order to accomplish this, fables 40 and 41 were pre- 

ared from the first four months of the 1926 predicted currents. 5 able 40 shows the relation between the duration of flood and the 
corresponding time of the occurrenco of maximum flood after slack 
water. It was prepared as follows: The duration of each flood was 
computed to tenths of hours by taking the difference between the 
time of slack before flood and tho time of slack before ebb; then the 
corresponding time of the occurrence of each strength of flood after 
slack wator was computed and tabulated under the appro riate 

on cross-section paper usin the duration of flood, in hours, as ab- 

in houm, as ordinates. A smooth curve WQS then drawn throu h 

each tenth of hour of abscissa, givmg the values that were used. 

the relations z etwoen the times of slack 
water a t  San Francisco 5 4 ntrance and the times of tide at Port Point, 

duration of flood. A mean of tho rosults thus obtained was p f ottod 

scissa and the mean values ? or the maximum flood after slack water, 

thcse points and the corresponding ordinates scaled off tho curve B or 



TABLE 4O.-Retalwn between duration of jbod and time that strength of jlood occurs affer slack water at San Fran&cb Entrance 
DURATION OF FLOOD (HOURS) 

4 . 9 1  5.01 5 . 1 1  5 . 2 1  5 .31  5:4j 5 . 5 1  5 .61  5 . 7 1  5 . 8 1  5 . 9 ;  6.01  6.11 6 .21  6 . 3 1  6 . 4 1  I 6 . 5 1  6 . 6 1  6 .71  6 .81  6 . 9 1  7.0 

CORRESPONDING T I M E  O F  STRENQTH 
__ 

2.8 
2.9 
2 9  
2 9  
2.9 
2 8  
2 8  
2.7 
2.8 
2.8 
2 7  
2.8 
2.7 
2.8 
2.8 
2.8 
3 .0  

2 7  2.6 
2.8 2 9  
2 8  2 8  
2 .8  3.0 
2 8  2.9 
2.9 2 8  
2.7 2.8 
2.8 2.8 
3.0 2.8 
2.8 2.8 
2 8  2 8  
2 8  2 8  
2.8 _ _ _ _ _  _ _  
2 6  _ _ _ _ _ _ _  
2 . 6  _ _ _ _ _ _ _  
2 9  _ _ _ _ _ _ _  
3.0 .______ 
2.8 .__.___ 
2.8 .______ 
2 8  _ _ _ _ _ _ _  
2.8 _ _ _ _ _ _ _  

OF FLOOD AFTER SLACK WATER (HOURS) 

3.01  2.9 

2.8 I 2 9  
2.9 2.9 

2 8  
2.8 2.9 
2.9 3.0 
2.9 3.1 
2.9 3.1 
2.8 2.8 
2 .9  2.9 

3.0 
2.9 
3.0 

--_.___ 3.1 
2.9 

2.8 3. 1 
3.0 3.0 
3. 1 3. 1 
2. 9 31'2 
2.9 2.8 
3.0 2 9  
2 9  3.1 
3.0 3.0 
2. 9 3.0 
3.0 3 .0  
3.2 3.0 
2.9 3.0 
3.0 3.2 
2.9 

__ 
3.1 
2 .9  
3.0 
3.2 
3 .0  
2.9 
2.9 
3.0 
3.0 
3. 1 
3.2 
3.0 
3 .0  
3. 1 
3.2 
3 .0  
3.0 
3 .0  
3 .2  
3.0 
3.0 
3 .0  

.-____ 

3.0  3. 1 
3.2 3. 1 
3.2 3 .0  
3.2 3 .0  
3. 1 3.0  
2.9 3.0 
3 .0  3.0 
3.2 3.0 
3.3 3. 0 
3.2 3.0 
3.0 3. 1 
3.3 3.0 
3. 1 3.2 
3 .0  3.3 
3.0 3.1 _ _ _ _ _ _ _  3.1 _ _ _ _ _ _ _  3.3 



TABLE 4l.-Relatwn between duration of ebb and lime that strength of 'ebb occurs after slack wakr at San Francisco Entrance 

DURATION OF E B B  (HOURS) 

5.01 5.11 5.21 ~ 3 1  5.41 I 5.5) 5.61 5.71 5.81 5.91 E.01 6.11 6.21 6.31 6.4) 6.51 6.61 6.71 6.81 6.91 7.01 7.11 7.21 7.31 7.41 7.51 7.6 

CORRESPONDING T I M E  OF STRENGTH OF E B B  AFTER SLACK WATER (HOURS) 

2 4  
2 5  
2.4 
2 6  
2 4  
2.5 
2.6 
2 3  
2 5  _ _ _ _ _  
___._ _ _ _ _ _  _ _ _ _ _  
~ _ _ _ _  

2.5 2 4  
2 6  2.5 
2 4  3.5 
3.2 3.4 
2 4  2 6  
2 5  2 5  
2 8  2 6  
2.6 _ _ _ _ _  
2 3  _..__ 
2 2  _ _ _ _ _  
2.4 _ _ _ _ _  
3.5 __-_. 
2 4  _ _ _ _ _  
2.2 _..__ 

________._______ 
____________.__. 

- 
2.7 
2.6 
2 6  
2 6  
2 8  
2.6 
2 6  
2 7  
3. 1 
28 
2 6  
2 6  
.___ 
._._ 
.___ _ _ _ _  
- 

2.7 2 5  3.0 
28 2.9 2 8  
2 7  3.0 
2 7  $! 2 8  

3.6 2.8 2.8 _ _ _ _ _  3.6 2 8  
...__ 13.5 3.1 

2 7  2.7 2.13 

I I  
3.0 2.8 2.7 
28 2.9 3.0 
28 2 9  2 9  
2 8  2 9  3.1 
2 8  _.____ 3.0 
2 9  __.___ 3.0 
29 ____.. 3.2 
28 ._.___ 2 9  
3.0 ___.__ 3.2 
2 9  _ _ _ _ _ _  3.0 
2.8 _ _ _ _ _ _  3.0 
_.___ ,__.__- 2 9  

, I ,  

3. 1 3.4 
3.3 3.2 
3. 1 3.4 
3.2 3.3 
3.2 3.3 
3.3 3.2 
3.6 3.3 

3.5 
3.3 
3.2 

.____ 3.0 

.__._ 3.7 

.____ 3.2 

.___. 3.4 

I------ 

. .  

MEANS 

2201 2181 2181 2281 237 I 2401 2581 2.471 2571279 12.69 12.87 291 269 2.68 290 2.99 3 00: 3.19 3.14 3.28 3.26 3.36 3.40 3.42 3.46 3.60 

VALUES OBTAINED FROM A SMOOTH CURVE D E R I Y E D  FROM ABOVE MEAKS 

I 1  I I I I I I . *  I I I I I I I I 
18 I 220 I 226 I 231 1 237 I 2.43 I 248 I 2.54 I 260 I 2.66 1 273 1278 I 287 1 289 I 294 I 299 I 3.05 I 3. I 3. I 3. 26 I 3.32 I 3.37 I 3.42 I 3.47 I 3.53 I 3.s 
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The method employed in the preparation of Table 40 was followed 
in preparing Table 41. The times of slack water at  San Francisco 
Entrance were then computed, covering the periods during which 
current observations were obtained at  the early stations. From 
theso computations the duration of both the flood and ebb at  the 
Entrance was obtained for the periods in question. Using Tables 
40 and 41 the times of occurrence of the maxima phenomena at  each 
station, after the similar occurrence at  the entrance, were deter- 
mined. For the 1923 stations these relations could be determined 
with much less difficult as the published predictions of the slack 
waters a t  San Francisco E ntrance were available. 

DISCUS8ION OF RESULTS 

For the purpose of discussing the results obtained from the various 
current surveys made from time to time in San Francisco Bay and 
tributaries, the entire body of water included therein was divided 
into five sections designated as follows: (1) San Francisco Entrance; 
(2) South San Frandisco Bay; (3) North San Francisco Bay; (4) San 
Pablo Bay; (5 )  Carquinez and Mare Island Straits. 

Section 1 includes the Golden Gate and the area between a line 
drawn from Bluff .Point to Berkeley on the north and from Potrero 
Point to Alameda on the south. 

Section 2 includes all the bay between the southern limit .of section 
1 and Dumbarton Brid e. 

from Point San Pedro to Point San Pablo. 
Section 4 includes all of San Pablo Bay and its tributaries with the 

exce tion of Carquinez and Mare Island Straits; that is, it  includes 
all t t e  area above the limit of soction 3 to a line drawn from the 
western end of Mare Island jetty to the town of Rodeo. 

Section 5 includes that portion of Carquinez Strait lyin between 

portion of Mare Island Strait lying below South Vallejo. 
For each station two tables have been prepared givin the current 

table the results of all surface observations are tabulated for each 
station in the section. In this tabulation the times of occurrence 
and duration of tho various phases of the current are given to  the 
nearest tenths of hours, tho velocities to tho nearest tenths of knots, 
and the directions to  the nearest 5'. In the second table of the sec- 
tion are tabulated the results obtained at the stations occu led in 
1923 iving the observations obtained at various depths wit$ both 
the o 9 e and the meter. Here the various timcs are given to hun- 
dre&hs of hours, the velocities to hundredths of knots, and the 
direction to whole degrees as obtained. The results are given to 
hundredths only to permit of the comparison of the results at  the 
various depths. Unfortunately, during the surve , the bifilar 

and direction observations at  various de ths were not obtaingble !n 

the azimuth columns of the tables. 

Section 3 includes a1 If the area north of section 1 to a line drawn 

the eastern limit of section 4 and the town of Crockett an c f  also that 

data obtained at  the various stations in the section. F (or  the first 

current direction indicator was only in the stage o 9 dcvelopmont 

every instance. This fact accounts for t K e omission of directions in 



FIO. 14.-Current Stations, San Frandsco Entrance 
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8. THE CURRENT IN SAN FRANCISCO ENTRANCE AND SOUTH SAN 
FRANCISCO BAY 

For thc entrance section, Figure 14 shows the location of 72 sta- 
tions at  which current obscrvntions have bccn mnde at  various 
times. The data obtainctl from nll pole observations n t  these sta- 
tions hnve bccn tabulated in Tnhle 42. Twenty-eight of tho 72 
stations were occupied during the survey of 1923 and for these sta- 
tions observations a t  different depths are available. The results 
derived from these obscrvations are tabulated in Table 43. 

Figure 15 shows the location of 7 current stations in South San 
Frnncisco Bay, 5 of which werc occupicd in 1923. The data for these 
stations are rescnted in Tables 44 and 45. In  these tables a minus 
(-). sign in ica tes  that  the timc of current a t  the given station is 
earlier than the corresponding predicted henomenon at San Fran- 
cisco Entrance. Whcn no sign is given t R e plus (+) sign is undcr- 
stood and indicates that the timc is latcr. 

It was considcred advisable to discuss these two sections as one 
since the currents occurring therein are very similar, being brought 
about by like causes. 

It might be well here to define flood and cbb current. As the terms 
are common1 used, the flood current is the one which sets inland or 

stream. I n  a narrow chnnnel or river there cnn be no doubt as to 
those directions; however, in a large area inters crsed with islands and 

some ambiguity arisin from thesc definitions based on directions. 

strength on a rising tide and the ebb current as the one which attains 
its strength on n fnlling tide. 

Referring to Tables 42 and 44 it mny readily be scen that all phases 
of thc current occur consistently earlier throughout sections 1 nnd 2 
than do the corresponding phases of the current as predicted Tor the 
Golden Gate. Also, there scems to be no marked progression in the 
times; that  is, the current appears to occur simultaneously through- 
out the two sections and it would thus appear that i t  is caused by a 
stationary wave rather than n progressivo one. It has been previ- 
ously ointed out in tho discussion of the tides of South San Francisco 

wave and the same typo of wnvo is probably ound in section 1. 
Tho fact that  the current occurs earlier in sections 1 and 2 than it 

does at tho entrance may be explained somowhat by referrin% tq 
Figures 19 to 30. On theso prints of the entire bay arrows have eon 
drawn showing npproximately the direction in which the surface 
current is moving for each hour throughout a complete current cycle 
a t  the entrance. The times are referred to high water slack and 
low water slack. The high water slack is the slack which occurs 
after high water and low water slack is the slack which occurs after 
low water. That the flood current occurs earlier in parts of sections 
1 and 2 than i t  does a t  the entrance may be explained by the fact 
that  the last of the ebb current comin down from the northern 

and into section 2, being felt as the first of the flood current in these 
sections. This movement is shown in Figures 20 and 21. 

upstream an C f  the cbb current the onc which sets seaward or down- 

with several different channels leading to nnc P from it  there may be 

The flood current is t a erefore defined as the one which attains its 

P Bay t I: at the tidal movement found there ap roaches the stationary 

roaches of the bay flows south through t a o eastern part of section 1 
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Considering the ebb currcnt, first referrino to scction 2 nnd to 
Figures 26 and 27, it is seen that thc current n?tcr thc  first of tho ebb 
in this section flows north through the cnstcrn portion of section 1 nnd 
into section 3, appcnring in this part of section 1 nnd in section 3 as 

Fra. 15.-Curront stntlons, South Sen Frnncisco Bny 

the lnst of the flood current. That the cbb curront also occurs 
earlior in soction 1 than n t  the ontranco is u much more dificult 
matter to, account for since the current movement, especially at the 
time of the beginning of tho ebb in this section, seems to he very in- 
volved and a comploto explanation of its action is not apparent. 



TABLE 42.-Current dda for San Francisco Entrance 

[Referred to times of predicted currents at San Francisco Entrance] - 
Location Party of- 

Ooldcn Oato _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  R. L. Shoppe-.-- 
Bonita Cove. _ _  _ _ _ _ _ _  _ _ _ _  _ _ _ _ _ _ _ _ _  _ _ _ _  - ____-do- _ _  _ _ _ _  _ _ _ _  
South Bay _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _____do  _ _ _ _ _ _ _ _  _ _ _ _  
Ooldcn Oate _ _ _ _ _ _ _ _ _ _  ~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _____do  _ _ _ _ _ _ _ _ _ _ _ _  
Southwest of Lime Point-.. _ _ _ _ _ _ _ _ _ _ _  ..---do _ _ _ _ _ _ _ _ _ _ _ _  
North of Fort Point: _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _____do  _ _ _ _ _ _ _ _ _ _ _ _  
011 Presidio. - _ _  - ~. . . . . . . . . . . . . . . . . . . . .  Edward Cordell--- 
Northeast 01 Lime Point _ _ _ _  ___. _ _ _  _ _ _  -:--.do. - - - - _ _  _ _ _  
Southwest of Angel Island _ _ _ _ _ _ _ _ _ _ _ _ _  R. L. Schoppe _ _ _ _  
Richardson Bay __.________________ _ _ _ _  --.-.do _ _ _ _ _ _ _ _ _ _ _ _  
Entrance Hacoon Straits--. _ _ _ _ _ _ _ _ _ _ _ _  . ____do  ___________. 
R a m n  Straits ..___________________ _ _ _ _  0. Bradford-. _ _ _ _ _  
South of Angcl Island _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _____do  ____._______ 
Between Alcatrar and Angel Island _ _ _ _  R. L. Schoppe _ _ _ _  
Off Point Blunt _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  0. Bradford _ _ _ _  _ _  
South of Point Blunt _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _  _____do  _ _ _ _ _ _ _ _ _ _ _  ~ 

East of Point Blunt ________________.___ -..--do _ _ _ _ _ _ _  ~ _ _ _ _  
East of Angcl Islnnd _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  R. L. Schoppo _ _ _ _  
Northeast of Angel Is land ___._ ~ _ _ _ _ _ _ _  0. Brndford-.. . - _ _  
Off Presidio ______._._____. ~ _ _ _ _ _ _ _ _ _ _ _ _  R. L. Schoppe.. _ _  
-.-.do _______.___.__________________ _ _ _  0. Bradford _ _ _ _ _ _ _  
.____do.  ~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  .____do _ _ _ _ _ _ _  ~ _ _ _ _  
. _ _ _ _ d o  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _  _ _ _ _ _ _ _  ____. do _ _ _ _ _ _ _ _ _ _ _ _  
Of7 Black Point .___.___________________  do. _ _ _ _ _ _ _ _ _ _ _  
North of Black Point _.____.___________ Edward Cordell.-. 
Northest ol Black Point ________._____ 0. Bradford _ _ _ _ _ _ _  
South of Alurtraz Island.- _ _ _ _ _ _ _ _ _ _ _ _ _  R. L. Schoppe.- _ _  
_ _ _ _ _ d o  _________.__________-...-- ~ _ _ _ _ _ _  0. Bradlord _ _ _ _ _ _ _  
End of Pier 41. San Francism _ _ _ _ _ _ _ _ _ _  R: I.. Schoppcx- _ _  
Southeast of Alcatrac Island. _ _  ______. Edward Cordell--. 

_ _ _ _ _ d o  ____________________-------.---.. _ _ _ _ _ d o  _ _ _ _ _ _ _ _ _ _ _ _  
____.do __.__._.____________-------.----. 0. Bradford __._ -. 
Od North Point-. ____. _________. ~ _ _ _ _  _ _ _ _  .do-- _ _ _ _ _ _ _ _ _  

_____do  _ _ _ _ _ _ _ _ _ _  ~ . . . . . . . . . . . . . . . . . . . . . .  Edward Cordell-.. _ _ _ _ _  do-. ~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  0. Bradford .______ 
____.do.-. ______._____________------.-.- R. L. Gchoppe-- _ _  _ _ _ _ _  40 _ _ _ _ _ _  ~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _  0. Bradford--. _ _ _ _  

Date Slack 

Hours 
Oct., 1923 _ _ _ _ _ _ _ _ -  a 2 

~ _ _ _  .do-- - - - - _ _ _ _ _ -  -3.0 
_ _ _ _ _ d o  _ _ _ _ _ _ _ _ _ _ _ -  -3.6 
_____do  _ _ _ _ _ _ _ _ _ _ _ _  -0.2 
_ _ _ _ _ d o  _ _ _ _ _ _ _ _ _ _  _ _  -0. d 
_ _ _ _ _ d o  _ _ _ _ _ _ _ _ _ _ _ _  -0.4 
Dec., 18GS--------- -0.2 

----.do - - - - - - _ _ _ _ _ _  -0.5 
Oct., 1923 _ _ _ _ _ _ _ _ -  0.1 
____. do _ _ _ _ _ _ _ _ _ _  _ -  -1.0 
_____do .  .__________ -0.3 
Nov., 1871 _ _ _ _  _ _ _ _  -0.3 

_.___do __.._____._- -1.7 
Oct., 1023 _ _ _ _ _ _ _ _ -  0.4 
Nov., 1871. _ _  _ _ _ _  -0.2 

_ _ _ _ _ d o  _ _ _ _ _ _ _ _ _ _ _ _  0.3 
Feb., 1875 ______.__ -1.7 
Oct., 1923.-.. _ _ _ _ _  1.6 
Jan., 1875.. - - - ___ -  1.6 
Oct., 1923 __._____- -0.4 
Jan., 1875 _ _ _ _ _ _ _ _ _  -0.5 

-----do. -. _ _ _ _ _ _  _ _ _  -0.5 
Dee.. 1874 ___.____- -0.6 
Nov.. lei4 ... -0.6 
Dec., l&Y.-- _ _ _ _ _ -  -0.3 
Nov.. E374 ___.____ -0.7 
Oct.. 1023. __._____ -0.8 
Oct., 1874 _ _ _ _ _ _ _ _ -  -1.0 
Nov., 1923.. - - - ._- -2 I 
Dec.. 1866 ____.__-- -0.4 
Jan.,1867 _ _ _ _ _  _.__ -0.4 
Nov., 1871 ____.___ -1.0 
Mar. 1873--. - _ _ _ -  -0.1 
Mar., 1866 _ _ _ _  _ _ _ _  -0.3 
Nov., 187l________ -1.3 
Nor., 1023.. . - _ _ _ _  -1.0 
Oct., 1874 _ _ _ _ _ _ _ _ -  -1.0 

5.4 
6.0 
5.4 
6.3 
5.7 
5.8 
7.1 
6.9 
6.1 
5.8 
6.9 
4.8 
6.0 
5.9 
8 9  

8,. i 4.0 
4.7 

- 2 3  
-1.0 
-1.1 
-0.5 
-0. 9 
-LO 
-1.1 
-1.8 
-1.3 
-1.4 
-0.6 
-L9 
-0.9 
-1.3 
-0.9 
-1.3 
-1.2 
- 2 7  

_ _ _ _  ao ___.__________________ ~ _ _ _ _ _ _ _ _ _ _  
Northwest of Ooat Island _ _ _ _ _ _ _ _ _ _ _ _ _ _  
West of Ooat Island _ _ _ _ _ _ _ _ _ _ _  _ _ _  _ _ _ _ _  
Northwest of Ooat Island Shoal.___ _ _ _ _  
____do-  ~ -. -__..._______________________ 
North of Oost Island _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Northeast of Oont Island- - - - - - - _ _ _  _ _ _ _  

R. L. Schoppe .___ 
0. Bradford _ _ _ _ _ _ _  
R. L. Schoppo-..- 
0. Bradford _ _ _ _ _ _ _  
R. L. Schoppe. _ _ _  
0. Bradford ._.____ 

-___.do.  - - ___._____ 

____.do. - ~ _ _ _ _ _ _  _ _ _  _____._______ - _ - - - _ _  ~ 

Southeast of Mission Rock ___________._ 
Northeast of Potrero Point .____ - ~ _ _ _ _  ._ 
East of Potrero Point _.__ - ~ _ _ _ _ _ _  ~ ~ .___ 
Southeast of Potmro Point _ _ _ _ _ _ _ _ _ _ _  _ _  

~~ ~~~ 

0. Bradford- - - - - ~ Aug.; 1874 _ _ _ _ _  - _ _ _  
R. L. Schopat _.__ Oct., 1823 _ _ _ _ _ _ _ _ _  

_ _ _ _ _ d o -  - - _ _ _ _ _ _ _ _ _  .---.do. ~. _ _ _ _ _ _  _ _ _  
0. Bradford. _ _ _ _ _ I  Aug., I874 ... _ _ _ _ _ _  _ _ _ _ _  dos----- _ _ _ _ _ _  1 Sept., 1874 _ _ _ _ _ _ _ _  

- - 

Sta- 
tion 
No. 

- 

1 
2 
3 
4 
6 
6 
7 
8 
9 

10 
11 
12 
13 
I4 
16 
16 
17 
la 
19 
20 
21 
22 
23 
24 
25 

n 
29 
30 
31 
32 
33 
34 
35 
38 
51 

m 
m 

- - 

Flood 
jura- 
tion 

hiaxhum ebb Madmum flood 
- 
rcioc- 
itY 
-- 
Rnofa 

3.0 
0.9 
1. 1 
3.4 
1. 2 
3.5 
2 6  
2 9  
1. 6 
0.4 
2 0  
3.4 
1.2 
2 0  
2.1 
1.3 
1.8 
1.2 
2 4  
1.8 
21 
1.9 
1.6 
1.3 
2 3  
1.7 
1.8 
2 0  
0.4 
3.0 
3.0 
1.8 
2. 1 
2.3 
1. a 
2.4 
2. a 

Ebb 
dura- 
tion 

- 
Hours 

6.3 
8.4 
6.3 
6. 1 
5.7 
8.1 
6. 1 
6.5 
6.0 
6.3 
6.4 
6. 4 
5.4 
7.2 
6.5 
7.4 
4.4 
7. a 
6.8 
i. 4 
8. 1 
7.2 
6.9 
6. g 

6.4 
6. 1 
6.2 
4.6 
6.2 
7. ( 
6.4 
8. 
7. I 

6. 4 
6. : 
7. : 

6. a 

anm 
o! loria 

__ 
Days 

7 
54 
vi 

1% 
1% 
1% 
1% 
1 
1 
1 
1 
2 
1 
1 
2 
2 
1 

2 

2 
2 '  
2 
2 
1% 
2 
1 
2 

3 
16 
1 
2 
4 

154 
?4 

41 

2% 
% 

2 

Ad- 
nuth 
LNC) 

Aei- 
muth 
,true) 

k g r C C S  
225 
250 
24 5 m 
230 
260 
250 
215 
240 
130 
225 
230 
300 
285 
220 
300 
300 
195 
175 
275 
275 
280 
270 
260 
280 
270 
275 
285 
250 
290 
310 
305 
310 
310 
3co 
305 
315 

- 

reloc- 
ity rime rime 

%urs 
0.0 

-4 7 
-5. 1 

0. 1 
-0.4 
-0.8 
-0.3 
-0. 5 

0.0 
-0.9 

0.0 
1.0 

-1.4 
-0.9 
-0. 1 
-0. 1 
-1.9 

1. 1 
L2 

-1.7 
-2.2 
-1.6 
-1.4 
-1.3 
-0.2 
-0.9 
-0.8 
-0.8 
-0.9 
-0.1 
-L 3 
-1.5 
-0.7 
-0. e 
-2 3 
-0.5 
-1.7 

cprcw 
55 
25 
70 
70 
70 
25 
70 
35 
10 
330 
15 
70 

i5 
100 
75 

135 
350 
350 
130 
100 
85 
95 
&5 

100 
90 

105 
IO0 
70 

110 
130 
110 

130 
120 
130 
140 

1m 

im 

CnOlJ 
2 8  
1.0 
1.3 
2.6 
2 8  
2 6  
3.0 
2 5  
1.8 
0.3 
1.3 
3.3 
1.2 
0.8 
1.6 
1.2 
2 2  
1.1 
2 2  
0.8 
1.2 
1.2 
1.3 
1.3 
2.8 
1.8 
1.5 
1.8 
1.3 
?. 5 
2.0 
I .  6 
1.4 
1.5 
1.4 
28 
2 3  

llours 
G.1 
4 0  
6. 1 
6.3 
6.7 
6.3 
6.3 
5.9 
6.4 
6.1 
6.0 
6.0 
7.0 
5.2 
5.9 
5.0 
8.0 
5.4 
5.5 
5.0 
4.3 
5.2 
5. 5 
5.5 
5. c 
6. c 
6.2 6. i ,.: 
6.1 
4. E 
6 . c  
3. E 
4.5 
6. ( 
5. s 
5. I 

Yours 
-0.2 
-5.5 
-4.0 
-0.5 
-0.5 
-0.6 
-0.4 
-1.1 

0.0 
-1.3 
-0.8 
-0.8 
-1.2 
-0.9 
-0. 8 
-1.2 
-0.2 

0: 5 
0. 6 

-1.9 
-2.7 
-1. 8 
-1. 6 
-1. 6 
-1.2 
-1. 2 
-1. 1 
-1.3 
-1.0 
-0.8 
-2. 1 
-1. 5 
-2 8 
-2 1 
-1.8 
-1.6 
-2 4 

liours 
-0.3 
-6. 6 
-4.0 
-0. 6 
-1.0 
-1.2 

0. 1 
0.0 

-0. 1 
-1.2 
-0.8 
-0.5 
-2 2 

0. 0 
-1.1 
-0.6 
-0.5 

1.1 
1.8 

-1.4 
-1.5 
-1.4 
-1.3 
-1. 5 
-0.9 
-1.4 
-1. 5 
-1.8 
-0. 8 
-0.9 
-0.7 
-1.3 
-1.5 
-0.8 
-1.0 
-1.7 
-1.4 

38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 

57 
58 
59 
Bo 
61 
62 
G3 
64 
65 
66 
67 
68 
69 
70 
71 
72 

-1.2 
-0.5 

0.0 
-0.3 
-0. 1 
-0.4 
-1.7 
- 2 2  

-a 7 
-1. 1 

-0.4 

-1.3 
-1. 5 
-1.8 

-0.3 

-1. 6 
-a 6 

-0.6 

-1. 0 
-0.8 
-1. 0 
-1.0 
-0. 7 
-1. 2 
-0.8 

-1. 1 

-1. 1 

-a 9 

-a 2 

-a 7 

-a 9 

-a 2 

-a 5 

-a 8 -a 8 

71.0 

-1.7 
-1.0 
-0.4 
-0.4 
-0.6 
-0.6 
-1.0 
-1.5 
-0. 5 
-1. 1 
-0. 1 
-1. 5 
-1.1 
-1.0 

-0. 1 
-0.9 
-1.5 
-1. 1 

-1.2 
-1.6 

-0. 3 
-1.3 
-0. 9 
-0.9 
-2 1 
-1.3 
-0.7 
-1. 7 
-1.5 
-1. 1 
-0. 8 
-0.6 
-1. 4 
-1. 3 

-a 4 

-a 4 

End of Pier 17, San Francisco _ _ _ _ _ _ _ _ _ _  
Off North Point - - - - _ _ _ _ _ _ _  - _ _  _ _ _  - _ _ _ _ _  
West of Ooat Island -... _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

Nov., 1923- _ _ _ _ _ _ _  
Oct.. 1923 _ _ _ _ _ _ _ _ _  
JUlY-Aug., 1874-.. 
ocr. .. 1923. _ _ _ _ _ _ _ _  
July, 1874. _ _ _ _ _ _ _ _  
Oct., 1923 - - -___- -_  
Nov.. 1871 _ _ _ _ _ _ _ _  
Nov., 1923 _ _ _ _ _ _ _ _  
July, 1874. _ _ _ _ _ _ _ _  
Mar., 1872 _ _ _ _ _ _ _ _  
Oct.. I923 _ _ _ _ _ _ _ _ _  
Mar., 1868 ___.____ 
Mar., 1872 _ _ _ _ _ _ _ _  

85 
145 
135 
150 
135 
165 
130 
130 
125 
145 
160 
165 
145 
185 
150 
160 
170 
105 
160 

I70 
180 
125 
180 
160 
165 
175 
180 
170 
155 
150 
180 
155 
180 
175 
155 
155 

0.6 
1.9 
1.4 
1.9 
2 0  
1.6 
1.6 
1.3 
1.6 
2 1  
LO 
2 0  
2 8  
1. 6 
2 0  
1.4 
1.8 
1.5 
1.8 

0.8 
1.6 
21 
2 3  
2 7  
2 2  
1.9 
1.0 
1.4 
2 4  
1.9 
1.5 
1.4 
2 0  
1.6 
1.8 
2 1  

-1.9 
-0.6 
-0.5 
-0. 6 
-0.9 
-0.7 
-1.8 
-1.8 
-0.5 
-1.0 
-1. 2 
-0.9 
-0.6 
-0.8 
-1. 1 
-1. 6 
-1. 8 
-1. 9 
-0. 2 

-2 0 
-1.2 
-0. 8 
-0.5 
-0. 3 
-1.0 
-1.3 
-1. 0 
-0.9 
-0.8 
-1.2 
-1.3 
-1. 1 
-1.9 
-1.3 
-1.3 
-1.2 

290 
320 
330 

350 
325 
300 
265 
335 
355 
340 
a45 
340 
340 
330 
340 

330 
354 

345 
0 
5 

340 
340 
320 

0 
20 
10 
0 

350 
0 

3.55 
5 
0 

350 
335 

320 

320 

0.9 
2.0 
I .  8 
2. 1 
2. 1 
2. 1 
1.2 
1.2 
1.7 
1.9 
1. 1 
2 5  
2 8  
2 0  
21 
1. 3 
1.6 
1.4 
2 4  

0.9 
2 1  
2 1  
2 6  
2 4  
2 0  
2. 2 
1.4 
1. 6 
2.2 
1.8 
1. 4 
1.8 
2 0  
1.4 
2 1  
2 2  

M 
1% 
2 
f !  

;% 

16 
1 
H 

1 

1 
1 

1 
1 
2 
1 

1 

1 
1 

4% 

. I %  

3% 

;% 
2 
1 
3 
2 
2 
2 
3 
1 
1 
2 
2 

7.0 

i. 0 
6.1 ' 
6.7 I 
6.6 I 
5.3 

6.4 I 

6. 6 

7.6 
6.4 I 
6. 5 
5.5 

5.4 1 

6.8 

6.3 

6.8 
6. 0 
6.8 
6.2 
6.9 
8.0 
7. 3 
6. 9 
7. 1 
7. 4 
7. 0 
7. 1 
6.4 
6.8 
6. 1 

5.5 I 

5.7 I 

7.5 I 
7 . 7 !  

i 

__.-.do- ~ - _ _ _  _ _ _ _ _ _  
Oct., 1862 _ _ _ _ _ _ _ _ _  
Mar., 1872 _ _ _ _ _ _ _ _  
Oct., 1923 _ _ _ _ _ _ _ _ _  
Oct., 1874 ... _ _ _ _ _ _  
Apr., 187'2 _ _ _ _ _ _ _ _ _  

_._.do _ _ _ _ _ _  _ _ _  ________. ~ ______._______ R.L.Schoppe..-. 
Off Ferry Building. San Francisco.- - --I 0. Bradford ... _ _ _ _  1 
Southeast of Ferry Building, San Fran- ____.do. - _ _  ____.___ 1 C I S M .  
End of Pier 24, San Francisco _ _ _ _  ~ _ _ _ _ _  
Off Rincon Point. -. _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _  _ _ _  

[East of Rincon Point-. ____________.___ 

6.11 - 2 0  
4.9 2 2  
5.61 -1.1 

R. L. Schop pa...- 
Edward Cordell ... 
A. F. Rodgers ._.__ 
R. L. Schop pe-... 
Edward Cordell ... 
R.L.Scho pe 
0. Bradfork::: 
R. L. Schoppe.--- 
0. Bradford ____. 

-___-do. _ _  _ _ _ _ _ _ _ _ _  
-____do.-- . .  _ _ _ _ _ _ _  
Edward Cordell ... 

6.41 -0.6 
Sonth of Ooat Island ._______________ _ _ _  
South of Rincon Point ___._____._______ 
End of Pier 46, San Francisco _ _ _ _ _ _ _ _ _ _  
North of Mission Rock. - - - - _ _ _ _  _ _ _ _  _ _ _  
East of Mission Roc% ____._____._____._ 
Southwest of Mission Rock _ _ _ _ _ _ _ _ _ _ _ _  
South of Mission Rock ...______________ 

5.51 - 1 . i  

5.6 -LQ 
6.31 -1.3 

1 I 



TABLE 43.-San Francisco Entrance, current data .for various depths 

[Referred to times of predicted currents at San Francisco Entrance] 

Location Party of- 

South Bay _ _ _ _ _  ~ _ _ _ _ _ _  

Golden O a k  __._______ 

Southwest of Lime 
Point. 

North of Fort Point. - - 

__.__do.- - ___.___. 

_ _ _ _ _ d o  _._.___ .--.- 

__.__do. - ____. _ _ _ _  

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

-0. .w 
-0.4i 
-0.40 
-n. 30 

-a63 
-0.88 
-0.73 
-0. a 

-iG 
-0. rfi 
-0.70 
-0.57 
-0.65 
-0.W 
-0.57 
0.00 
0. 10 

- a i s  
-0. td 
-0.53 
-1.18 
-0.95 
-0.8i 
-0.68 
-0.08 
-0. ll3 

-0.05 
0.20 

-0.05 
-0.05 
1.14 
0.77 
0.61 
0.47 

-1.44 
-1.74 
-1.54 
-1.44 
-1.50 
-1.15 
-0.75 
-0.80 
-0.84 
-1.04 
-0.94 
-1.34 
- 1 . G  
-2 07 
-1.61 
-1.87 
-1.94 
-1.44 
-1.44 
-1.44 
-0.58 
-0.w 
-0.63 I 
-0.73 
-0.55 
-0.62 
-0.56 
-0.52 
-0.71 
-0.61 

-0.36 
-1.ii 
-1.67 
-1.87 
-1.9i 
-1.18 
-1.28 
-1.23 
-1.18 
--1.'81 
-1.80 
-1.74 

- a s  

-1.61 I 

284 

293 
.___.._ 

106 
_.___._ 

___..._ 
274 

_ _ _ _ _ _ _  

_ _ _ _ _ _ _  
_._____ 
____.._ 
....-.. 

2i5 _ _ _ _ _ _ _  
.__.___ 
____... 

252 
____... 
_.__._. 
._..__. 

30(1 
______. 
.._.___ 
__._.._ 

289 
..-...- 
____..- 
.._.___ 

318 
_.___._ 
..._.__ _ _ _ _  ... 

319 
_._____ 

____... 
323 

.__._._ 

.. . _. .. 
347 
331 
285 

-...-.. 
_.____. 
.._.___ 

342 
347 
338 
338 
322 

':::::::: 

-- _- 

Length 

series o! 

- 

Ebb 
durn- 
Lion 

- - 

Stf 
tio 
Nc 

- 

1 

2 

3 

4 

5 

6 

9 

10 

11 

-- -- 

Observed 
with 

__ 

Flood 
durn- 
tion 

I h f a h m r n  ebb 

Date 

; I  
I ~ Maximum flood 

Time I--- PlUCk h i -  
muth 
(true) 

k p t h  
i-dOC- 

ity 

--I-- 
Ifours 

6. 13 
6. 20 
8. (io 
7. 36 
4. M 
5. f-io 
5. 10 
5.40 
6. 10 
5. 10 
5. 10 
5.20 
6.30 
8. 19 
6. 55 
7. 10 
6 . G  
fi 87 
6. 75 
6.55 
8.34 
6. 15 
6. 30 
6. 99 
6.43 
6. fa 
8. i o  
i. 10 
8. 15 
6.27 
6. 33 
8.37 
0.02 
6. 38 
G. -55 
6.81 

Degree 
223 

...... 

Knots 
3. n3 
3. 02 
3. 02 
3. 00 

0.87 
1. 10 
1.00 
1.09 
0.8-3 
0. (17 
0. s3 
3.39 
3. O i  
3. I2 
3. I6 
1.15 
1. 13 
1. 18 
1. OY 
3.51 
3. 56 
3.3G 
3.02 
1.59 
1.46 
1. 30 
1. 15 
0.36 
0. 44 
0.37 
0.36 
1. Y7 
1. i4 
1.43 
1. 23 

0. XG 

llours 
5.29 
6.22 
5. 82 
5. 06 
8. 42 
6. 82 
i. 32 
7.02 
6.32 
i. 32 
7. 82 
7. 22 
6. 12 
6.23 
5. S i  
5.32 
5. 75 
5. 75 
5.87 
5. Si 
6.6% 
6. 27 
6. 12 
5.43 
5.99 

5. 72 
5.32 
6.27 
8. I5 
8.09 
6. 05 
6.40 
6.04 
5.87 
5.61 

5.82 

R. I,. Sehoppe-. . 
1 5 3  

Oct. 19-24.... 
Feel 

7 
36 
90 
144 
7 

14 
34 
M 
7 

11 
29 y 
72 

1w) 
288 

7 
ai 
Mj 

14 
35 
50 
7 
9 
22 
35 
1 
3 
6 

10 
7 

15 
3i 
59 

Ifours I Ifours 
0. 22 1 -0.02 
0. 23 -0. 51 

-0. 10 I -0.49 
-0.62 I -0.10 

Hotirs Hoars 
-0. 15 -0.30 
-n ni 4 4 3  

Oolden Gate ..._____. Pole.. . 
&Mer..  -. . 
- .do. -. . -. 2, 1s 

1. 8.4 ..do ..--. 
Pole ... 
Meter ...-. 

...... 
2w Oct. 23-24.... 

Oct. 25%. . _ _  

Oct. 24-25.--- 

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

__--do.- - -... 

Oet. 18-20 
0 

Oct. 20-22.. 

oct. 19-m _ _ _  

1.00 
0. ,w 
0. 'co 
0.05 
1.33 
1.23 
1. 27 
1.08 
?. 82 
2 32 
2. 15 
1. 93 
2 75 

2 51 
2s 
2. 83 
2. i 5  
2 M 
2 2.5 
1. 81 
1.91 
1. i 2  
1. 48 
0.28 
0.45 
0.39 
0. 30 
1.27 
1.40 
1. 41 
1.41 

2 61J 

...--. 

...... 
217 

..do. - - 

..do. -. . -. 
Pole. .- - -.  
Meter..-.. 

-280 1 -5.04 
-290 -4.89 
-0.30 I 0.09 
-a 15 -0.46 

..do- .. . _ _  

..do ..--.. 
Pole.. - -. 
Meter.. -. . 
..do. - - -.. 
..do. .- - - .  
Pole.. - -. . 
Meter ... -. 
.-do. .- - .. 
..do.. __-. 
Pole.. - - _ _  
Meter. ___. 
..do. .____ 

...... 
261 

-0.45 -0.61 
-a90 -0.51 
-0. 70 -0.36 
-0.80 0. 09 
-0.85 0.09 

...... 
228 -0 r*? i -1.m 

...._- 
-0.75 I -0.11 
-0.40 -0.76 
-0.30 -0.81 
-0.40 -0.56 
-1.05 -0.46 

0.07 -0.03 

~~ 

..do. 
Pole.. . - -. 
Meter.. - -. 

..-..- 
238 

228 
216 
130 
122 
122 
122 
226 

251 

.._... Southwest of Angel Is- 
land. 0 in ! -0.13 

-.do.. - - -. 
Pole. -. . _. 
Meter ...-. 

-1.0.. 1-0.30 
Ramon Straits _ _ _ _ _ _ _  ____do.  _ _ _  _ _ _ _ _ _ _  

Between Alcatrsz and 
Angel Islands. 

Oct. Z-23 ____. Pole ._____ I hleter .....I 
. . .do. _. . - - 

1 
1 
1 
1 
1% 
1% 
1% 
1% 
34 
94 
% 
?4 

1 
1 
1 
1 
M w 
56 w w w w 
% 

1% 
1% 
1% 
1% 
2% 
2% 
2% 
2% 

E 

E 

16 
16 
16 
16 

!4! w !*. 
% 
1 
1 
1 
1 
1 
1 
1 
1 

14 

18 

a, 

n 

29 

3G 

38 

39 

41 

43 

45 

JR 

54 

7 
24 
60 
06 

7 
21 
53 y 
12 
30 
48 
7 
I6 
39 
e3 
7 
8 
20 
32 
7 
13 
33 
52 
7 
8 
20 
31 
7 
15 
38 
6; 
20 
50 
80 
7 
29 
72 
115 
7 
4 

I 1  
18 
7 
8 
20 
31 
7 
6 

15 
24 

0.35 
-0.05 

-0.05 
1.62 
1.58 
1. 12 
1.20 

-0.65 
-0.95 
-1. 00 
-0.85 

-0.55 
-0.75 
-2 10 
-2 20 

-2 30 
-1. 00 
-1. 00 
-1.00 
-1.00 
-1. 20 
-0.70 
-0.70 
-0. 80 
-0.50 
-0.35 
-0.45 
-0.55 
-0.30 
-0.08 
-0.12 
-0.33 

-0. I8 
-0.22 
-0.33 
-2.20 

-a 05 

-a 45 

-a 55 

-2 20 

-a 35 

-2. m 
-2 m 
-2 20 
7 1 . 0 7  
-0.80 
-0. m 
-1.00 
-1.75 
-1.55 
-1.55 
-1. 55 

-0.87 
-0.82 
-0.87 
-0.97 

1.09 
1.26 
0.96 
1.09 

-1. 66 
-1.96 
-2 06 
-2 It? 
-0.82 
-0.67 
-0.52 
-0.82 
-0.87 
-1. 07 
-0. 67 
-0.3i 
-0.90 
-1. 00 
-0. i o  
-0.80 
-1.67 
-1. O i  
-1.17 
-1. 27 
-0.9i 
-1.07 
-0.57 
-0. G i  
-0.40 
-0.67 
-0.62 
-0. 50 
-0. 63 
-0.64 
-0. G6 

-1.50 
-1.00 
-0.80 
-0.50 
-0.12 
-0.37 
-0.47 
-0.62 
-0.88 

-0.83 
-1.33 

-am 

-a 78 

0.84 
1. 16 
1. 24 
1. 25 
1. 13 
1.42 
1.45 
1. m 
0. 76 
0.89 
0. 95 
0.92 
1.51 
1. 37 
1. 51 
1.22 
1.32 
1.55 
1. MI 
1.59 
2.82 
2.57 
2.32 
1.81 
0.5i 
0. 56 
0.60 
0. 61 
1.88 
1.93 
1.76 
1.54 
1.86 
1.5G 
1.55 
1.43 
1.51 
1.52 
1.59 
1. Fa 
1.28 
1.44 
1. 15 
0.84 
1.04 
1.04 
1.03. 
0.97 
1. i 5  
1.70 
1.42 
1. 16 

5. 25 
5.90 
5.85 
5.90 
5. 38 
5.65 
6.02 

5.05 
5.35 
5. 75 
6. 00 
6.29 
6.09 
6. 05 
6.22 
7.55 
i. 65 
7.65 
7. i5 
5.90 
6. 10 
6.10 
5. 90 
5.40 
5.30 
5.30 
5. 50 
5. u7 
5.95 
6. 19 
6.32 
6.30 
6.25 

' 6 . 2 8  
6. 57 
5.84 
5. i 8  
5. 08 
6. 20 
6.92 
6. 92 
6. 92 
6.92 
6. 91 
6. i o  
6. 80 
6.95 
7.05 
7.00 
, 6. 11.5 
6.40 

5. m 

-0. 90 
-0.65 
-0. 70 
-0. 65 
0. 50 
0.73 
0. 63 
0.60 

-1.90 
-1.80 
-1. i o  
-1.50 
-1.07 
-0.97 
-1.00 
-1.03 
-1.05 
-1.05 
-1. Q5 
-1. of, 
-1.60 
-1.40 
-1.40 
-1.60 
-2 30 
-1.90 
-1. Ix) 
-1.80 
-1.03 
-0. Bo 
-0.77 
-0. i3 
-0. m 
-0.33 
-0.33 
-0.32 
-1.01 

-0. i3 
-0.63 
- 1 . B  
-1.78 
-1. i8 
-1.78 
-0.65 
-0. GO 
-0. rMl 
-0.55 
-1.20 
-1.05 
-1.20 
-1.65 

-0.90 

201 
1.69 
1. GI 
1. 55 
1. 25 
1. 11 
1.07 
1.01 
1.81 
1.94 
1. i C  
1. 41 
1.81 
1.84 
1.45 
1. 19 
0.42 
0. 50 
0. 50 
0.39 

2.67 
2.42 
1.91 
0. Si 
0. 71 
0. i o  
0. 76 
1.95 
1. €% 
1. 76 
1.53 
2. n9 
2 13 
I .  87 
1. 5z 
2. 08 

1. 78 

1.17 
I .  24 
1.10 
0.88 
1. I4 
1. 14 
1.00 
0. M) 
1. s3 
1.46 
1. 24 
0.96 

2 82 

I .  m 
].el 

7. 17 
6. 52 
G 57 
0. 52 
i. 04 
6 . Z  
8.40 
6.52 
7.37 
7. m 
6. 67 
6. 42 
6. 13 
6.33 
6.37 
6.20 
4. 87 
4. 77 
4.77 
4.67 
6. 52 
6.32 
6.32 
6.52 
7. 02 
7.12 
7. 12 
6.92 
6. 45 
6.47 
6 . 2 )  
0. 10 
6. 12 
6. 17 
6. 14 
5.85 
6. .58 
6. GI 
6.44 
6.22 
5. 50 
5. 50 
a 50 
5.50 
5. 51 
5.72 
5. 62 
5.47 
6.37 
5.42 
5. 57 
6.02 

Oct. 20-22.... 

Oet. 23-24-.-. 

Oct. 22- 23.... 

Nov. 2 ._._..- 

~. .do. _ _  - -. 
. Pole ...___ 

Metcr. .-. - 
... do .__.__ 
__-do.- - _ _  - 

- Pole _ _ _ _ _ _  
hleter ... . - 
... do. _ _ _ _ _  
__.do ____._ 

. Pole ._-___ 
Meter ..... 

East of Angel Island. - 

Off Presidio ._______-_ 

South of Alcatraz Is- 
land. 

~ - .do. _. - - - 
__.do ____.. 

Meter ... -. 
__-do. -. - _ _  

End of Pier 41. San  
Francisco. 

Off North Point.--.. 

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

N O ~ .  2 ____..__ Pole .__.__ 
Meter- - -. . 
__.do. - . - - - 

__. do ... . .. . 

Meter ... -. 

End of Pier 17, San 
Francisco. 

East of North roint.. 

West of Goat Island.. 

. ..do.. . . - -. 
~. .do. - - - - - - 

1-6 .______ Pole ..-.-.. 
Oct. 8-10 ___.._ Meter .____ 

25-31 ._._. _ _  -. .do _ _ _ _ _  
Mebr .... - 

____.do- - - - -. - - Pole.. . . . 

.-.do.. _ _ _ _  - 

{ 
NOT. 1-2. -. .-. -.-..do _ _ _ _ _  

Northwest of Ooat 
Islnnd. 

1.. .do.. . . . - - 
Meter.-.. - 

do .____ _ _  
Northenst of Ooat 

Island. 

__.do .___._ - 
Meter.. _ _  - 

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

Southeast of Goat 
Jsland. 



- - 
Bta 
ti01 
No 

- 
67 

69 

61 

63 

69 

70 

- 

Data Location O x B d  Depth 

End d Pier 21, Sun 
FranCiSCO.  

East of Rincon Point- 

Hour8 
-1.18 -a 89 
-0.63 
-1.19 
-an 
-0.12 -a zz 

bnth of Qoat Island.. 

Degrees 
172 

.--_ __-. 
180 

-----_-. _ _ _ _ _  _ _ _  

End of Pier 46. San 
Francisco. 

Oct. 30-31 __--_ 

Oct. 29-30. _ _ _ _  

Oct. 30-31 _ _ _ _ _  &nthemt of Mission 
Rock. 

North of Potrero Point 

-.-do _ _ _ _ _ _  - 
---do _.__ - _ _  I 
Pole _ _ _ _ _ _ -  
Meter--.-- - --do _ _ _ _  _ _  - 

- - .do _ _ _ _  _ _  - 
Pole _ _ _ _ _ _ _  
Meter---.- 

---do.. _ _  ~ - - 
.--do _ _ _ _ _ _ _  
Pole _ _ _ _ _ _ _  
Meter.. - _ _  

---do _ _ _ _ _ _ _  

TABLE 43.-San Francisco Entrance, current data for various depths-Continued 

-a 52 
-0.92 
-0.52 

-a n 
-206 

-a n 

Pam of- 

______. . 
166 _______. 

_______. 
_______.  

181 

-0.82 

-am 
-1.12 

-1.05 
1.15 

-1.25 
- 

I 

140 

174 
131 

_--____. 
_______. _-______  

- - .do _ _ _ _  _ _  - 

Fee: 
7 
13 
33 
53 

I 
16 
38 
62 
7 

11 
28 
48 
7 

10 
26 
42 

7 
9 

23 
38 
7 
9 
21 
34 

- - 

Slack 

- 
Hour8 
-1.65 
-1.65 
-1.75 
-1.W -a 5s -a 25 
-0. in 

-a 80 
-0.85 
-a 95 

-a 80 

-0.15 
-1.00 

-0. 70 

-1.00 
-1.45 
-1.45 

-1.00 
-0. 95 
-1.00 
-1.10 
-1.15 
-1.05 
-1.00 

- 

Maximum flood 

Time muth 
(true) I *Ii- 

Knob 
0.84 
a% 
0.65 
1.08 
2 32 
2 16 
1.90 
1.46 
2 15 
2 10 
1.83 
1.38 
0.99 
0.71 
0.77 a i o  
202 
1.80 
1.53 
I. 16 
1.58 
1.56 
1.45 
1.13 

~ - 

Slack 

Rours 
-2.05 
-1.w 
-1.75 
-1.80 

-0.30 
-0.40 
-1.25 
-1.25 
-1. 20 
-0.95 
-3.00 
-2 i o  
-2 55 
-2 50 
-2 00 
-1.30 
-1.30 
-1.40 
-1.65 
-1.45 
-1.45 
-1.65 

-a 65 
-a 40 

_- 
Masimum ebb 

---I- 
Hour8 I Dcprus Knob 
-2.00 344 0.94 
-1.30 _ _ _ _ _ _ _ _  0.61 
-1.30 _ _ _ _ _ _ _ _  0.77 
-I. 30 _ _ _  _ _ _ _ _  a 71 
-0.50 341 262 
-0.30 .______ ~ 236 
-0.25 .._--- -- 2 10 
-0.40 _ _ _ _ - - - _  1.59 
-1.00 322 205 
-1.14 _ _ _ _ _ _ _ _  2 24 

-0.70 _ _ _ _ _ _ _ _  1.14 
-1.M 22 1.39 
-1.34 _ _ _ _ _ _ - -  1.03 
-1.14 38 1.m 
-1.29 38 0.95 
-1.89 4 1.97 

-1.44 

-0.90 _ _ _ _ _ _ _ _  1.73 

-1.19 _____ .__ !  1.43 
-1.29 ______..! 1.18 

I 

- 

Ebb 

tion 
dura- 

. - .. ._ - 

Length 
Of 

series 

Day8 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
I 
1 
1 
1 
1 
1 
1 
1 



t ion 
No. 
sra- 

- 

- - 
Length 

series 

Dour 

o! 

- 
2 
2 
1 
1 
1 
1 
1 

Madmum flood 
Flood 

Loaction Date I Partyof- 

1 

3 

5 
ti 
7 

2 

4 

Howa 
North of Port A-visadero. ~ _________. _ _ _  0. Bradford-.-..-. December, 1874- - - -0.7 

East of Port Avisadcro ___._________ _ _ _ _  R. L. Schoppe. _ _ _  October. 1923 _ _ _ _ _ _  -0.6 

EastofPortSan Mako _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _  ---.-do _ _ _ _ _ _ _ _ _ _ _ _ _  +----do-.. _ _ _ _  ~ _.___ -0.4 
Durnberton bridge.. _ _ _ _  ~ ._____________ _____do  _ _ _ _ _ _ _ _ _ _ _ _  ~ ~ _ _ _ _  do .....-.. _ _ _ _ _  -0.8 

_____do  _ _ _ _ _ _ _ _ _ _  ~ _ _ _ _ _ _ _ _ _ _ _ _ _ _  --:- _ _ _ _ _  .-.--do _ _ _ _ _ _ _ _ _ _ _ _ _  -____do  _ _ _ _ _  ~ _ _ _ _  ~ _ _  -0.4 

____.do _________________._.________ ~ _ _ _ _ _  _ _ _ _ _  do _.___________ ___._ do _______._____ 
_____do _ _ _ _ _ _  _ _ _ _ _ _ _ _  .___________________ ____.do _ _ _ _ _ _ _ _ _ _ _ _ _   do _ _ _ _ _ _ _  ~ _ _ _ _  

-1.2 

-1.2 

-1.28 
-0.31 

0.04 
0.29 
0.04 

-0.16 
-0.31 

-0.21 
-0.56 
-0.61 
-0.58 
-0.61 

0 . M -  

____.... 1.06 
122 1.47 

._.__.__ 1.64 
____.__ ~ 1.46 _ _ _ _ _ _ _ _  1.18 

141 1.75 _ _ _ _ _ _ _ _  1.75 _ _ _ _ _ _ _  1.46 _ _ _ _ _ _ _ _  1.21 
139 1.w _ _ _ _ _ _ _ _  L n  _ _ _ _ _ _ _ _  L69 _ _ _ _ _ _ _ _  1.22 

6.95 
6.45 
6.65 
7.02 
7.05 
7.00 
6.70 
6.35 
6. 25 
5.95 
5.w 
tL75 
5. 75 

-1.00 
-0.50 

0.30 
0.62 
0.25 

-0.25 
-0.15 
-0.50 
-0. 65 
-0.w 
-0.w 
-1.60 
-1.00 

M 

Time 

- 

Hours 
-1. 1 
-1.1 
-0.4 
-1.2 
-0.4 
-0.6 
-0.5 - 

Hours 
-1.0 
-1.2 
-1.0 
-1.2 
-0.5 
-0.2 
-0.9 - 

Knob Eoura 

1.8 . 6.1 
1.1 0.5 
1.5 6.4 
1.8 7.01 
1.6 6.01 

Houra 
-0.6 
-0.5 
-0.3 
-L 6 
-0.3 
-0. 2 
-0.6 

160 
160 
150 
120 
140 
140 

TABLE 45.-south S u n  Francisco B a y ,  current aula j o t  various depths 
lRefened to times of uredicted currents a t  San Francisco Entrance1 __ __ 

Ebb 
dura- 
tion 

--- 
Maximum ebb 

- - 
Sta 
tio! 
No 
- 
3 

4 

- 

- - 

Slack 

I Maximum flood 

Location 

Eoura 

5.92 
5.82 
5. 77 
5.97. 
5. 87 
5. 77 
5.47 
5.97 
5.17 
5.40 
5.31 
5.42 
5.72 
6.07 
6. I7 
6.47 
6.52 
6.67 
8.67 

a 32 Daw 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

' 1  
1 
1 
1 
1 
1 
1 

le23 F& 
R. L. Schoppe _ _ _ _  Oct.34 _ _ _ _ _ _ _  Pole _ _ _ _ _ _ _  7 1 --.do Meter---./ _ _ _ _ _ _ _  29 12 1 Hours 

-0.60 
-0. 60 
-0. io 
-0.75 
-1.20 
-1.05 
-1.15 
-1.45 
-0.45 

0. 15 
0. 10 

-0.33 
-0.75 
-0.35 
-0.35 
-0. 40 
-0.35 
-0.30 
-0.25 
-0. 25 

EnstdPortAvisadero 

46 
7 
6 

12 
19 
7 

10 
25 
40 

7 
10 
28 

-...do. ____._____ _ _  _._ 
..-do _ _ _ _ _  _ _  

I...do _ _ _ _ _ _ _  I _ _ _ _  Pole 
-1.39 1 _ _ _ _  2si.l 1.11 
-0.44 0. 97 East of Port San 

M a w .  

Dumbarton bridge.. - 
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9. THE CURRENT IN NORTH SAN FRANCISCO BAY 

For this section there arc at hand observations at  19 current 
stations the locations of which me shown on Figure 16. Ten of 
thesc stations wcre occupied during the survey nintlc in 1923. The 
data have been tabulated in Tables 46 and 47. In  these tables a 
niinus ( - )  sign indicates that the time of current at the given station 
is earlier than the corresponding predicted phenomenon a t  San 

Fio. 10.-Curroat stntions, North Snn Frnnclsco Bay. 

Francisco Entrance. When no sign is given tho plus (+> sign is 
understood and indicates that tho time is later. 

In this section, as well as the following ones, it  mag be noted that 
the time of thc current gradually hccomcs later as one progrcsses up 
tho bay. Although this fact is not so noticcnble in section 3 it is 
nevertheless making its appearance ant1 indicates . that  the. wave 
action is gradually changing from that of a protlomlnant stationary 
type to that of a progressivo type. 



- - 

Sts- 
t ion 
No. 

- 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
I 1  
12 
13 
14 
15 
16 
17 
IS 
19 
- 

Time 

TABLE 46.--Current dalafor N o d i  S a n  Francisco Bay 
[Referred to times of predicted currents at Ban Francisco Entrance] 

Azi- 
muth 
(true) 

- 

E s t  of Bluff Point ... _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
West of Southampton Shml ... .~ .-.--.. 
SouthamDton Shoal..- --:-- _ _ _  _ _ _ _ _ _ _ _ _  

Time 

_, 

I I I West of Southampton Shod .____..__.._ __... do __________.__ ..--.do ___._________ 1.4 
Southampton Shoal __._________________ . _ _ _ _ d o  _.._._.____._ _ _ _ _ _ d o  _____....___. -1.2 
Off California City ._._____...____ _ _ _ _  .- R. L. Schoppe.. .- October, 1923 _ _ _ _ _ _  0.5 
West of Southampton Shod _ _ _ _ _ _ _ _ _ _ _ _  . _ _ _ . d o  _...__.____.. __._.do ____._.______ 0.4 
____do  ._...______._.______---..--..-.-.- 0. Bradford ___.___ May. 1873 ___._____ 1.1 

Azi- 
muth 
(truc) 

Hours 

0.3 
1.5 

-0.3 
-0.3 

0. 2 
0. G 

-0.2 
0.9 
0.4 
0.4 
0.1 

E 

East of Red Rock..-. _________________. .__. .do ____.________ . ____do  _ _ _ _ _ _ _ _ _ _ _ _ _  0.2 
End of dock, Point Orient _ _  .--...-. ..- _.___do __.___. ___. .. November, 1923 ... 0.3 
Northwest of Point San Pablo _ _ _ _ _ _ _ _ _  _____do  _.___________ October, 1923 _ _ _ _ _ _  0.11 
Southeast of Point San Pablo ____..__._ _ _ _ _ _ d o  _ _ _ _ _ _ _ _ _ _ _ _ _  __.__do ____..___.___ 1.2 
South of Point San Pablo. .___ ~ _____.__ i l  _ _ _ _ _ d o  _..____...___ ..... do _ _ _ _ _ _ _  ~ _ _ _ _  ~ i 0.6 

Dcqrcci 
333 
3 5 5  

15 
340 
20 
330 
335 

5 
15 
330 
335 
3.5.5 
325 

.. . . -. _- 
Maximum flood 

-0.3 
0.5 

-0.4 
0.5 
0.1 
0.0 

-0.4 
0.4 
0.2 
0. 2 

-0.7 
1.2 

' 0.4 
0.1 
0.2 
0.8 

-0.2 

190 
170 
190 
145 
180 
1 6  
200 
1.m 
160 
1GS 
180 
190 
175 
lW 
220 
m.5 
200 

Southampton Shoal.-.. _ _ _ _ _ _ _  .._______ 
Off Point Richmond _.________________. 
.... do ....___.__. .__.______ --. _...._____ 
Northwest of Southampton Shoal _ _ _ _ _ _  
End of Standard Oil dock. Richmond.. 
Northest of Califomla Point _ _  - _ _ _  -.- 0.6 1 5 

___. -do  _._.______.. . February, 1 8 i L . .  -0.1 
_ . _ . _ d o  .__._.___.___ .___.do _ _ _ _ _ _ _ _ _ _ _ _ _  1.2 
R. L. Schoppe. - _ _  October, 1923 _._.__ 0.4 
0. Bradford __._.__ February, 1873 ___. 0.2 
R. L. Schoppe-. _ _  November, 1923... -0.4 

____.do  _..__. . .-.... October. 11123 ..... . 1.1 
O. 2 i 320 

-0.3 315 
0.5 I 40 
0.8 30 
0.6 1 35 

Knot8 
0.9 
1. 4 
1. 1 
0.8 
1.0 
0. 2 
1. fi 
1. 5 
1.3 
2 0  
0.9 
2 5  
0. G 
0.9 
1.3 

1. 5 
21 
1.6 

n. 7 

- 

. - 

Flood 
dura- 
tion 

IIou ra 
6 . 4  
5.5 
7.  2 
5.3 
7. 3 
4.9 
6. i 
5.5 
G. 4 
5.9 
G. 2 
6. 1 
6.8 
5.8 
6.7 
5.2 
5. 5 
6. G 
G. 2 

. .  

Slack 

Ilours 
0.0 
0. 1 
0. 1 
0.2 

-1.1 
0.6 
0. 1 

-0. 2 
0. 6 
0. 1 

-0. 2 
-0.3 
0. 4 
0.4 

-1.0 
-0. 1 
0.3 
0.4 

-a 4 

I dura- 
l'$~-, tion 

-1- 

1. 1 

1.9 i 
1.5 I 
1.9 : 

1.1 I 
1.2 I 

1.4 j 
2 i 
2 5  
0.4 I 
1.5 
2 0  
3.0 I 

I -. . 

6 9  
5. 2 
7. 1 

1 . 5  
5.7 
6.9 
6. C 
6.0 
G 2  
6. 3 

6. G 
5. i 
7. 2 
G. 9 
fi. e 
0.1 

5. 1 

5. a 

.- -_ 

Length 
of 

series 

Dags 
z 
2 
2 
2 
2 

0 
2 
1 

1 

% 

1% 

1% 
?i 

vi 
4% 

1 
1 

1 

1 



- - 
Str. 
ti0 . 
Nu 
- 

(i 

7 

11 

13 

14 

1: 

If 

1' 

11 

1' 

- 

ogr2 

- 

Location Depth 

Off California City--- 0.54 
0.44 
0.54 
0.54 
0.14 
0.04 

.0.11 
-0.w 
0. 19 
0.m 

-0.21 
-0.51 
-0.m 
-1.26 
-1. 16 
-0.91 
1.20 
0.75 
0.75 
0.80 
0.3.5 
0.05 

West or Southampton 
Shoal. 

147 _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  
.____.__ 

179 

170 
163 
162 

..__.__. 

_ _ _ -  _ - - -  
.._____. _ _ _ _ _ _ _ _  

180 

_ _ _ _ _ _ _ _  
190 

188 
186 
175 

Ofl Point Rkhmond- 

0.13 
0.00 

0.39 
0.44 
0.44 
0.54 
0.08 

-0.32 
-0.32 
-0.32 
0.55 
0.40 
0.50 
0.20 
0.24 
0.09 

-0.08 
-0.36 
-0.32 
-1.02 
-1.12 
-1.22 

0.54 
0.59 

0.00 
0.84 
0.75 
0.52 
0.72 
0.64 
0.24 
1.00 
1.00 

0.00 

a 3 4  

End of Standard Oil 
Do&, Richmond. 

334 1.55 
347 1.47 

.335 0.87 
.~ _ _ _ _  0.89 _ _ _ _ _ _  0.88 
_.____ 0.81 

325 0.58 _ _ _ _ _ _  1.10 
_____. 1.15 
___.__ 1.00 

3 0.84 
_.____ 1.03 

346 1.11 
346 0.92 
318 1.28 

1.29 
1.29 
1.25 

315 0.72 _ _ _ _ _ _ _  0.62 
_____- -  0.50 _ _ _ _ _ _  ~ 0.45 

41 1.46 
___.___ 1.54 

_ _ _ _ _ _ _  1.14 
30 2(x 
36 211 
37 2Ot 
15 1.74 
37 1.6: 
41 1.6; 
29 1.6: 
33 1. tx 

352 1.32 

_____.. I. 1s 

Northeast of califor- 
nia Point. 

East of Red Rock..-. 

Endoroil Dock,Poinl 
Orient. 

Northwest of Poinl 
88x1 Pablo. 

s o u t h w t  or Point sa 
Pedro. 

South of Point Sat 
Pedro. 

TABLE 47.-North San Francisco Bay, current data for various depths 
[Referred to times of predicted currents at San Francisco Entrnncel 

_ _  __ 

Party of- Date 

Ict. 11-12..-. 

.___do- - - - 

vov. 3 _ _ _ _ - -  

Oct. 12-13--- 

__-.do- - - - _ _  
Oct. 16-19.-- 

Oct. 12-13.-. 

.-. do ...... 

._-do- - _ _  _ _  
Pole. - - - - - 
Meter..-.- 
._ .do- - - - _ _  

20 
51 
81 
7 

10 
24 
38 
7 
6 

15 
24 
7 
7 

18 
29 
7 
8 

18 
29 

7 
11 
21 
43 

7 
t 

1: 
y 
1( 
3 

1: 
4: 
6; 

li z 
4! 

6; 

Tours 
0.50 
0.60 
0. a 
0.37 
0.37 

0.00 

0.35 
0.25 
0.20 

-0.40 

-0.20 
-0.40 

1.10 
1. 10 
0.50 
0.15 
0. 15 
0. I5 
0.05 

-0.35 
0.30 

-0.21 

0.90 
0.50 
0.60 
0.4c 
1.17 
0. Be 
0. @ 
0.B 
0. Go 
0.55 
0.45 
0.05 

a io 

0. 20 

a 40 

-0. 20 

-0. 20 

-0. 20 

- - 

'load 
m- 
tion 

lours 
4. w 
4.60 
4. 90 
5.40 
6.72 
6.82 
7.02 
7. 14 
6.20 
6.55 
6. E5 
6.70 
6. 60 
6.80 
7.00 
7.20 
5.80 
5. &5 
6. 30 
e. 55 
6.75 
6.80 
6.90 
7.35 
5. ?i 
5 . x  
5.3( 
5. x 
5 , s  
5. d 
5.41 
5. Bi 
5.6: 
6.z 
6.7 
7.01 
6.2 
6.N 
6.81 
7. 11 

__ 

ilack 

Iowa 
-1.10 
-1.30 
-1.10 
-1.00 
0.58 
0.68 
0.72 
0.63 
0. 10 
0.40 
0.40 
0.40 

-0.30 
0. 10 
0.30 
0.30 
0.40 
0.45 
0.30 

0.40 
0.45 

0. m 
-1.00 
-1.40 

0. 20 

a 45 

-1.40 
-1.40 
-0. ia 
-0. IC 
-0.4: 
-0.2' 

0.z 
0. @ 
0. Q6 
0.87 
0.3: 
0.5: 
0.7: 
0.7c 

Maximum ebb 

0.i5 1% 
0.15 187 
0.00 107 

relo- 
city 

rnofs 
1.90 
1.92 
1.67 
1.29 
1.46 
1.38 
1. 11 
0. Do 
1.47 
1.39 
1. 18 
0.86 
0.43 
0.35 
0. m 
0.57 
1.72 
1.58 
1.28 
1.00 
1.38 
1.45 
1. 12 
0.78 
1.47 
1.82 
1.55 
1. 15 
1. Lw 
1.98 
1.89 
1.59 
3.00 
2. Fa 
2 37 
1.86 
1.89 
1. 61 
1.32 
1.02 

Ebb 
lura- 
tion 

IIours 
7. 52 
7.82 
7. 52 
7.02 
5.70 
5. 00 
5.40 
5.28 
6. 22 
5.87 
5. -77 
5.72 
5.82 
5.62 
5.42 
5. 22 
6.62 
6.57 
6. 12 
5.87 
5.67 
5.62 
5.52 
5.07 
7.22 
7. 12 
7. 12 
7. 12 
6.92 
6.82 
6.97 
6.57 
6.80 
6.22 
5.71 
5.34 
6. 17 
5.92 
5.61 
5. 2i 

.. . 

ength 
Of 

mics 

Days 
M 
?4 
H 
M 

6 
6 
6 
6 
1 
1 
1 
1 
?4 
N 
?4 
?4 

1 
1 
1 
1 
1 
1 
I 
1 

g 
?4 

1 
1 
1 
1 
4% 
4% 
4% 
;Yi 
1 
1 
1 
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In  the tables giving current data for various depths i t  will be seen 
that the flood current generally starts earlier a t  the lower de ths, the 

same time for all depths or, if any thing,'^ ightly later at the lower 
depths. These differences are caused by the fresh water, since i t  is 
of lesser density and hence remains near the surface; and, as i t - is  
constantly coming down from the upper sections of the bny, i t  has a 
tendency to delay the flood current and cause the ebb current to 
occur slightly earlier near the surface. These time differences are 
not so noticeable in South San Francisco Bay, indicating that there is 
relatively very little fresh water coming from this section. This is to 
be expected, since most of the fresh water flowing into the bay 
comes down from the northern reaches. 

This time difference is clearly brou h t  out a t  station 18, section 

Point San Pablo. All of the fresh water flowina down from the 
north must pass between these two points. flpon referring to 
Table 47, station 18, i t  may be seen that the flood current begins 
nine-tenths of an hour later and that the ebb current begins six- 
tenths of an hour earlier a t  the 7-foot depth than it does at  the 67- 
foot depth. The fact that there is a large volume of fresh water 
passing this point is also clearly brou ht  out by comparing the flood 
and ebb velocities at  this station. i t  the 7-foot depth it is noted 
that the maximum ebb velocity is nearly 100 per cent greater than 
that of the flood, and it is also noticeable that this difference gradually 
decreases with the depth until at the 67-foot depth the ebb velocity 
is only about 7 per cent greater. 

I n  general, the effect of this nontidal water is to decrease the 
flood velocity by the same amount that it increases the ebb velocity. 
A nontidal or ermanent current of approximately one-half a knot 

The duration of the ebb near the surface is also seen to be greater 
than the duration of the flood a t  station 18. 

In practically all instances where the current station is located 
inshore, a t  the end of n dock or in shoal water, i t  w ~ l l  be noticed that 
all phases of the current occur enrlicr than they do tit closely related 
stations located in channels or in deeper water. This is obviously 
due to friction. For instance, consider the ebb current a t  stations 
1 nnd 5. Station 1 is located in about the .center of the channel 
between Bluff Point nnd Southnnipton Shoal in 8 fathoms of wnter, 
while station ci is locnted on Southamptoll Shoa1,in about 2 fathoms 
of water. As the ebb begins to slackcn the retardmg effect IS stron er 

shoal water, thus makiii the time of slack water occur earlier and 
causing tho current to f k o d  a t  stution 5 while it is still ebbing a t  
stntion 1. 

For the stations in this section located in doe water the directions 
particular locality. For the stntions, however, located on South- 
nin ton Shoal-namely, Nos. 3, 5, and 9-the currynts run not par- 
slle P with the shoal or directly across i t  but rather dingoi?ally over it, 
caused probably by the two deep-u.ater channcls on clther side of 
the shonl. 

time yadually hocomin later as the surface is approac K ed. It 

5 may a so be noted that t fi e ebb current be ins a t  approximately the 

3, located in the center of the channel B etween Point San Pedro and 

may therefore B e said to exist near the surface at this station. 

a t  stntion 5 due to the grcnter friction cnuscd nt that point by t 9 i o  

of the maximum currents seem to set fair wit t: the channcl m that 
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10. THE CURRENT IN SAN PABLO BAY 

In this section nine currcnt stntions hnve been occupied from 
time to time, five of them during 1923. The location of these statious 
is shown in Figure 17. The datu resulting from the various obscr- 
vations have becn tabulated in Tables 48 and 49. I n  these tables 
a minus ( -> sign indicntes that thc time of currcnt a t  the given 
station is earlier than the corresponding predicted henomenon 

sign is understood and indicates thnt the time is rater. 
It is noted in this section, 8s well as in section 3, that the time of 

the current is gradually becoming Inter, showing more strongly the 
progressive wave effect. The stations located in the main ship 
channel indicate enerally the cffect of the fresh-water run-off in 
both the time an5 velocity of the current. Stations 7, 8, and 9, 
however, show practically none of this effect in the time of occurrence 
of the current and veryrittle of it in the difference of the ebb and 
flood velocities, indicatin that only a small amount of fresh water 

year in which these observations were made. Observations made at 
other seasons of the year, on the other hand, may show a considerable 
discharge of fresh water from these streams. 

a t  San Francisco Entrance. TI7hen no sign is wiven t f ic plus (+) 

was discharged from Peta Ei uma or Sonoma Creeks at  the time of the 



FIG. 17.-Current staqions, Snn Pablo Boy 
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St8 
tior 
No 

- 

1 
2 
3 
4 
5 
6 
7 
a 
9 - 

Location 

-. 

TABLE 48.4urrent data for San Pablo Bay 

[Referred to times of predicted corronts at San Francisco Entrance] 

Party of- Data 8laclr 
- 
Veloc- 
ity 

Knala 
2.7 
1.9 
2 4  
2.1 
1.9 
1.6 
0.8 
1.2 
1. 5 

Ebb 
d m -  
tion 

__- 
Hours 

5.9 
5.6 
5.5 
6.2 
6.4 
6.8 
5.1 
6.6 
6.0 

East of Point San Pedro.-. . ._ _ _ _ _ _  _ _ _ _  
Northeast of Point Sao Pablo _ _ _ _ _ _  _.__ 
North of Point San Pedro ... - __. . - - __. - 

1923 
Mar., 1856 _ _ _ _ _ _ _ _ _  
Oct., 1923 _ _ _ - _ _ _ _ _  
Feb., 1856 _ _ _ _ _ _ _ _ _  
Oct., 1923 --_----_- 
a p t . ,  1856 _ _ _ _ _ _ _ _  
Mar.. 18% _ _ _ _  ~ _ _ _ _  
Oct., 1923 ___- - -___  

R. M. Cuyler ... _ _  
R. L. Schoppe. .__ 
K .  hI. Cusler ... _ _  

_____do  _ _ _ _ _ _ _ _ _ _ _ _ _  I 

Hour8 
0.2 
0.0 
0.2 
1.5 
0.8 

Hours 
0.0 
0.4 
0.0 
1.4 
0.7 
0.7 

-0.6 
1.2 

Degrcea 
225 
230 
205 
245 
260 

Maximum flood 

Northwest of Pinole Point 
Do _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _  ~ _ _ _ _ _  

Southwest of Mare Island--..- _ _ _ _ _  _ _  - 
Off Petalama Creek _ _ _ _ _ _ _  ~ _ _ _ _ _ _ _ _ _ _ _ _  

T h e  

__ 
Eaura 

0.3 
1.1 
1.4 
1.4 
0.4 
0.4 

-0.4 
1.3 
1.7 
- 

R.  1,. Schoppe.--.l 
R .  M. Cuyler..-. _ I  

--__.do. _ _ _  - - -. _ _ _  __I 
R. L. Schopm--- -: 

Ad- 
moth 
(truo) 

Deurec 
40 
50 

65 
45 
75 
350 
335 
335 

- 

m 

- 

- 

Veloc- 
ity 
- 
Knots 

1.5 
1.6 
1.4 
1.6 
1.7 
1.1 
0.8 
1.0 
1.2 
- 

- - 

Flood 

tion 
d m -  

- 
Haws 

6.5 
6.8 
6.9 
6.2 
6.0 
5.6 
7.3 
5.8 
6.4 
- 

- - 

Slnck 

- 
Usura 

0.0 
0.8 
0.4 
1.1 
0.2 

-0.2 
0.2 
0.6 
0. i 

~ 

Maximumebb 1 

-I- 

255 1 ;: 
-0.5 180 



- - 

8ta 
tior 
No 

- 
2 

4 

7 

8 

9 

- 

Ebb 
tion 

dura- Location 
Length 
series 

Of 

Northeast of Point 
San Pablo. 

Northwest of Pinolc 
Point. 

Entrance to Petalnma 
Creek channel. 

Sonoma Creak _ _ _ _ _ _ _  

Party of- 

R. L. Schoppe-.. 

.___do- _ _ _ _ _ _ _ _ _  

.___ do-- ________. 

___-do. _ _  

____do _ _  - - 

TABLE 49.-San Pablo Bay, currenl data jot various depths 

[Referred to times of predicted currents at San h n c h o  Entrance] 

Date 

Oct. 17-18..-. 

Oct. 16-17..-. 

OCt. 17-18..-. 

'Zrfi Depth 

I- 

Marimumtlocd 

-l-l-+ 

Flood 
d m -  S k k  
tion 

-- 

I 

Maximum ebb 
- 

Time 

HOUrd 
-0.03 
0. 17 
0.07 
0.17 
1.48 
1.23 
0.78 
0. i3 

0. 18 
-0.02 
-0.62 
-0.12 
-0.52 

-1.02 

-0.22 
-0.52 
-0.62 

-_____  

-0. a 
___._. 

I 

-I- 
Degreca Knolr 

Po1 1.88 
Eollra Dapa 

5.57 % 
5.72 

6.02 1 
5.97 1 
5.82 1 

5.77 6.Z 1 

6. 62 1 
6.37 I 1 
8.17 1 
6.321 1 

1 No observations. 
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11. THE CURRENT IN CARQUINEZ AND MARE ISLAND STRAITS 

This section contains nine current stations, of which all but one 
were occupied during the survey made in 1923. The resulting data 
have been tabulated in Tables 50 and 51. I n  these tables, &s in the 
preceeding, a minus (-) si n indicates that the time of current a t  

enon a t  San Francisco Entrance. Whcn no sign is given the plus 
(+) sign is understood and indicates that  the time is later. It is to  
be noted, on referrin to Table 50, that  all phases of the current for 

they do for the stations located in Car uinez Strait, which are either 
above or below the entrancc to Mare 9 sland Strait. As the current 
is flooding for ap roximately two hours in Mare Island Strait 
before it starts to  l ood a t  any station in Carquinez Strait, i t  is seen 
that the two last hours of the ebb current in Carquinez Strait must 
be divided, part of it flowing up Mare Island Strait, where it np ears 
as flood current, and the remainder flowing on out to San Pablo%ay. 
A great deal of this cbb current is fresh water, as ma be seen b y  

first two hours of theflood current in Mare Island Strait wo then 
have a current composed mostly of fresh watcr and i t  may be oxpccted 
therefore, that there would not be a considerable difference in the time 
of the beginning of flood current a t  various depths for stations located 
in  this strait. That this is the case may be seen by referring to 
Tnble 51, stations 6-9. 

Tho currcnt is 
ebbing in Mare Island Strait for approximately one and one-half 
hours before i t  begins to ebb in Carquinez Strait. For this length 
of time, therefore, we have the ebb current from Mare Island Strait 
flowing into and up Carquinez Strait as flood current. 

Figure 18 shows the location of tho current stations in this section. 

the given station is earlier t a an the corresponding predicted phcnom- 

stations located in Ns arc Island Strait occur considcrably earlier than 

referring to the data in Table 51, stations 1, 3, 4, an B 5. For the 

I n  a similar manner, consider the ebb current. 



FIG. 18.-Current stations, Carquinez and Mare Island Straits 
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Sta 
tior 
No 

- 
1 
2 
3 
4 
5 
6 
7 
8 
9 
- 

2 1  
0.8 
0.4 
0.7 

' 0 . 9  

TABLE 50.-Currenl.dala for  Carquinez and Mare Island Straits 

[Referred to times of predicted currents at San Francisco Entrance] 

105 
40 
325 
325 
310 

Loeation 

I I I 

I I I _ _ _ _  do-- __._. - .. - __. _ _  --... I _ _ _ _ _  .--. _ _ _ _ _  do-- - .___.____ _____do.-  _ _ _ _ _ _ _  -.- 
Entrance to Mare Island Stmit _ _ _ _ _ _ _  ..-..do _ _ _ _ _ _ _ _ _ _ _ _  ____.do _ _ _ _ _ _ _ _ _ _ _ _  
Mare Island Strait ______________._.___ _____do .  _ _ _ _ _ _  ~ ___. ~ _ _ _ _  do _ _ _ _ _  ~ _____. 
.____do.  _. _____: _______.____________--.- ~ _ _ _ _  do-.-. _ _ _ _ _ _ _ _  .____ do-- _____. _ _ _ _  
.__.-do- -. ____. .- ._.____________________ .____ do-- __.__ _ _ _  _ _  _ _ _ _ _  do-- _ _ _ _ _ _ _  __. 

Hours 
2 1  
1.9 
2 0  
2 5  
2 4  
0.2 
0.3 
0. 6 
0.2 

Maximnm flood 
- 
VelOC- 
itY 
- 
Ktldr 

2 1  
1.7 
2 0  
2.2 
1.9 
1.3 
1.0 
1.5 
L8 

- - 

Flood 

tion 
d m -  

Hours 
6.0 
6.2 
6.0 
5.8 
5.8 
6. s 
5.8 
6.2 
6. G 

- - 

Slack 

- 
Roura 

1.6 
1.6 
1. 6 
1.8 
1.6 
0.5 

-0.4 
0.2 
0.3 
- 

Maximum ebb 

Time 

- 
Hours 

1.9 
2 6  
1.8 
1. 7 
1.5 
0.4 

-0.2 

0.2 
0. 0 

- 

Azi- 
muth 
(true) 

Deprrca w w 
280 
Z i O  

210 
180 
165 
170 

- 

no 

- 

- 
VdOC- 
ity 

- 
KnOt.9 

2. 5 
2 2  
2.9 
3. 1 
2 9  
1.8 
2 2  
2.0 
2 0  
- 

- - 

Ebb 
iura- 
tion 

- 
Hours 

G. 4 
6.2 
6.4 
6. 6 
6.6 
5.6 
6.6 
6. 2 
5.8 
- 



TABLE 51.-Carquimz and Mare Island Straits, current data for various deplhs 

[Referred to times of prodicted currents at San Francisco Entrance] 

South of Mare Island - 

2arquiner Strait.. 
I 

.___do _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

.... do ___.______.______ 

Entrance to Marc Is- 
land Strait. 

Mare Island Strait-.. 

_.__do ___________._____ 

____do ___._____ ~ _ _ _ _ _ _  ~ 

- 

Location 

R.  L. Schoppe--. 

_ _ _ _ _ _ _ _ _ _ _ _  

_____do  _ _ _ _ _ _ _ _ _ _ _ _  

____. do ... ______.__ 

_ .___do  _ _ _ _ _  ~ _ _ _ _ _ _  

_ _ _ _ _ d o  _ _ _ _  ~ _ _ _ _ _ _ _  

____ .do  _ _ _ _ _ _ _ _ _ _  _ _  

_____do  

_____ 

Party of- 

llours ' Dcprcu 
1.01 254 
2.13 7.55 
205 254 
1.68 228 
1.77 262 
2 17 _ _ _ _ _ _ _ _  
202 _ _ _ _ _ _ _ _  
2.12 _____.. ~ 

1.72 270 
1.97 _ _ _ _ _ _ _ _  
1.82 ______._ 
1.67 _ _ _ _ _ _ _ _  
1.47 2 i O  
1.52 ____..._ 
1.62 _ _ _ _ _ _ _ _  
1.62 _._.____ 
0.36 210 
0.31 . - .  _.__- 
0.46 ___.____ 
0.16 _ _ _ _ _ _ _ _  

-0.25 I78 
-0.35 ._______ 
-0.25 _ _ _ _ _ _ _  ~ 

-0.35 _ _ _ _ _ _ _ _  
0.03 166 

-0.07. _ _ _ _ _ _ _  
-0.02 _ _ _ _ _ _ _ _  
-0.17 ..---. _ _  

Knot8 
2.53 
229 
1.65 
1.31 
291 
248 
1.98 
1.37 
3.08 
2.61 
1.97 
1.55 
287 
243 
2.36 
2.10 
1.17 
1.63 
1.35 
1.17 
2.15 
1.QG 
1.73 
1.45 
201 
2.00 
1.62 
1.29 
1.97 

Oet. 18-19. _ _ _ _  Pole-.- - - -  
NO~. 5-8 ___.___ I Meter _ _ - - _  i Fed 

__-..do. _ _ _ _  ~ _ _ _  

Xov. 7 _ _ _ _ _ _ _ _  

Nov. W.... 

___.do __.____ 

__.-do _.____. 

.-.do _ _ _ _ _ _ _  
Pole _ _ _ _ _ _  
Meter.. . - 

- - .do .___ - - - 
.-.do _ _ _ _ _ _ _  
Pole _ _ _ _ _ _ _  
Meter ...-- 

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

NOT. i-8---- 

NOv. 6-7..-. 

7 
10 
24 
38 
7 
10 
25 
40 
- 7  
18 
44 
i o  
7 
18 
45 
12 
7 
8 
21 
34 
7 
6 
16 
25 
7 
0 
23 
37 
7 
8 
20 
32 

- -. 

Slack' 

- 
Eoura 
2 13 
2. 10 
2.72 
1.18 
205 
2 10 
1. w 
1.45 
250 
220 
1. i o  
1. .50 
2.35 
2 15 
200 
1.35 
0. 15 
0.25 
0.10 

-0.05 
0.30 
0.60 
0. Go 
0.70 
0. 55 
0.70 
0.60 
a30 
0. m 
0. 50 
0. 70 
0.40 

Marimnm 0 w d  

Time 

- 
Hours 
1.78 
1.78 
1. 68 
202 
206 
2 21 
1. QG 
1. 71 
L 76 
1. BB 
1.86 
1.81 
2. 13 
1.60 
1.66 
0.91 
0.80 
0. w 
1.03 
0.77 
0.44 

-0. I F  
0. w 
1.44 
0.M 
0 . s  
0. 5c 
1. of 
0.a 
0. 9€ 
1. OF 
I. !a 

- 

VeloC- 
ity 

-~ 
Knols 
2.07 
2.01 
203 
1.62 
2 01 
1.93 
1.98 
1.70 
2. 19 
2.26 
2.37 

, 2 5 0  
1.87 
2. 10 
2.03 
1.90 
1.32 
1.38 
1.30 
1.29 
0.95 
0.96 
0.98 
1.00 
1.49 
1.44 
1.52 
1.31 
1.79 
1.62 
1.54 
1.65 

_- 

Flood 
dura- 
tion 

- 
Hours 
6.01 
6. 19 
G 67 
7. 13 
6.00 
5.95 
6.35 
6.80 
5.75 
6.20 
6.80 
7.00 
5. 75 
6.05 
6.40 
7.05 
6.86 
6.80 
7.30 
7.55 
5.80 
6.20 
6.40 
6.50 
6. 20 
6. 15 
6.70 
7.10 
6.60 
6. 50 
6.00 
7.20 

_- 

Slack 

- 
Hours 
1.65 
1.78 
1.88 
1.82 
1.55 
1.55 
1.75 
1.75 
I. 75 
1.90 
200 
2.00 
1.00 
1. 70 
1.90 
1.90 
0.50 
0. .55 
0.90 
1.00 

-0.40 
0.30 
0.50 
0.70 
0.25 
0.35 
0.80 
0. w 
0.30 
0.50 
0.80 
1.10 

- .- 

Maximum ebb 

-i-l- 

~ ~ 

Ebb 
iura- 
tion 

~ 

Yours 
6.41 
6.23 
5.75 
5. 29 
6.42 
6.47 
6. 07 
5.62 
8.67 
6.22 
5.62 
5.42 
6.87 
6.37 
6. 02 
5.31 
5.57 
5.62 
6. 12 
4.87 
6.62 
6. 22 
6.02 
5.92 
6.22 
6.27 
5.72 
5.32 
5.82 
5.92 
5.82 
5. 22 
- 

- _.. 

mgth 
of 

series 

Days 
4 
4 
4 
4 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

fi 
H vi 
1 
1 
1 
1 
H 

H 
E 
- 
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Fro. lQ.-The curront movoment two hours bolore low wnter slnck u t  tho ontrunco 
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FIQ. 20.-Tho curront inovomont ono hour bcroro low water slack a t  tho entranco 
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W o .  21 -The current movoment et  the tlme of low wnter deck et  the entranoe 
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.I 

Fxo. %.-The c&nt movemeit one hdur after low water slack at the ontranm 
42412-26t-'7 
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Flo. TA-Tho current inovoment two hours nfter low wntor slnck at tho ontrnnco 
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Fio. 24.-The curront moroment thrw hours after low watcr slack at the entranco 
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Brq..%.-The current movement two hours before hlgh water alnck at the entrnnce 
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Flo. 20.-The current movement one hour beforo high wator slack nt tho Outr8nCO 
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FIo. 27.-Tho current movomont at tho tima of high wnter slack nt the entrance 
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FIG. %.--Tho current movoinent one hour aftor hlgh water slack at tho entranw 
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FIG. !&.-Tho currcnt movomont two hours nftor high wntor slack at tho entrance 
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FIO. 30.-Tho current movement three liours nftcr hlgh wnlor slnck nt the entrnnce 

4241%25?---8 
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12. THE CURRENT AT SAN FRANCISCO LIGHT VESSEL 

San Francisco Light Vcsscl is stationed nbout 9 miles southwest of 
the eiitriinco to San Frnncisco Bay in 17 fathoms of water. I ts  
position with refercncr to the coast may be sccn in Figurc 31. 

Current observations madc hourly by tho crsonnel of the li h t  

line. The first scrics of upproximately 1 yaar iind 5 months durrttion 
began January 23, 1915, arid ended June, 30, 1916. No further 
observations were madc from the vcsscl until Scptombcr 1, 1915, 
when u series was begun which lastcd for 2 years and 11 months, or 
until July 31, 1921. Observations were ngriin resumed on September 
21, 1923, just prior to the beginning of the recent current survey of 
San Frnncisco Bay and mere carried on throughout the time that 
the survey wns in rogrcss and until Novcmbcr 19, 1923. 

is quitr different from that found in a tidal bay or river. Here, 
instead of flowing in one direction for itbout 6 hours and then in a 
direction approximntely 180' opposite for another 6 hours, the cur- 
rent is always flowin and continually changing its direction. There- 

set in all directions of the compass. This type of current is known 
as a rotary current. 

In the rotary current thcrc are no slnck waters; there are, how- 
ever, periods of minimum current which correspond to the slack 
waters found in the bn s and rivers, and there are also periods of 
maximum current whict correspond to the strength of current as 
found inshore. Thesc miwrimum and minimum currents are related 
to each other in the same way as are the slacks and strengths of 
current; that  is, one follows the other a t  intorvals of approximately 
three hours. 

To determine the velocity and direction of such currents it has 
been the practicc to tabulate them with respect to tho times of high 
and low water at some suitable ort, and, because of thc lurge diurnal 

tin uish bctween the higher high and lower high waters of a day 

The results derived from such a tabulation give the current a t  the 
point in question QS obsorved; that  is, with wind eflect and other 
nontidal currents included. By a process of resolution and rcduc- 
tion, however, these nontidal currents may be eliminated and tho 
true tidal current tabulated with res ect to  tho hi h and low wnters 

for the curront found n t  Sari Francisco Light Vessel. It was propared 
from the observations taken during tho ycars 1915, 1916, 1919, and 
1920, and represents average conditions as found throughout the 
year. 

vcssol consist of throb series with the standarc P current pole and 7 og 

Offshore, away P rom the influences of the coast, the.tida1 current 

fore in tho period o B a tidal cycle, or about 12% hours, i t  will have 

inequality of cui-rents on the g acific coast, it is necessary to dis- 

an fi also between the lowor low and higher low waters. 

of the port of rcferenco. Such a tabye (Tabla 52)  fl as been prepared 
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Fia. 31.-Curront station, Sau Frnnclsco Light Vessol 

TABLE 52.-Rclation between tidal current at San  FTancisco Light I'essel and 
tide at Port Point 

Current at Sen 
i Franclsco Llght 
I Vessel 

Time referred to tldeat Fort Point '.-- 
! veloc- 
I Ity 

I Knot8 . 0. I 
0. 1 

3 hoiirs M n r e  hlgher high wfltcr-.. 
2hours before hicherltich wntcr.--l 
1 hour brforehiiher h l ih  wntw ...! 
1IIRhor high wntcr _ _ _ _ _ _ _  __._.. _ _ _ I  
1 hour after hi her hlgh u'nter- ~ - - 1  
2 hours nftcr hfgher hlaii wntcr .... 

0. 1 
0. 1 
0.1 
0. I 

3 hours after hiuher hiah vnter----' 
2 hours before lowor high wntur ... 
1 hour before lowor hlgh writer..--) 
Lower high wnter.. - ~ _ _ _ _  .____ _ _ _ ,  
I hour flftrr lower hi h wnler - - _ _  _ I  
2 hours nfter lower h k h  water. _ _  - 1  

0 .2  
0.3 
0.3 
0.2 
0.2 
0 .2  

I Currout nt Snn 
! Frnucisco I.ight 
I Vesscl 

---I1 T h e  reforrod to  tide at For t  Point ;-- 

l i ? i o l ~  ! Degrees 
3 hours bcforc lowor low w*riter-.--l 0.2 i 170 
2 hours boforelorvcrlow wntcr..-.l 1j.3 I80 

&5 I hour More lower low wnter _ _ _ _ _  0.3 I 210 
1Iw) t i  I.oww low wntcr ___._________.... I 0.3 ~ 240 ... 

i h o u r  nftur lower low w n t c r - - ~ ~ - - l  0.3 ' 275 

3 hours nfter lower low wntor.. .. .: 0.4 325 
2hoursnfterlo~verlowwritcr .....! 0.4 ! 300 

2 hours hrforc highcr low wiitcr ...I 0.2 I 110 
1 hour M o r e  highcr low wnter .... l 
IIlghcr low writer....-. ._____. oi 2 1 140 

2 hours nfter hlgher low water. - !  0.1 , 130 

0 2 125 

150 1 hour nftor liiaher low wiiter- ___. I 0.2 I 

Fi uro 33 shows diagrammatidly tho t idd  currcnt n t  tho. light 
vcssc ? for various phases of tho tido a t  Fort Point andshows that the 
current is rotary, turning clocliwiso. 

I n  order to refer tho currents a t  tho light vessel to tho currents 
a t  Sail Francisco Eiitranco (to make them comparablo with tho 
results in San Francisco Bay), it wm necessary to detcrminc thc rch- 
ti,,- h,,twaon norh nhacn nf thn tirln nt Vnrt 1 nint. n n d  O R C ~  i)hnsp of 
thc currcnt at  tho ontrance. Tho prcvious table showing tho relntion 
between the tide and cuiront a t  thesc )laces morcly garc thc time of 
occurrence of the slack waters aftcr t lh e correspondlng low or high 
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waters of a day. However, diurnal inequality exists in the currents 
as well as in the tides, although the effect is general1 
in the tides. Table 53 shows the relation betwcen t i e  tide and cur- 
rent takin- into account tho effect of diurnal inequality. It shows 
iiot only txe time of occurrence of slack water with respect to  the 

9 not as large 

Reforrod to predlcatod tlmo or tido at Sun Frnnclsco (Fort Polnt), CUI. 

Fro. 32.-Tidul curront curve, San Frnnclsco Llght Vossel. 

tide but also the time of occurrence of the maximum current with 
rospect to the tide. It was pre ared from tho first four months of 
the predictions for 1926 using &e tides a t  Port Point and tho cur- 
rents a t  San Francisco Entrance Ius (+)  sign indicates that  

tide and a minus ( - )  sign that i t  is earlier. 

A 
the phase of tlre current is lator than t 1 e corrosponding phase of t,he 
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I 

tlon 

' 
Direc- l 

(true) ! 

TABLE 53.-Relation between each phase 0.f the  current at S a n  Francisco Entrance 
and corresponding phase of the t ide  at Fort .Point 

.- _- __ - 
Tlmo of strength of- I/ Time of slnck b e f o r e  

Time referred to currant at 1 
Snn Frnncisco Entranm I i vcloc- ; ;;E- 

j 'ty i (true) -- 1 -1 -_ 

Month/ I.rssrr 1 Greater Lessor Grater Lcsscr I Orrnter 1 L;;y I Oreator 
flood I flood I obh I ehh 1 flood flood ebb 

Orontar flood. ~ _ _ _ _  _ _ _ _ _  _ _ _ _ _ _ _  _ _  
1 hour after groator flood. _____.__ ~ 

2 hours aftor grentcr flood.. _ _ _ _ _ _ _  
3 hours after Kreater flood _ _ _ _ _ _ _ _ _  

i,;,,.I HL+219 1 I,L+l.80 Lll+1.04 I HII+l.87 i i  LT11-l.04 I LH--1.85 i I 

From the above table it mny be notcd that the strength of a lesser 
flood current occuis with a higher high water and the strength of a. 
greater fiood current with a lower high water. Considering an  ebb 
current the relation is different, howovcr; the strength'of a lesscr e b b  
current occurs with n higher low water and thc strength of ti grcatcr 
ebh current with a lower low water. 

From the relations brought out in this tiible the tidal current a t  
 the light vessel may then be referred to the current a t  San Friiiicisco 
Entrance. Table 54 shows thc current at  tho light vessel so referred. 

T A B L E  61.-ReZation between tidal ciorent at San Francisco Light I'essel and 
cztrrent at San Franczsco Entrance 

0.3 
0.3 
0.2 
0.2 

:I Currant nt 
S m  Frnncisco ~ 

Liaht Vessel 

1 hour boforo lesser obb .--.... _ _ _ _  
Laser  ohb.. _ _ _ _ _ _  _ _  - ~ _ _ _ _ _ _ _ _  _ _ _ _  
1 hour oftor lesser cbh. ~ ~ _ _ _  ~ ~ 

2 hours niter lrsser ebb.. _ _ _ _ _ _ _ _ _ _  

Time referred to current at 
Snn Francisco Entrnnw 

Vcloc- 

0.2 
0.2 
0.2 
0.2 

I Rnofa 
0.4 Slnck before nreater flood. - ~ _ _ _ _ _ _  

1 hour bofore'hrontar flood _ _ _ _ _  -..I 0.4 

Slnck before imor obb.. _ _ _ _  _ _ _ _ _ _  1 0.2 

Slack befom lesser flood _ _ _ _ _ _ _  _ _ _ _  1 0.1 
I 

Degrees I ! Knofs I Degrees 
3 ~ )  I 2 hours boforo lesser Rood. _ _ _ _ _ _ _ _  I 50 
510 I 1 hour beforo lessor flood.. ________ !  0.1 , 70 

0.1 I 
o I Lessor flood ..... ___.______ ~ _ _ _ _ _ _  I 0.1 j 85 

15 !I 1 hour nlter I i m r  flood.. _ _ _ _ _ _ _ _ _  100 
30 j 2 hours nlter lesser flood _ _ _ _ _ _ _  _ - _ I  120 
50 .I Slnck beforo grentcr ebb.. - _ _ _ _ _ _ _ ,  145 
70 I 2 hours bofore prrnter ebb ... _ _  . ~ ~ ~ 1 1 fa 

110 ! 1 hour boforo grcntor ebb _ _ _ _ _ _ _ _ _  0.2 170 
125 I Oreator ebb .__._._ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _ I  185 

0.1 j 
0 1 ' 

0: 1 1 
0.2 , 

0.3 I 
140 ! 1 hour altar greuter ebb _ _ _ _ _ _ _ _ _ _ _  I 216 
150 2 hours after grotitor ebb .... _ _ _ _ _ _ !  0.3 i 240 
115 3 hours nfter gronter obb _ _ _ _ _ _ _ _ _ _ !  0.4 ! 270 

0.3 I 

The current duo to tidal effect alone is very small. When the 
fresh water discharge froin Snn Francisco Bay is considerable, the 
combined tidal and nontidal curront general1 7 attains a d o c i t y  of 
1 knots in a northwesterly direction. 'tho greatest observed 
velocity a t  the light vessel is 2.0 knots. This ttbnorrnal velocity wus 
due to a combination of tidal current, fresh water run-off from tho 
bay, and a strong wind. The observat,ions a t  tho light vessel indicate 
a permanent current duo to fresh mater discharge, averaging about 
0.1 knot and setting in a northwesterly direction. This permanent 
current is especially noticeable during the winter months. Table 55 
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shows this avera e monthly set computed from observations made 
between 1915 an (f 1920. 

TABLE 55.-Monthlu set of current at Sun Francisco Light Vessel 
~. ~ _-___ ~ 

I 
Month Voloclty 

l- 
Knot8 

0.28 
, 0.30 

0.10 
0.08 
0. 10 
0. OB 
0.11 

' 0 . M  
0.02 
0.03 
0.08 
0.20 

Degree8 
312 
300 
282 
248 
288 
281 
320 
347 
44 
18 

329 
308 

31Q 



A P P E N D I X  

GENERAL CHARACTERISTICS OF TIDES AND CURRENTS 
[Reprinted from Unlted States C o d  and Geodrtlc Survey Special Publication No. 1111 

I. TIDES, GENERAL CHARACTERISTICS 

DEFINITIONS 

The tide is the namo given to the altcrnatc! rising and falling of the level of the 
sea which at most places occurs twice daily. The striking feature of the tide is 
its intimate relation to the movement of the moon. High water and low wnter 
at any given place follow the nioon’s meridian passage by a very nearly constant 
interval, and since the moon in its apparent movement around the earth crosses 
a given meridian, 011 the average, 50 minutcs 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 s ecial signifi- 
cance. It refers not only to  the instant when the moon is directry above the 
meridian, but also to the instant whcn the moon is directly below the meridian, 
or 180’ distant in longitude. In this senso 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 ?:ridinn passage (up er or lower) and the 
following high wnter is known as the high water lunitide~interval.” Likewise 
the interval between the moon’s meridian passage and the following low water 
is known as the “low water lunitidal interval.” For short they are called, 
respectively, high water interval and low water interval and abbreviated as 
follows: HWI and LWI. 

In its rising and falling the tide is accompanied by a horizontal forward arid 
backward movement of the water, called the tidal current. Tho two movements 
-the vertical rise and fall of the tide and the horizontal forward and backward 
movement of the tidal c u r r e n t a r e  intimately related, forming parts of the =me 
phenomenon brou ht about by the tidal forces of sun and moon. 

It is necessary, [owever, to  distinguish clearly betweeii tide and tidal current, 
for tho relation between them is not a simple one nor is it everywhere the same. 
At one place a stron current may accompany a tide having a very moderate rise 
and fall while at anotter place a like rise and fall may be accompanied by a very 
weak current. Furthermore, the time relations between current and tide vary 
widely from place to  placo. For the sake of clearness, therefore, tide should be 
used to designate the vertical movement of the water and tidal current the 
horizontal movement. 

It is convenient to  have a single term to  designate the whole phenomenon which 
includes tides and tidal currents. Unfortunately no such distinct term,:xistR. 
For years, however, ‘(the tide” or “the tides,” or even “flood and ebb, have 
been used in this general sense, and usually no confusion arises from this usage, 
since tho context indicates the sense intended; but the use of the term tide to  
denote the horizontal movement of the water is confusing and is to  bo discouraged. 

With respect to the rise and fall of the water due to the tido, hi h water and 
low water have precise moanings. Thoy refer not so much to the %eight of the 
water BS to  tho phase of the tido. High water is the maximum height reached 
by each rising tido and low water the minimum height reached bv each falling tide. 

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

, 
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I n  its rising and falling the  tide does not move at a uniform rate. From 
low water the  tide begins rising, very slowly at first, brit at a constantly inereas- 
ing rate for about three hours, when the rate of rise is a maximum. The rifle 
then continues at a constantly dccreasing rate  for the  following three hours, 
when high wnter is reached and the  rise ceases. The falling tide behaves in  a 
similar mnnner, the  rate  of fall being least immediately ntter high water, but 
increasing constantly for nbout three hours, when i t  is at a maximum, nnd then 
decreasing for a period of three hours till low watcr is reaclied. 

The rate of rise and fall and other eliar~etcristics of the  tide niay best be 
studied by represcnting the rise and fall grrtphically. This may be done by 
reading the  height of the tide at regular intervals on a fised vertical staff gradu- 
ated t o  fcet and tcnths and plotting these heights t o  a suitable scale on cross- 
Rection paper arid drawing a smooth curve throiigh these points. A more con- 
venient method is t o  make use of nn automatic tide gauge by xncans of which 
the  rise nnd fall of the  tide is recorded on n sheet of paper RS a continiio~rs curve 
drnwn to a suitable scale. Figure -4 shows tt tide curve for Fprt Hamilton, 
IT. Y., for July 4, 1922. 

I n  Figure A the  figures from 0 t o  24, increasing from left t o  right, represent 
the  horirs of the  day beginning with midnight,. h’umbering the hourfi con- 
secutively t o  24 climinates all uncertainty 116 t o  whether ,morning or afternoon 
is meant and has the further advantage of grest convenience ii i  computation. 

FIO. A.-Tide curve for Fort Rndlton, N. Y., July 4, 1822 

The figures on t h e  left, incressing upward from 2.0 t o  9.0, represent the  height 
of t h e  tide in  feet as referred t o  a fixed vertical staff. The tide curve presents 
the well-known form of the  sine or cosine curve. 

The difference in height hetween a high water and a preceding or following 
low water is known as the  “range of tide” or “range.” The average difference 
in  the  heights of high and low ,water: at any  given place is called t h e  mertn range. 

THE TIDE-PRODUCING FORCES 

The intensity with which the sun (or moon) attracts a article of mnttcr on 
the  earth varies inversely as the  square of the distance. #or the solid earth as 
a whole tho distance is obviously t o  be measured from the ccnter of the earth, 
since tha t  is the center of mass of the whole body. But tho waters of the earth, 
which may he considered as lying on the stirface of the enrth, are on the one side of 
the  earth riearcr to  the heavcnly bodies arid on the other side farthcr away than 
the center of the earth. The attraction of 81111 or moon for the waters of the ocean 
is thus different in intensity from the attraction for the solid oarth as a whole, and 
thesc diffcrciices of attraction give rise t,) thc forces that  cause the ocean waters 
t o  move relative t o  the solid earth and bring about the tides. These forces are 
called tlic tide-prodrrciiiy forccs. 

The mathemutical development of these forces Ehows t h a t  the tide-producing 
force of a heavenly body vnries directlv ns its mass and iiivcrfiely as the ciibe of 
its distance from the enrth. Tlie sun ];as a mass about 20,000,000 times as great 
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as that of the moon; but i t  is 389 times as far away from the earth. I ts  tide- 
producing force is therefore to that of the moon as 26,000,000 is to (389)3, or 
somewhat less than one-half. 

When the relative motions of the earth, moon, and sun are introduced into the 
equations of thc tide-producing forces, it is found that the tide-producing forces 
of both sun nnd nioori group theniselves into thrce classes: (a)  Those having a 
period of approsimatcly half a day, known as the semidiurnal forces; (b)  those 
having a period of approximately one day, knowti as diurnal forces; (c)  tliose 
having a period of half a month or more, kno\vii as long-period forces. 

The distribution of the tidal forces over the earth takes place in a regular 
manner, varying with tlie latitudc. But the response of tlie various seas to these 
forces is very profoundly modified by  terrestrial features. As a result we find 
tlie tides, as they actually occur, difrering markedly a t  various places, but ap- 
parently with no regard to Iatitiide. 

The principal tidc-producing forces are the scmidrtirnal forces. These forces 
go through two complcte cycles in a tidal day, and it is because of the predomi- 
nance of these semidaily forccs that thcre are a t  most placcs two complete tidal 
cycles, and therefore two high and two low waters in a tidal ddy. 

VARIATIONS I N  RANGE 

The rmnge of the tide at any given place is not constant but varies from day 
t o  day; indeed, i t  is exceptional to find consecutive ranges equal. Obviously, 
chanHng meteorological conditions will find reflection in variations of range, 
but the principal variations are due to astronomic causes, being brought about 
by variations in the position of the moon relative to earth and sun. 

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

Wlien the moon is in its first and third qunrtcrs, the tidal forces of sun and 
moon are opposed and the tide does not rise aa high nor fall as low as the aver- 
age. A t  such times the tidcs are called “neap tides” and the range of the tide 
then is known as the “neap range.” 

It i s  to be notea, however, that a t  most places there is a lag of n day or two 
between the occurrence of s rin or neap tides and thc corresponding phases of 
the moon; that  is, spring d e s  f o  not occur on the davs of full and new moon, 
but a day or two later. Likewise neap tides follow the moon’s first and third 
quarters after an intcrval of a day or two. This lag in tho response of the tide 
is known as the “age of phase inequality’‘ or “phase age” and iii generally 
ascribed to the effects of friction. 

The var in6 distance of the moon from tlie earth likewise affects the range of 
the tide. $11 its movement around the earth the moon describes an ellipse i n a  
period of approximately 27% days. When tlie moon is in perigee, or nearest the 
earth, its tide-producing power is it~creascd,,~rcsulting in an increased rise and 
fall of the tide. perigean tides,” and the range at 
such times is called the “perigean ranFe.” When the moon is farthest from the 
earth, its tide-producin power is diminished the tides at such times exhibiting 
a decreased rise and faf. These tides are calicd “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 tlie day when the moon IS in perigee, but a day or two later. Like- 
wise, tho least rise and fall does not occur on the dny of the moon’s apogee, 
but a day ’or two later. This interval varies somewhat from place to place, 
and in some regions it max have a negative value. This lag is known as the 

$he moon does not move in the plane of thc Equator, but in an orbit making 
an angle with that plane of approximately 23%’. Dining the month, there- 
fore, the moon’s declination is oonstaritly chaiiging, and this change in the posi- 
tion of tlie inoon produces a variation in the cotisccutive ranges of the tide. When 
the moon is on or close to the Equator-that is, when its declination is small- 
consccutivc ranges do not  differ much, morning and afternoon tides being very 
much alike. As tlie declination increases the difference in consecirti\*e ranges 
iiicrcmc~, iiiorniiig and afternoon tides I~eginiiiiig to  show decided differences, 
atid a t  the times of tlie moo~i’s ~nnsitriu~ti semimonthly declination tliesc differ- 

These tides are known as 

e of parallax inequality or “parallax age.” 
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ences are very nearly at a maxirnum. But, like the response to  changes in the 
moon’s phase and parallax, there is a lag in the response t o  th: change in declino;; 
tion, this lag being known as the “agc of diurnal inequality 
Like the phase and parallax ages, the diurnal age varies from place to  place, being 
generally about one day, but in some places i t  may have a negative value. 

When the  moon is on or close t o  the Equator and the difference between morn- 
ing and afternoon tides srnnll, the  tides are known ns “equatorial tides.” At the 
times of the moon’s maximrrm semimonthly declination, when the differences 
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. 

The three variations in the range of the tide notocl above are exhibited by the tide 
the  world over, but  not everywhere t o  the same degree. I n  many regions the varia- 
tion from neaps t o  springs is the principal variation; in certain regions it is the 
variation from apogee t o  perigee tha t  is the principal variation; and in other 
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or “diurnal age. 
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Fxo. B.-Tlde curves, 6an Francisco, Calif., October 18 and 24, 1922 

Jegions it is the variation from equatorial t o  tropic tides t h a t  is the predominant 
variation. . 

The month of the  moon’s phases (the synodical month) is approximately 29% 
days in length; the month of the moon s distance (the anomalistic .month) is 
approximately 27% days in length; the month of the moon’s declfnation (the 
tropic month) is approximately 27% days in length. It follows, therefore, tha t  
very considerable variation in the  rangc of tide occurs during a year due to  the 
changing relations of thc three variations t o  each othcr. 

DIURNAL INEQUALITY 

The difference between morning and afternoon tides due t o  the declination of 
the moon is known as diurnal ineqiiality, and where the diurnal inequality is 
considerable the  rise and fall of the tide is affected t o  a very marked degree both 
in time and in height. FiKiire I3 represents graphically the  differences in the 
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tide a t  San Francisco on October 18 and 24, 1922. On the former date the moon 
was over the Equator, while on the latter date the moon was at its maximum 
south declination for the month. The upper diagrlm thus represents the 
equatorial tide for San Francisco, while the lower diagram represents tlie tropic 
tide. 

It will be noted that on October 18 the morning and afternoon tides show very 
close resemblance. In  both cases the rise from low water to high water and the 
fall from high water to low water took place in approximately six hours. The 
heights to  which the two high waters attained were very nearly the same, and 
likewise the depressions of the two low waters. 

On October 24, when the moon attained its extreme declination for the fort- 
night, tropic tides occurred. The characteristics of the rise and fall of the tide 
on that day differ markedly from those on the 18t11, when equatorial tides oc- 
curred, these differences pcrtaining 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, aa was the case on the 18th, we now have the mornin rise occupying 
less time than the afternoon rise and the morning fall more time t%an 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 therc was a differcnce of a foot 
in the two high waters of the 24th and a differcnce of almost 3 feet in the low 
waters. 

Definite names have been given to each of the two high and two low waters of 
n tidal day. Of the high waters, ;$e higher is called the “higher high water” and 
the lower the “lower high water. Likewise, of the two $w waters of any tidal 
dav the lower is called ‘ lower low water” and the higher 

?he diurnal inequality may be related directly to tlie ratio of the tides brought 
about, respectively, b the diurnal and semidiurnal tide-producing forces. Those 
bodies of water whicg offer relatively little response to the diurnal forces will 
exhibit but little diurnal inequality, while those bodies which offer relatively 
considerable rcsponse to these diurnal forces will exhibit considerable diurnal 
inequality. On the Atlantic coast of tlic United States there is relatively little 
diurnal inequalit 

It is obvious tkt with increasing diurnal inequality the lower high water and 
higher low water tend to become equal and merge. When this occurs, there is 
but one high and one low water in a tidal day instead of two. This occurs 
frequently at Galveston, Tex., and at a number of other places. 

higher low water.” 

while on the Pacific coast there is considcrable inequality. 

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- 
sentin this type of tide and this is the type found on the Atlantic coast of tho 
Unite3 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 as a place where the tide is 
always of the daily t pe; but it 1s to be noted that there are not many such places. 
When the moon’s Jeclination is zero, the diurnal tidal forces tend to  vanish 
and there are generally two high and two low waters durin the day at such 
times. Galveston, Tex., and Manila P. I., may be mentionefas ports at which 
the tide is frequent1 diurnal, while kt. Michael, Alaska, may be cited 89 a port 
at which the tide is fargely diurnal 

The mixed type of tide is one in which two high and two low waters occur 
during the tidal da but which exhibits marked diurnal inequality. Several 
forms may occur un&r this type. In  one form the diurnal inequality IS exhibited 
principally by the high waters; in another form it is the low waters which exhibit 
the greater 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 predominnting tide at that 
place. A t  the time of the moon’s maximum semimonthly declination the semi- 
diurnal type exhibits more or less diurnal inequality and thus approaches the 
mixed type; and when the moon is on or near the Equator the diurnal inequality 



112 U. S. COAST A N D  GEODETIC SURVEY 

of the  mixed t y  e is at a minimum, the tide at such times resembling the  semi- 
diurnal type. & is the  characteristics of the  predeminating tide that  determine 
t h e  type of tide at any  given place. With the aid of harmonic constants the  typo 
of tide may be defined by definite ratios of the semidiurnal t o  the  diurnal 
constituents. 

Type of tide is intimately associated with diurnal inequality, and hence 
depends on the  relation of the  semidiurnal to  the diurnal tides; and it is due t o  
the  variation in this relation tha t  makes possible the various forms of the mixed 
type of tide. 

HARMONIC CONSTANTS 

Since the tide is periodic in character, i t  may be regarded afi the resultant of 
a number of simple harmonic movements. In other words, if h be the height of 
the tide, reckoned from H C ~  level, then for any time t ,  we may write h = A  cos 
(at+ a)  + B cos (bt+S) + . . . In  the above formula each term represents 
a constituent of the  tide 1;hich is dcfiiicd by its amplitude or semirange, A ,  B ,  
etc., by an angular speed, a,  b, etc., and by an angle of constant value, a,  6 ,  etc., 
which determines the relation of time of Inasimum height t o  tlie time of beginning 
of observation. 

We may also regard the niatter from another viewpoint and supposc the moon 
and sun as tide-producing bodies to  be replaced by a number of hypothctical tide- 

roducing bodies, cach of which moves around the earth in the plarie of t h e  E quator in a circular orbit with the earth as center. With the further assumption 
t h a t  each of these hypothetical tide-producing bodies gives rise to  a simple tide, 
the high water of which occurfi a certain number of hours after its upper meridian 
passage and the low water thc Name 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 (at+a)  as above. The great advantage of so regarding- 
the  tide is tha t  i t  permits the complicated movements of sun and moon relative 
t o  the earth t o  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 t o  some definite time origin and which 
are known as the  epochs, constitute the harmonic constants. 

The periods of revolution of the  hypothetical tidal bodies or the speeds of the  
various component tides are computed from astronomical da ta  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 determiricd for the various simple constituent 
tides is their epochs and  amplitudes which vary from place t o  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 t h e  
harmonic analysis. 

The number of simple constituent tides is theoretically large, bu t  most of them 
are of such small magnitude t h a t  they may for all practical purposes be disre- 
garded. I n  the prediction of tides i t  is necessary t o  take account of 20 t o  30, 
but  the  characteristics of thc tide at any place may be determined easily from 
the 5 principal ones. 

It is obvious tha t  the principal lur14r tidal component will be one which gives 
two hinh and two low waters in a tidal dav of 24 hours and 50 minutes. or more 
e x a c t l i i n  24.84 hours. Its speed per solar hour, therefore, is g 2 Z ' = 2 8 ' . 9 8 .  
This component has been given the  symbol M?. Likewise, the  prrncipal solar 
tidal component is one tha t  gives two high and two low waters in a solar day of 
24 hours. I t s  angular speed per hour is therefore 2 ~ - 3 0 0 . 0 0 .  The symbol 
for this principal solar component is Sz. 

Since the moon's distance from the  earth is not constant, boing less than the 
average at perigee and greater at apogee, the period from one porigee t o  another 
being 011 the  average 27.55 days, we rnust introduce another hypothetical tidal 
body, so t h a t  at perigee its high water will correspond with the Mf high water, 
and at apogee i ts  low water will correspond with the M1 high water. I n  other 
words, the tidal component which is t o  take account of the moon's perigean 
movement must, in a period of 13.78 days, lose 180" on Mz, or at the rate  of 
l8O0 13O.06 per day. Its hourly speed, therefore, is 28°.98--L---=280.44.. 187% = 24 

This component has been given the symbol Nz. 

13' 00 
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The moon's change in declination is taken account of by two components 
-denoted by the symbols KI and 01.  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 rnaxirnurn declina- 
tion they shall 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 KI shall gain on O1 one 
full revoldtion. The difference in their hourly speeds, thercfore, is mG 
~1O.098.  The mean of the spceds of these two components must be that of 
the apparent diurnal movement of tlie inoon about the earth, or m= 14O.49. 

The speeds are therefore derived from the equations -=14O.49 and ICl -01 
= 1O.098, from which IC1= 15O.04 and 01= 13O.94. 

It is customary to designate the amplitudc of any component by the symbol of 
the component and the epoch by the symbol with a degree mark added. Thus 
J 1 2  stands for the amplitude of tlie M, tide and kIoz for the epoch of this tide. 
The firc components enumerated above are the principal ones. Between 20  and 
30 coin onents permit thc prediction of the time and height of the tide at any 
given pkce with considerable prccision. 

From thc harmonic constants the characteristics of the tide a t  any place can 
be very readily determined.' The five priiicipal constants alone permit the ap- 
proxiinatc determination of the tidal characteristics very easily. Thup, approxi- 
mately, thc nican range is 2M1, spring range 2(M?+S2), iieap range 2(Mz-SS2),  
perigean range 2( hlz+ N2), fipogcan range 2 (h12-- N2), diurnal inequality a t  time 
of tropic tides 2(1<1+0,), high water lunitidal interval -. M z O  The variaiis ages 28.98 
of the tide can likewise be readily determined. Approximately, the ages iri hours 
are: Phase age, S2' - MZ0; parallas age, 2( MZ0 - If2') ; diurnal age, Ko1- Ool. The 
type of tide, too, may be determiiicd from tlie harmonic constants through the 
ratio xC1401 --. Where this ratio is less than 0.25, the tide is of thc semidiurnal 
type; where tho ratio is between 0.25 and 1.25, the tide is of the mixed type; and 
where the ratio is over 1.25, the tide is of the diurnal type. 

The periods of the various component tides, like the periods of the tidc-produc- 
iiig forces, group thomsolves into three classes. The tides in the first class have 
periods of approximately half a day and are known as semidiurnal tides; 
the periods of the tides in the second class are approximately one day, and these 
tides are known as diurnal tides; the tides in the third class have periods of half 
a month or more and are known a6 long-period tides. I n  sliallow 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 tho 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 tlie subscript is 2; with diurnal tides the subscript 
is 1, and with shallow-water tides the subscript is 3, 4, or more. Thus Sa rcpre- 
sents a solar annual Component, PI a solar diurnal component, M1 a lunar semi- 
diurnal component, S, a solar shallow-water component with a period of one- 
quarter of a day, and Me a lunar shallow-water coniponcnt with a period of one- 
sixth of a day. 

360' 

360' 

IC1 + 01 
2 

M1+Sa 

TIDAL DATUM PLANES 

Tidal planes of rofcrence form the basis of d l  rational datum planes used in 
practical or scientific work. The advantage of the datum plane based on tidal 
determination lies not only in simplicity of definition, but also in  the fact that it 
mal' be recovered a t  any time, even though all bench-mark connections be lost. 

The rincipal tidal plano is that of mean sea level, which may bo defined as the 
plane a tou t  which the tide oscillates, or ns the surface the sea would assume when 
undisturbed by the rise and fall of the tide. A t  any given paca this plane may 
be determined by deriving tho mean height of the tide. his is pcrhaps best 

~ 

I Sea R. A. nnrrls, Manual of Tidw, Part 111 (Unltcd States Coast ond Ooodotlc SUrVOY Report for 1804, 
Appondlr 7). 
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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 to  be noted that  in such a determination 
the  mean sea level is not freed from the effects of prevailing wind, atmospheric 
pressure, and other meteorological conditions. 

The plane of mean sea level must be carefully distinguished from the plane of 
half-tide level or, as  i t  is frequently called, mean-tide level. This latter plane is 
one determined as the half sum of the high and low waters. It is therefore the  
plane tha t  lies halfway between the planes of mcan 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 tha t  of half-tide level. Like all of the tidal planes, the plane of half-tide 
level should be determined by observations covering a period of a year or more. 

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 thc Atlantic coast of the United States, this plane is frequently spoken o! as 
the  “low-water plane” or “ the  plane of low water”; bu t  strictly it should be  
called the lane of mean low water. 

Where t t e  tides exhibit considerable diurnal inequality in the low waters, as  on 
t h e  Pacific coast of the  United States, the lower low waters may fall considerably 
below the plane of mean low water. laces the plane of mean lower 
low water is preferable for most purposes. &lis 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 tho day is taken as  the lower 
low water. 

The plane of mean high water is deterniined as the average of all the high 
waters over a period of a yenr or morc. 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 usngc may on occasion lead t o  confusion, and 
the  denomination of this plane as the plane of mean high water is therefore 
preferable. 

In  localities of considerable diunial inequality in tlie 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 prcferred. 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 
frequentIy diurnal, the  single high water of the day  is taken as  the higher high 
water. 

The tidal plnnes described above are the principal ones arid the ones most 
generally used. Where a very low 
plane is desired, the plane of mean spring low water is sometimes used, its name 
indicating t h a t  it  is determined as the  mean of the low waters occurring at spring 
tides. Another plane sometimes used, which is of interest because based on 
harmonic constants, is known as tlie harmonic tide plane arid for any given 
place is determined as M2+S2+K1+01  below mean sea level. 

MEAN VALUES 

For many purposes the plane of mean low water is important. 

In sucli 

Other planes, however, are sometimes used. 

Since the rise and fall of the tide varies from day to  day, chiefly in accordance 
with the changing positions of sun atid 1n00n relative to  the earth, any  tidal 
quantities dctermined directly from a short series of tidal observations must be 
corrected t o  a mcan value. The priiicipnl variations are those connected witti 
the  nioon’s phase, parallax, and declination, the periods of which are approxi- 
mately ‘29% days, 27% days, and 27% days, respectively. 

I n  a period of 20 days, therefore, the phase variation will have a h o b t  coin- 
pleterl a full cycle while the other variations will have gone through a full cycle 
and but  very little more. Hence, for tidal quantitics varying largely with the 
phase variation, tidal observations covering 29 days, or niultiplcs, constitute a 
satisfactory period for determining these quantities. Such are the lunitidal 
intervals, the mean range, mean high water, and mean low water. For quail- 
tities varying largely with the declination of tlie moon, as, for cxainple, higher 
high water and lower low water, 27 days, or multiples, constitute the more 
satisfactory period. 

As will be seen i n  the  detailed discussion of the  tides at Fort  Hamilton, the  
values determined from two different 2Q-day or 27-day periods may differ very 
considerably. This is due t o  the  fact tha t  theso periods aro not  exact synodic 
periods for t h e  different variations, and t o  the further fact t h a t  variations having 
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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 
mcthod makcs 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. 

11. TIDAL CURRENTS, GENERAL CHARACTERISTICS 

DBHNITlONS 

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 

bh 

FIO. C.-Vclorlty and dlroctlon curves lor the current, Hudson Rivor, July 22, 1922 

the vertical movement of the tide are intimately related parts of the same he- 
nomenon brought about by the tide-producing forces of sun and moon. J d a l  
currents like the tides, are therefore periodic. 

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

Tidal and nontidal currents occur together in the open sea and in inshore tidal 
waters, the actual currents experienced a t  any point being the resultant of the 
two classes of currents. In some places tidal currents predominate and in otlicrs 
nontidal currents predominate. Tidal curreiits geiierally attain considerable 
velocity in narrow entrances to bays, in constricted parts of rivers, and in passages 
from onc body of water to another. Along the coast and farther offshore tidal 
currents are generally of moderate velocity; and in the open sea, calculation 
baaed on the theory of wave motion, gives a tidal current of less than one-tenth 
of a knot. 
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RECTILINEAR TIDAL CURRENTS 

I n  the  entrance t o  a bay or river and, in  general, where a restricted width 
occurs, the tidal current is of the rectilinear or reversing type; t h a t  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  op osite direction. The flood current is the  one t h a t  
sets inland or upstream a n t t h e  ebb current the  one t h a t  sets seaward or down- 
stream. The change from flood t o  ebb gives rise to  a period of slack water during 
whjch the  velocity of the  current is zero. An example of this type of current is 
shdwn 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. 

I n  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 maximuin ebb 
velocity the  strength of ebb. The knot is the  unit generally used for measuring 
the  velocity of tidal currents and represents a velocity of 1 nautical mile per hour. 
Knots may be converted into s ta tute  miles per hour by multiplying by 1.15, 
or into feet per second by multiplying by 1.69. 

The lower curve of Figure C is the  direction curve of the current, the  direction 
being given in  degrees, north being O", east 90°, south BO", 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 
t h a t  the  current was running practically i n  the  same direction all the time, making 
a n  abrupt  shift of about 180" t o  the opposite direction during the period of slack 
water. For the  ebb period thc direction curve likewise shows the current t o  have 
been running in approsimately the same direction with a n  abrupt  change of abbut 
180' during slack. 

ROTARY TIDAL CURRENTS 

Offshore thc tidal currents are generally not of the rectilinear or reversing type. 
Instead of flowing in the  aame general direction during t h e  entire period of t h e  
flood and in the opposite direc3tion during the ebb, tlie tidal currents offshore 
change direction continually. Such currents are therefore called rotary currents. 
An example of this tvpe of current is shown in Figure D, which represents tlie 
velocity and directioh of the current at the  beginning of each hour of the after- 
noon on September 24, 1919, at Nantucket Shoals Light Vessel, stationed off 
the  coast of Massachusetts. 

The current is seen t o  linvc changed its direction at each hourly observation, 
the rotation being ill the  direction of movement of the hands of a clock, or from 
north t o  south by way of east, then t o  north again by way of west. I n  a period 
of about 12 hours it is seen tlint the current has veered completely round the  
compass. 

It will be noted tha t  the  ends of the  radii vectorcg, rcpresenting the  velocities 
' and directions of the  current at the beginning of each hour, define a somewhat 

irregular ellipse. If a niimber of observations are averaged, eliminating acci- 
dental errors and temporary meteorological distrlrba::ceF, ?!:e regularity of the  
curve iR considerably increased. The avertlge period of the cyole is, from a 
considerable number of observations, found to  be 12'1 25'". In  other words, 
the  current day, like the tidal day, is 24'1 SOm in length. 

A characteristic feature of the rotary current is the  abscnco of slack water. 
Although the current generally vsriefi from, hour t o  hour, thls variation from 
greatest current t o  least current and back ngnin t o  greatest current does not 
give rise to  a period of slack water. Whcn the velocity of the  rotary tidal current 
is least, i t  is known as the  minimum curretit, and when i t  is grcatest i t  is known 
a~ the  maximum current. The miiiiinum and maximum velocities of the rotary 
current are  thus  related to  each other in the same way as slack and strength of 
the  rectilinear current, a minimum velocity following a maximum velocity by 
a n  interval of about  three hours and Ixing followed in turn by another maxi- 
mum after a further interval of thrce hours. 

VARIATIONS I N  STRENGTH OF CURRENT 

Tidal currents eshibit changes in the  strength of the  current t h a t  correspond 
closely with the changes in range eshibited by tides. The strongest currents 
come with the  spring tides of full nnd new moon and the  weakest currents with 
the neap tides of t h e  moon's first and third quarters. Likewise, perigean tides 
are accompunied by strong currents and apogean tides by weak currents; and 
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when the moon has considerable variation, the currents, like the tides, are 
characterized by diurnal inequality. 

As related to  the moon’s changing phases, the variation in the strength of the 
current from day to  day 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 corrcsponding change in the range of the tide; but 
in regard to the moon’s changing declination, tide and current do not respond 

Tvue 
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Ra.  D.-Rotary current, Nontuckot Bhonls Light Veswl, aftornoon of Boptembr 24, 1819 

alike, the diurnal variation in the tide a t  any place being generally greater than 
the diurnal variation in the current. 

The relations subsisting between the changes in the velocity of the current 
at any given place and the range of the tide at that place may be derived from 
pnera l  considerations of a theoretical nature. Variations in the current that  
involve semidiurnal componeqts 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. 
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RELATION OF TIME OF CURRENT TO TIME OF TIDE 

I n  simple wave motion the times of slack and strength of current bear a 
constant and  simple relation t o  the times of high and low waters. I n  a pro- 
gressive wave the time of slack water comes, theoretically, exactly midway 
between high and  low water and t h e  time of strength at high and low water; 
in  a stationary wave slack comes at t h e  times of hi h and low water, while t h e  
strength of current comes midway between high a n i  low water. 

The progressive-wave movement and the stationary-wave movement are the  
two principal types of tidal movements. A progressive wave is one whose crest 
advances, so t h a t  in any body of water t h a t  sustains this type of tidal movement 
the  times of high and low water progress from one end t o  the other. A stationary 
wave is one tha t  oscillates about an axis, high water occurring over the whole 
area on one side of this axis at the same instant t h a t  low water occurs over the  
whole area on the  other side of the  axis. 

The tidal movements of coastal waters are rarely of simple wave form; never- 
theless, i t  is very convenient in the study of currents t o  refer the times of current 
t o  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 t h e  
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 velocitiee 
of the  current at a station in Upper Bay, and the  tide curve being the  full-line 
curve, representing the rise and fall of the tide at Fort  Hamilton, on the  eastern 
shore of the  Narrows. 
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Fio. E.--Tide and current curves, Now York Harbor, October 0, 1818 

The diagrams of Figure E were drnwn by plotting the heights of the  tide and 
the  velocities of the current to  the Rame time scale and to  such velocity and 
height scales as will make the masimum ordinates of the  two curves approxi- 
mately equal. The time asis or asis of X re ,resents the line of zero velocity for 
the currents and of mean sca level for the tide, the  velocity of the current being 
plotted in accordance with the  scnle of knots on the left, while the  height of the 
tide reckoned from mean m a  level wna plotted in accordance with the scale in 
feet on the  right. 

From Figure E i t  is secn tha t  the corresponding features of tide and current 
in New York Harbor bear a very near1 constant time reldtion t o  each other, 
and this constancy in time rclation of ti&s and currents is characteristic of t idal  
waters in which the diurnal inequality is small. This permits the times of slack 
and of strcn h of current t o  be referred'to the  times of high and low water. 
Thus, from g g w e  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 
ebb 3.0 hours before low water. In  this connection, however, i t  is t o  be noted 
tha t  the time: relations bctwcen the various phases of tide and current are subject 
t o  the disturbing effects of wind and weather. 

Apart from the disturbing effect of nontidal agencies, the time relations between 
tide and current are subject t o  variation in  regions where the tide exhibits con- 
siderable diurnal inequality; as for example, on the Pacific coast of the  United 
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Statos. This variation is due to tlie fact, previously mentioned, t h a t  the diurnal 
inequality in the current at any given place is, in general, only about half as 
great as that  in the tide. This brings about differences in the corresponding 
features of tide and current as between morning and afternoon. However, in 
such cases i t  is frequently possible t o  refer the current at a given placc t o  the 
tide at some otlier place with comparable diurnal inequality. 

EFFECT OF NONTIDAL CURRENT 

The tidal current i s  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  
uneqrial and t o  change the times of slack water but t o  leave unchanged the times 
of flood and ebb strengths. This is evident from a consideration of Figure F, 
which represents a simple rectilinear tidal current, the time axis of which is tlie 
line A B, flood velocities being plotted above the line and ebb velocities below. 

When unaffected by nontidal currents, the periods of flood grid ebb are, in 
general, equal as represented in the diagrnm, and slack water occurs regularly 
three hours and.six minutes after the  times of flcod and ebb strengths. But  if 
we assume a steady nontidal current introduced. which has, in the direction of 
tlie tidal current, a velocity component represented by the line CD, it is evident 
t h a t  the  strength of ebb will be increased by an amount equal t o  CD, while the 

Fro. F.-Effoct of nontidal current on tidal curront 

flood strength will be decreased by the  same amount. The current conditions 
may now be completely represented by drawing, ns a new axis, the  line EF 
parallel t o  A B  and distant from i t  the length of CD. 

Obviously, if the  velocity of tlie nontidal current. exceeds t h a t  of the  tidal 
ciirrent at the time of strength, the t i d d  currerit will be completely masked 
and tlie resultant current will set at d l  times in the direction of t,he nontidal 
current. Thus, if in Figure F the line O P  represents the  velocity component 
of the liontidal current in the direction of tlie tidal current, the  new asis for 
measuring the velocity of the combined current at any time will be tlie line GO 
arid the current will be flowing at all times in the ebb  direction. There will be 
no slack waters; but  at periods 6 hours 12 minutes apart there will occur mini- 
mum and maximum velocities represented, respectively, by the lines RS and TU. 

I n  so far as  the  effect of the  nontidal current on the  direction of the  tidal current 
is concerned, i t  is only necessary t o  remark that the  resultant current will set 
in a direction which at any  time is the resultant of the tidal and nontidal currents 
at t h a t  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. 

VELOCITY OF TIDAL CURRENTS AND PROGRESSION OF THE TIDE 

I n  the  tidal movement of the water i t  is necessary t o  distinguisli clearly botween 
the velocity of the current and t h e  progression or rate of advance of the tide. I n  
the  former case referenca is made t o  the actual speed of a moving particle, while 
in 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 greatiw 
than the  velocity of the  current. 
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It is to be noted that there is no ncccssary relationship between the velocity 
of the tidal curreut at any place and the rate of advance of the tide at that place, 
I n  other words, if the rate of advance of the tide is known we can not from tha t  
alone infcr the velocity of the currcnt, nor vice versa. The rste of advance of 
the tide in any given body of water depends on the type of tidal movemcnt. In a 
progressive wave the tide moves approsimately in accordnnce with the forrnula 
r=Jgd  in which T is the rate of advance of the tide, g the acceleration of gravity, 
and d the depth of the waterway. In stationary-wave movemcnt, since high or 
low water occurs at vcry nearly the same time over a considerablc area, the rate 
of advance is theoretically very great; but actually there is always some progres- 
sion present, and this reduces the theoretical velocity considerably. 

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

DTSTANCE TRAVELED BY A PARTICLE IN A TIDAL CYCLE 

I n  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 inhrval 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 vclocity may be 
derived as the mean of a number of measurements of the velocity made a t  frequent 
intervals on the curve; as, for example, every 10 or 15 minutes. Prom the current 
curvp the average velocity ma al60 be detcrmizied by deriving the mean ordinate 
of the curve by use of the p%nimeter. For a full tidal cycle of flood or ebb, 
however, since the current curve generally approximates the cosine curve, the 
simplest method consists in making u6e of the well-known ratio of the mean 
ordinate of the cosine curve to the maximum ordinate which is 2+7r, or 0.6366. 

The latter mcthod has another advantsge in that the velocity of thc tidal 
current is almost invariably specified by its velocity at the time of strength, 
which corresponds to the maximum ordinatc of the cosine curve; hence, the 
average velocity of the tidal current for a flood or ebb cycle is given immediately 
a s  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 purposcs. For a normal flood or ebb period of 6.2 hours the distance 
a tidal current with a velocity a t  strength of 1 knot will carry a floating object is, 
in nautical miles, 0.6366X6.2=3.95, or 24,000 feet. 

DURATION OF SLACK 

In  the change of direction of flow from flood to ebb, and vice versa, the tidal 
current goes through a period of slack water or zero velocity. Obviously, 
this period of slack is but momentary, and graphically i t  is represented by the 
instant when the current curve cuts tho zero line of velocities. For a brief 
period,ytch side of slack water, however, the current is very weak, and in ordinary 
usage slack water” denotes not only the instant of zero vclocity but also the 
feriod of weak current. The question is therefore frequently raised, How 
on doe8 slack water last? 40 give slack water in its ordinary usage a definite meaning, we may define 

i t  to be the eriod during which the velocity of the current is less than one-tenth 
of a knot. telocities less than one-tenth of a knot may generally be disregarded 
for practical purposes, and such velocities are, moreover, difficult to measure 
either with float or with current meter. For any given current i t  is now a simple 
matter to determine the duration of slack water, the current curve furnishing a 
ready means for tliis 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 
stronger the current the less the duration of slack-and from the equntiou 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 0 h  12.688 we may write 
the equation of the current curve y==A sin 0.4831t, 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 
~ “ 0 . 1  and solving for 1 (tliis value of t giving half tho duration of slack) we get 
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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, 8 minutes; 4 knots, 6 minutes; 5 knots, 5 minutes; 0 knots, 4 minutes; 
8 knots, 3 minutes; 10 knots, 2% minutes. 

HARMONIC CONSTANTS 

The tidal current, like the tide, may be regarded as the resultant of a number 
of simple harmonic movements, each of the form y=Acos (a t+a);  hence, tidal 
currents may be analyzed in a manner analagous to that used in tides and the 
harmonic current constants derived. These constants permit the characteristics 
of the currents to be determincd in the same manner as the tidal harmonic con- 
stants and they may also be used in the prediction of tho 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 m 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’Z: S’z: N’z: K‘I: O’1=miMt‘2: s2S1’2: nrN”9: klK”1: 010~~1 

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

MEAN VALUES 

In the nonharmonic analysis of current observations it is customary to refer 
the times of slack and strength of current to the times of high and low water of 
the tide at some suitable place, generally near by. In this method of analysis 
the time of current determined is in effect reduced to approximate mean value, 
since the changes in the tidal current from day to day may be taken to approxi- 
mate the corresponding changes in the tide; but the velocity of the current as 
dFtermincd from a short series of observations must be reduced to a mean value. 

In the ordinary tidal movement of the progressive or stationary wave types 
the change in the strength of the current from day to day ma be taken ap  roxi- 
mately the same as the variation in the range of the tide. %ence, tho vefocity 
of the current from a short series of observations may be corrected to a mean 
value by multiplying by a factor equal to the reciprocal of the range of the tide 
for the same period divided by the mean range of the tide. It is to be noted 
that in this method of reducing to a mean value, any nontidal currents must first 
be eliminated and the factor applied to the tidal current alone. This may be 
done by taking the etrengths 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 a t  the 
ends of a strait connectin two independent tidal bodies of water. East River 
and Harlem River in Newkork Harbor and Seymour Narrows in British Colum- 
bia are examples of such straits, and the currents swee ing through these water- 

locities of such currents vary aa the square root of the head, and hence in reducing 
the velocities of such currents to a mean value the factor to be used is the square 
root of the factor used for ordinary tidal currents. 

ways are not tidal currents in the true sense, but hy cp raulic currents. The ve- 
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