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PREFACE 

Sailing along 4n clear weather, the navigator can determine the 
position of his vessel by bearings on lanclniarks or ot.her terrestrial 
objects; but in thick weather lie can no longer do this, and it then 
beconies a matter of prime importance that he know the velocity 
and direction of the currents to which his vessel may be subject. It 
was therefore primarily for the purpose of obtainin0 inforination 
for the use of the mariner that the investigation o r  the currents 
along the coast was undertaken. 

Attention was first directed to the Pacific coast of the United 
States, because there the currents constitute an important factor in 
coastwise navigation, since along the more than thousand miles of 
shore line from the Mesican border to the Strait of Juan de Fuca 
harbors are niany miles apart, sailing courses long, and periods of 
thick weather of comparatively frequent occurrence. This publica- 
tion embodies the results of the investigation. 

In connection with this publication, attention is directed to three 
other Coast and Geodetic Survey publications containing current 
and ticlal data for the Pacific coast of the United States. These are 
Current Tables, Pacific Coast, North America ; Tide Tables, Pacific 
Coast, North America; and Tides and Currents in San Francisco 
Bay. 

n 
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COASTAL CURRENTS ALONG THE PACIFIC COAST OF THE 
UNITED STATES 

By 13. A. MARMER, Assistarit Chief, Di.iMorc of Tides arid C?i~-rrotfs, Coast and 
Geodetic 8iirvc!i 

I. INTRODUCTORY 

Tlie current observations cliscussecl here were niacle f roni the five 
liglit vessels stationed along the Pacific coast of t.he United States. 
The location of each of 'the light vessels is shown on the acconipany- 
in@ sketch map. The most southerly one is stationed off t.he entrance 
t,o%nn Francisco ~ a y  and t.1ie most nortlierly one a t  tlie entrance to 
the Strait of Juan de Fucn.. Between these-a distance of about GITO 
nautical miles-the other three liglit vessels are irregnlnrly spacecl. 
Froin San Francisco Liplit Vessel to Blunts Reef Light Vessel tlie 
clistance IS about- 180 iiiiles, and from the 1att.er to Colunibia River 
Light Vessel about 350 miles. Uliiiltilln Reef Light Vessel is sta- 
tioned 120 miles above Colnmbia River Light Vessel and PO d e s  
below Swiftsure Bank Light Vessel. 

With the cooperation of tlie Lighthouse Service, under whose 
jurisdiction tlie light vessels come, it wa.s arranged to have current 
observations niacle at the beginning of each hour of tlie clay. Tlie 
arrangenient providecl for the observations t.0 be niucle by the officers 
and crew of the light vessels. Tlie reg.nlnr routine work on tlie liglit 
vessels permitted only sucli observations as would consunie lit,tIe 
time, hence the instrunients and inet,liods of observntion were neces- 
sarily of the simplest. 

I t  is to be borne in iiiind, however, t.liat, at any giyen time tlie 
velocity and direction of t,he current are subject to t,lie disturbing 
influences of irevailing meteorological conditions? and in inmy cases 
the effects o 2 these disturbing influences are of great.er nia.gnitude 
than the quantities son,glit ; nlso, when heavy seas prev:iil the obser- 
vations must be macle from n vessel which rolls and pitches. UncZer 
snch conditions expensive inst~rumeiits of high precision and refined 
me~hocls of obserwt,ion are clearly not of prime importancc, and this 
is especially tlie case where a long series of observations is olhinable. 

Tlie apparatus eniployecl for determining the ye1ocit.y of the cur- 
rent was an adapt.a.t.ion of the old chip log, with which all sailors are 
familiar. For the purpose in hand, however? itr was thought better 
to substitute a 15-foot pole for t,lie customary log chip. This so- 
cnllecl c.urrent pole mas niacle of white pine 9% inches in diameter 
and was weighted with suficient sheet lead a t  one end t,o submerge 
14 feet, so that only 1 foot. floated out of v7ater. 
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FIG. 1.-Locations of Pacific const light vessels 

The log line used 
was of lacing-cord 
twine, eleven sisty- 
fourths inch in di- 
ameter, and w a s  
marked in tlie CIIS- 
toniary nianner for 
use with a 28-sec- 
oncl sand g l a s s .  
Later is was found 
advantageous t o  
s u b s t i t  n t e  stop 
wat,clies for t li e 
snnd glasses and t.0 
use log lines grad- 
uated for a. run of 
one niinnte ; that is, 

is- a length of 101 feet 
4 inches of log line 
correspnc1e.d to a 
velocity of 1 nauti- 
cnl mile per how, 
or 1 knot. 

For determining 
t.he direction of tlie 
current: use w a s 
macle of a simple 
forni of pelorus. 
This consisted of a 
circular brass disk 8 
inches in diameter, 
gradnate,cl e. v e r y 
100. It mas fas- 
tened to the tafirail 
of t,he light. vessel 
so that t.lie 0" and 
lSV marlis fisecl a 
fore-mcl-aft 1 i n  e 
1mrallel to the keel 
of the ship. ,4fter 
tdie observer lincl let 
the current pole run 
out the observation 
interval for cle.ter- 
mining tlie velocity 
of the current lie 
stret.checl tdie 1 o g 
line a.cross the cen- 
ter of the pelorus 
and recorded the cli- 
rection xngle as in- 
dicated on t,lie pe- 
lorns. This gave 
tlie angle the cur- 

.w 
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rent made wit.11 the fore-?nd-aft line of the ship, which, with the 
compass heading of the ship at  the same time, determined the direc- 
tion of the current at  that time. 

Prior to 1917 observations had been macle on the different light 
vessels for periods varying from three months to a year. In the 
fall of 1918 arrang.ements were inacle for securing continuous honrly 
observations covering a period of several years. While interrup- 
tions of several hours, due to severe gales, loss of current- pole, or 
other untoward circumstances occur at  times, the observations may 
be said to be ractically continuous for the years 1919 ancl 1920. 

are shown in the following copy of the current observations macle 
on board San Francisco Light Vessel July 25, 1915. The compnss 
bearings given in the columns " Ship hencls " and bb  Wiacl direction " 
(fifth and sis columns) are magnetic. The force of the wind is 
estimated in accorclance with the Beaufort scale and is recorded in 
statute miles per hour. 

The manner o P recording the observations and the items recorded 

TABLE l.-Gurrenf obserrations, Rate Prmwisco LigRi l'cssel, Jiclu 25, 1919 

I-i--- iDirwtion - Time (standard, 105th meridian) Velority 

_ _ _ - ~ -  -- ---_ 
Wind 

DirwtioJ rce 
- 

Compass Compass 

ll 

1L 
18 
23 
23 
23 
28 
% 
38 
28 
2s 
2s 
23 
23 

11. GENERAL CHARACTERISTICS OF TIDAL CURRENTS 

TIDAL VS. NONTIDAL CURRENTS 

Before entering into a det,ailecl cliscussion of the currents at eacli 
of the light vessels on the Pacific coast it will be of aclvanbage to 
review briefly some of the general characteristics of currents, taking 
up tidal currents first. 

As occurring in nature, currents may conveniently be classified 
under two heads. There is, first, the tidal current which accom- 
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panies the rising and falling of the surface of the sea, due to the 
tides. Superimposed upon these tidal currents we find the second 
class of currents known by tlie general name of nonticlal currents. 
These are brought about by a number of different agencies, such as 
fresh-water run-off, winds, differences in density of sea water, or 
other such causes. What chiefly distinguishes these two classes of 
currents from each other is the fact that tidal currents are periodic, 
partaking of the periodicity of the tides, while nontidal currents 
are not periodic. 

Nontidal 
currents clue to winds or to fresli-water run-off eshibit fluctuations 
dependent upon the seasons1 variation in prevailing winds and in 
amount of rainfall. While these may, therefore, be regarded ns pos- 
sessing a rough seasonal periodicity, they clo not hwe tlic strictly 
periodic character eshibitecl by tides or tidal currents, which may be 
predicted accurately years in advance. 

In  the open sea and in inshore tidal waters these two classes of 
currents are found occurring together, tidal currents predominating 
in sonie places and nontidal in others. Tidal currents generally 
attain considerable velocity in narrow entrances to bays, in con- 
stricted parts of rivers, and in passages froni one body of water 
to another. Thus, we find tidal curre.nts attaining a velocity of 
3 to 4 knots in the entrance to San Francisco Bay, 5 to 6 knots in 
Hell Gate, East River, and 8 to 10 knots or niore in Seymour Nar- 
rows, British Columbia. Alona the coast and farther offshore tidal 
currents are generally of mocrerate velocity, ancl in tlie open sea 
calculation based on the theory of wave motion gives a tidal current 
of less than one-tenth of a knot. 

The last statement niay require some qualificatiqn. 

RECTILINEAR OR REVERSING CURRENTS 

In  a bay or river and? in general, where there is B restriction in 
width, the tidal current IS of the rectilinear or reversing type; that 
is, the flood cwrent runs in one direction for n period of about sis 
hours and tlie ebl) for a like period in the opposite direction. The 
chanw from flood to ebb gives rise to a period of slack water during 
whicf; the velocity of the current is zero. An example of this ty e 
of current is shown in Figure 9, which represents graphically t E e 
hourly velocity and direction of the current as observed in New York 
Harbor on July 29, 1982. The upper curve represents the velocity 
of the current, tlie flood or north-going current beino plotted above 
the asis of x ancl the ebb or south-going current %elow the asis 
of X. The lower curve represents the magnetic direction of the 
current. 

The ve1ocit.y curve presents, approsimntely, the form of the well- 
known sine or cosine curve. At midnight or the beginning of tlie 
day the current- was running southerly or ebb, attaining its masi- 
inurn velocity or strength of ebb about 1 : 30, after which it decreased 
gradually, slack water coming allout 5 o’clock. The current now 
reversed its direction ancl entered on B cycle in the flood direction, 
graclnally increasing in ve1ocit.y for a period of about three hours, 
when it attained it5 inasiinum flood velocity or strength of flood 
and then decreasing in velocity for another period of three hours 
when slack water occurred. 
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I n  the lower curve of Figure 2 the direction of the current is 

given in degrees, north being Oo, east 90", south 180" and west 
270". The directions are magnetic ancl represent the direction of 
tlie current as derived f rom hourly observations. The direction 
curve shows at once that in the rectilinear current the current flows 
in practically the same direction cloring the entire period of flood, 
with an abrupt chan e of about IS@" at the time of slack water. 

to have been setting in tlie same direction for the entire period, with 
an abrupt change of about 1SO" at slack water. 

For tlie ebb period t f le direction curve likewise shows the current 

ROTARY CURRENTS 

Offshore the ticlal currents are generally not of the rectilinear 
type. Instead of flowing in the same general direction during tlie 

FIG. 2.--Rectilinear current, New York Harbor 

entire period of the flood and in the opposite direction during ebb, 
the tii1a.l ci1rrent.s offshore change direction continually. Such cur- 
rents are therefore called rotary currents. An esaniple of this 
'rotary type of current is shown in Figure 3, which represents in 
diagritmmatic forni the velocity and direct.ion of the current at the 
beginning of each hour of tlie afternoon on September 24, 1919, a t  
Nantucket Shoals Light Vessel. This light vessel is stationed in 
30 fathoms of water off the coast of &Iasxachusetts about 40 miles 
southeasterly from Nantucket Island. 

The current is seen to have changed its direction at  each hourly 
observation, the rotation being in the clirecbion of movement of the 
hands of a clock, or from north to south I>p way of east and then to 
north again by may of west. Beginning at noon the current was 
setting N.'69" E. with a ve1ocit.y of 1 knot. At 1 1). ni. the velocity 
of the current was 1.1 knots ancl the direction S. 45O E., and in the 

65808-2-2 
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hours following we find the current constantly changing its clirec- 
tion clockwise, so that in a period of about 12 hours it has veered 
completely round t,he compass. 

It will be noticed that the ends of the radii vectores? representin 
the velocities and directions of the cnrrent at the beginning of eac 1 
hour, define a somewhat irregular ellipse. I f  a number of honrly 

True 

P 

N o d  h 

/ 

Scale o f  b o t s  
I I I I I I I 

0.2 0.4 0.6 0.8 LO .1.2 1.4 
FIG. J.--Rotary current, Nantucket Shoals Light Vessel 

observat,ions are averaged, thus eliminating accidental errors and 
temporary meteorological disturbances, the regularity of the ciirye 
will be considerably increased. Figure 4 represents the cnrrent curve 
for the same station, detennined f roin honrly observations cover- 
ing the month of July, 1990. Since the tidal or current day has a 
length of 24 hours 50 ininiites, instead of the 94 hours of the civil 
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or astrononiicul day, it is necessary, in averaging the hourly ob- 
served values of the current, to use aliquot parts of a clay whosc 
length is 24 hours 50 minntes. In  inany cases this can be most 
conveniently done by tabulating the observed hourly mlues of the 

North 

Scale o f  Knots 

0.0 0.2 0.4 0.6 0.0 Ib I I I I I 

Fw. -I.-Mcnn current cnrre. Xantucket Shoals Light Vessel, July. 10'20 

current with reference to t,he times of high and low water at L 
near-by plsce. In the case of Figure 4, the hourly values of the 
current are referred to the times of high and low water a t  I3oston, 
Mass. 
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From Figures 3 and 4 it is evident that in a rotary current there 
is no periocl of slacli water when the velocity of the current is 
zero as in the rectilinear or r.eversing current,. I n  tlie rotary type 
of ticlal current the current IS running at  all times; but it mill 
be noted t.liat in each semiclaily cycle there are two periods of maxi- 
mum current and two periocls of iiiinirnuni current. These niaxima 
and niiiiiini correspond, respectively, to tlie major and minor semi- 
ases of tlie ellipse ancl may be taken as corresponding with the 
strengths and slacks of current of the rectilinear t-ype. 

VARIATION O F  CURRENT WITH MOON’S CHANGING PHASES 

Tides and ticlal currents are different features of the same plie- 
nonienon wliicli is brought sbont by the attract,ion of sun and moon 
upon blie rotating earth, the bides being the vertical iiiorement of 
the waters ancl the tidal currents the horizontal movenient. The 
ticlal current, t,herefore, present,s many of thc characteristics of the 
tide. Thus, we have the strongest ci1rrent.s when the moon is full 
ancl new and \vea.liest currents when the moon is in its first and 
tliircl quarters ; also, yhen t.he moon has considerable declination, 
the ci1rrent.s. like tlie tides, exhibit the feature liliowll as cliurnal 
inequality. 

As related to the moon’s changing phases the variation in the 
strength of tlie current from clay to clay is approximately propor- 
tional to the corresponding cha.nge in the range of the tide. This 
is illustrated by a series of ticlal and current observations macle in 
tlie entrance t,o Delaware Bay in the month of April, 1919. Dur- 
ing that month we find from a Nautical Alnianac or from the Ticle 
Tables for that year t.lint new moon occnrrecl on April 1, first quar- 
ter on the Sth, full moon on the l5th, ancl tliircl quarter on the 
B3d. I n  order to niinimize the effects of accidental errors, it  will 
be of advantage to take tlie observations for groups of two clays, 
using the day of the moon’s phase given above and the clay follow- 
ing. For those clays t.he velocity of tlie current at  strengt.11 and 
the range of the tide varied as shown in Table 9. 

TABLE ~.-CViatigee irt. tide a ~ d  rict-rewt, Ddnioarc Bay. t-eratcd to  rnootb’s phases 
.. -_- ............ .- ....... ... ................. ................... ...... 

Tideat Breakwatei 
Harbor, Del. 

I MOOU’S phase - I I Ohservntioiis iuadt+ 

..... 

Fcrl- t Ptrceflt 
Apr. 1-2.1919 ............................ New iiioon ........... 5. I S  -36 
Apr. 74.1019 ............................ First quarter ........ 3.72 +IG 
Ayr. 23-?4,1919 .......................... Third quarter ....... 3.32 --93 
Apr. 15-16,1919 .......................... Full nioou.. ........ i 4.30 1 . 

I , ........ ......... ..... ...... 

Current at Overtalls 
Light Vessel 

The figures in the colmnn headed “ Change, per cent,” which give 
the percentage increase or decrease of the range of tlie ticle and the 
velocity of tlie current froin one phase of the moon to the other, 
bring out the fact that, as related to the moon’s changing phases, 
the velocity of the current at  any given place and the range of tlie 
tide change in approsiinntely the same proportion. 
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VARIATION OF CURRENT WITH CHAXGE IN MOON’S 
DECLINATION 

The response of the t.ide to changes in the dec.lination of the nioon, 
or its distance north or south of the Equator, gives rise to the. feature 
lsnown as tlie dinrnal inequality. When the nioon is over tlie 
Equator-when the declination of the. moon is zero-there. is very 
little clifference between morning and afternoon high maters or 
between niorning and afternoon low vaters. As the niooii moves 
north or sonth of the Equator the lieiglits of t,he two high waters 
and also of the two low waters of the day begin to differ, this 
difference incressing with t.lie increasino declinntion of the moon ; 
and a little after the tinis of t,he moon’: inasinium north or south 
declination the difference between t.he two high waters or hetween 
t,lie two low \vat,ers is greatest. 

As related to tlie inoon’s changing phases, tlie change in the current 
.was fonncl to be appi-osimat,ely proportiona.1 to the corresponding 
change in tlie range of the tide, but in rega.rci t.o tlie nioon’s changing 
declination tide and cnrrent clo not respond alike, tlie cliumal varin- 
tion in the t.ide a t  any place generally being greater t.lian the diurnal 
variation in the current. As an example, we niay take the t idal  and 
current observations made in belamare Bay clnring the month of 
July, 1919. For that nionth we find from the, Nautical Almanac or 
from the Tide Tables that the moon ivns’on the Eqnator on tlie 3d, 
farthest south on the loth! ngnin on tlie Eqnator on the 17tli, and 
farthest north on tlie 33d. If, as before, me iise groups of two days 
to minimize acciclent.al errors, the changes in tide and current in 
response to the moon’s chaiiging declinntion are as  follows : 

TABLE 3.-Chmges in tide and c~crrejrt, Deloware Bag, related t o  9llOOn’S 
m m m o j z  

1 1 Tide at Delaware Breakwater, Del. 1 Current at *verfrrl’s Light vesse’~ off Dolaware Bay 
-I--- 

I 

made- I Flood [ Ebb 
- - 

I 

Knots Knots: P. ct. (Knot8 Knot8 P.d. 
July 3-4 1919 _ _ _ _  Zero _ _ _ _ _  200 1.SO ! 10 2.00 2.10 

1.50 2.20 39 ! 1.70 1.SO July10-i1,1919.. South-..‘ 
July 17-1S, 1919.. Zero _ _ _ _ _  I 2 0 0  2.00 0 ! 3.10 2.30 10 
Julg23-2d. 1919-. North-.. 200 2.30 , 13 i 2.50 2.80 13 I 

In  tlie table above the diurnal inequality for both current and tide 
is given as a ratio. For the current it is the ratio of the difference 
in velocity of the two floods or two ebbs of tlie day to the niean of 
the flood and ebb strengths of current for the clay in uestion, while 

waters or two low maters to the half range of the tide for the day 
in question. The four columns headed “Ineq. P. ct.,” which give the 
percentage ineqnality, sliom that the inequa1it;y in the tide increases 
very much more from tlie nioon’s zero decliiiation to iiiasi~iimn nortli 
or south declination than does tlie cuiTent during the wnie time. 

for the tide it j s  the ratio of the difference in height o f tlie two high 
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THEORETICAL RELATION OF VELOCITY OF CURRENT TO RANGE 
OF TIDE 

The relations subsisting between the changes in the velocity of 
the current a t  any given place and the range of the tide at that place, 
discussed in the two preceding sections, may be derived froin general 
considerations of R theoretical nature. For the sake of siniplicitp 
let us assume a harbor whose mea A' is constant froin low mater to 
high water, connected with tile sea by a rectangular opening having 
a width F and a depth D reckoned froin mean sea level. Let Wc,= 
volume of water in the harbor below the plane of mean sea level, 
&?=range of tide, and let time be reckoned from the instant of mean 
sea level. Then, if at any time E ,  the total volume of mater, is rep- 
resented by 7P. the velocity of the current through the opening by 
v, and the height of the tide from mean sea level by y, we have 

7Y=SV,+,s* y 

fw=aP (D+y)  dt 
and from ( 2 )  me get 

1 dW 2, = ~- . -- 
F ( D + y )  dt (3) 

Espressing y in the harmonic notation we have 
?/=A cos ((IB+CY)+B cos (b t+p)+C cos (cB+y)+. . . . (a), 

where A, B,  C are t.he aniplitucles, a, 6. o the speeds, and CY, p, y 
the initial phases of the. harmonic tidal components. Froin (4) 
and (1) we get 

whicli in (3) gives 
v 5 - S [ A  CI. sin (&+cY)+R 6 sin (bt+p)+C c! sin (ct+y)+.  .] (5 )  F ( D  +I)--- 

Now, y varies in value froin -v2R to +Y2R, and, as compared 
with P or the depth, y2R is generally small; hence ( 5 )  may be 
written, approsimately, 

u=-- - [Bas in  (n t+a)+Bbsin  (bt+b)+Ccsin (ct+r)-t. . . ] B 
F D  

S 
F D  = --[A a cos (a.t+a-900) +R b c,os ( b t + - ~ - 9 0 " )  + C'C COS ( ~ t + ~ - 9 0 " )  + . .] (6) 

and from (6) it follows that the amplitudes of the liarmonic current 
.components are related to each other, not as the amplitudes of the 
corresponding tidal components, But very nearly as the latter mul- 
tiplied by their speeds. 

The ratio of - -  the spring range to  t.he neap range of the tide is given 
..approximately by 
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hence the strengths of the current at tinies of spring and neap tides 
should be to each other as 

where 8, and my are the speeds, respectively, of & and M,. But 
8 ,  ancl m, do not differ niuch, being, respectively 30O.00 and 0,8".98 
per mean solar hour; therefore, (8) may be written approsimately 

8z (N?+S?)_ ,  wliicli is iclentical with (7).  I t  follows, therefore, that 
the change in the velocity of tlie current from springs to neaps 
should be approsimately proportional to the corresponding change 
in the range of the tide. 

As regards tlie change in response to the changing cleclinntion of 
the moon, we may write tlie diurnal inequality of the tide at the 
tiine of tlie moon's greatest declination in the harmonic notation 

8, (M,--&) 

and hence for the currents, 

The values of m2, k,, nncl 0, per mean solar hour are, respectively, 
28O.95, W.04, and W.04. Now, b, ancl o,  do not differ greatly and 
n&,=k,+o, ; we may therefore write (10) approsimately 

From (9) and (11) it therefore follows that the diurnal inequality 
in the current at any place is approsimately half of what it is in 
tlie tide. 

ROTARY CURRENTS AND CHANGES IN MOON'S PHASE AND 
DECLINATION 

I n  the preceding sections the response of the current to changes 
in the phase and declination of the moon was illustrated by exaniples 
ancl considerations chosen from rectilinear currents. The rotary i ur- 
rents likewise show similar responses to changes in the moon's phase 
and declination. This is brought out in Figure 5, in which the hourly 
velocity and direction of the current at Nantucket Shoals Light 
Vessel at  various times in the month of July, 1920, is represented - .  - 
graphically. 

The hourlv velocities and directions of the current have been re- 
ferred to tli; times of high and low water at Boston, €7 referring 
,to the tiine of high water and L to the time of low water. The 
average hourly velocit and direction of the current at Nantucket 

from c.ontinuous observations from July 1 to 29, inclusive, is repre- 
sented in Figure 4. On July 9 the moon was in its third quarter 

Shoals Light Vessel 9 or tlie month of July, 1920, as determined 
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and on the 83d in its first quarter, and the diagram in the upper 
left-hand corner shows that on those clays the currents were weaker 
than the average. On the 1st of July the moon was full and on the 
16th new. The diagram in the upper right-hand corner, which rep- 
resents the current conditions on those days, shows that the cur- 
rents then were stronger than the average. 

The two lower dia.grains represent the hourly velocity and direc- 
tion of the current on the clays when the moon was over the Equator 

Nwlh 

.. 
Moon we? Equator 

Julg 7 f i d  209 IPO 
won I Liircmr Derlma'.m 

Julj 13" 4-c 212  I920 

FIG. 5.-Current curves. Nantucket Shoals Light Vessel, July,  1920 

and again when it was farthest north mcl south. I n  order to bring 
out the differences between the currents in the morning and those 
in the afternoon distinction is made between lower high water and 
higher high mater and between lower low water and higher low 
water. I n  the t.wo diagrams in uestion, H and AH refer, res ec- 
tively, to lower high water and to 'i iiglier high water a t  Boston, w F iile 
L and LL refer, res ectively, to higher low water and to  lower low 
water a t  the same p F ace. 
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The lower left-hand diagram shows that on July 7 and 20, when 
tlie moon was over t,he Equator, the currents in the morning did not 
differ greatly from those in tlie afteriioon, as evidenced by the fact 
that tlie two ellipses representing morning and afternoon currents 
are quite similar. On July 13 the moon attained its maximum north 
declination for the month and on the 87th its greatest south cleclina- 
tion, and the diagram in t,he lower right-hand corner of Figure 5 
shows that on these days blie currents in the morning differed very 
considerably from those of the afternoon. 

As regards the change in the tidal current in response to the 
changing declination of the moon, it is evident th?t since tides and 
tidal currents are intimately related tlie diurnal i n  uality in the 

this in- 
equality t.0 a inarked degree. On tlie .Pacific coast the diurnal 
inequality in the tides is very niuch reater than on the Atlantic 

ing this feature to a greater estent than on the Atlantic coast. This 
is boi-ne out by the observations macle on the Pacific coast light 
vessels as is shomn in the succeeding sections. 

EFFECT OF NONTIDAL CURRENTS 

currents will be greater in regions where tlie tides esiibit 7 
coast, and hence we should expect to f? nd the currents, too, eshibit- 

. 

The tidal current is subject to the disturbing influences of nom 
tidal currents which affect the regularity of its occurrence as regards 
time, velocity, and direction. I n  the case of the rectilinear current 
the effect of a nontidal current is, in general, to niake both the periods 
and the velocities of flood and ebb unequal and to change the times 
of slack water, but to leave unchanged the times of flood and ebb 
stiw-@hs. This is evident from a consideration of Figure 6 which 
represents a siniple rectilinear tidal current, the time axis of which 
is the line A B, flood velocities being plotted above the line and ebb 
velocities below. 

When unaffected by nonticlal currents, the periods of flood and 
ebb and the velocities at times of strength of flood and strength of 
ebb are, in general, equal as represented in the diagram, and slack 
water occurs regularly thvee hours and six minutes after the times 
of flood and ebb strength. But suppose a steady nontidal current 
is introduced which has a velocity component, represented by the 
line 6‘ D ,  in tlie directian of the tidal current. It is evident that 
the strength of ebb will be increased by an amount equal to 0 D ,  
while the flood strength will be decreased by the same amount. The 
current conditions may now be coinpletely represented by drawing 
as a new time axis tlie line E F parallel to A B and distant from it 
tlie length 6’ D. 

- 

The ileriod of flood which in the unaffected tidal current was 
equal t6 the period of ebb has been reduced and the period of the 
ebb has been increased. The time of slack water before flood has, 
therefore, become later, while t.he time of slack before ebb has be- 
come earlier; the times of flood and ebb strength, however, remain 
unchanged. 

It is evident that if the velocity of the nontidnl current esceeds 
the velocity of the tidal current at time of strength the ticlxl current 
will be ooinpletely masked, and the resultant current will set a t  all 
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times in the direction of the nontidal current. Thus, if the line 
0 P represents the velocity cdniponent of the nonticlal current in 
the direction of the tidal current, the new tinie asis will be the line 
G A, and the current. will be flowing at all tinies in the ebb direction. 
There will be no slack maters; but at. pcriocls G hours 19 minutes 
apart there will occur mininimn sncl inasininm velocities represented 
by tlie lines R A’ and T U ,  respecbively. 
In so far as the effect of tlie nonticlnl current on the direction of 

the rectilinear tidal cuiwnt is concerned, it is only necessary to 
reinark that t.he resultant current. will set in a direction which at  
any tinie is the resultant of the tidal nncl nontidal currents a t  that 
time. The resultant direction and also the resultant velocity niay 
be determined either graphically by the parallelogram of velocities 
or by the usual trigonometric computations. 

Upon rotary currents the effects of a nontidal curre.nt are similar 
to those discussed in reln tion to rectilinear currents. These effects 
niay niost conveniently be studied cliagrniiiinntically. 

0 R 0 1  
I I M 

FIG. B.--EfPect of nontidal current on rectilinear current 

I n  Figure 7 the left-hand diagram gives the hourly values of the 
current at Frying Pan Shoal Light Vessel, off t.he const of North 
Carolina, as referred to the tinies of ticle a t  Charleston, S. C., for 
the period July 14 to 90, 1920. During t,liis period the mind was 
blowing from the southwest practically all the time with an average 
velocity of about 90 miles per hour. The lines drawn from P to 
the varions points give the velocity and direction of t.he current at 
each tidal hour, and while during the entire period the wind current 
conipletely niaslred t.he tidal current, since at  all times t.he current 
was setting easterly, the plotting clearly brings out the rotary tidal 
current. 

The, right-hand diagram of Figure 7 represents tlie current at  the 
same station during tlie period January 99 to February 3, 1990, 
when the mind was blowing from the northeast with an average 
velocity of about 30 miles per hour. This produced a nontidal cur- 
rent setting southwesterly, which so completely masked tlie tidal 
current that at all times during this period the current was setting 
southwesterly; but the plotting, as in tlie previous case, brings out 
clearly the rotary tidal current. It is interesting to  note that, 
although the observations were niacle under the disturbed conditions 
brought about by the strong winds, nevertlieless the curves rep- 
resenting the tidal currents show marked similarity in time, direc- 
tion, and velocity of current. 



Flotth 

t July 14-20. I920 

\\-.. ->/ 

Jan 29 - Feb 2,1920 

Scale 03 Knots 
I I I I I 1 

0.0 0.2 QJQ 0.6 OB 1.0 
FIG. 'i.-EEect of nontidrtl cnrrent. on rotary current 
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I n  tlie rotary tidal current it is evident from the foreg;ping that 
the effect of a nontidal current may be determined by shifting the 
center of figure a distance which represents the velocity and direction 
of the nontidal current and drawing lines froiii this new origin to the 
ends of tlie radii victores of the rotary tidal current. These lines, 
then, give by their lengths and directions the velocity a i d  direction 
of the resultant current at the different hours. 

RELATION OF TIME OF CURRENT TO TIME OF TIDE 

Theoretically, the times of niasimuni flood and ebb currents, or 
the strengths of flood and ebb, should O C C I I ~  at the tinies of high 
and low water in a progressive wave and inidway between high and 
low waters in a stationary wave. The times of slack water should 
occur midway between high ancl low water in R progressive wave 
and at  the times of high and low water in a st,ationai*y wave. I n  
other words, in siinple wave motion t.he time of current has a con- 
stant and simple relation to the t,iiiie of tide. 

:0- 

I O  - 

G O  - 

8 -  

ZJ- 

FIG. S.-Tide and current curves, New York Harbor 

While simple wave motion is rarely found in the tidal movements 
of tlie waters near the coast, it is very convenient in the study of the 
currents to refer the times of current to  the times of tide; and where 
the diurnal inequality in the tide is small, as is the case on the 
Atlantic coast, the relation between the time of current and the 
time of tide is very nearly constant. This is brought out in Fig- 
ure 8, which represents the curves of the current and of the tide in 
New York Harbor on October 9, 1919, the current curve being the 
dashed-line curve and the tide curve being the full-line curve. 

The curves of Figure 8 mere drawn by plotting the heights of the 
tide and the velocities of the current to the same time scale and to 
such ve1ocit.y and height scales as would make the masimnm ordi- 
nates of tlie two curves approsimately equal. The tinie axis, or 
asis of 5, represents the line of zero velocity for the currents ancl 
of mean sea level for the tides, 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 sea level, was plotted in 
accordance with the scale of feet on the right. 

From Figure 8 it, is evident that the corresponding features of tide 
and current in New Pork Harbor bear a very nearly constant time 
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relation to each other, and this permits the times of slack and of 
strength of current to be referred to the times of high and low 
water. Thus, 6he strength of ebb occurred kbout 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 hours before low water. 
It is to be noted in this connection t.liat these time relations, 
which for the various phases of the current are approsinlately con- 
stant, are subject to variations brought about by nontidal currents, 
the clisturbing effects of which were considered in the previous 
section. 

The velocity and direction of rotary currents in regions where the 
diurnal inequality in trhe tide is small may likewise be referred to 
the tiiiie of tide. Examples of such reference are given in Figures 
3, 4, and 5, which bring out the very nearly constant tinie relittion- 
ship between tide and current. 

36 

2.0  

1.0- 
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FIG. 9.-Tide and current curves, Puget Sound 

Where tlie diurnal inequality in the tide is considerable, the time 
relations between tide and current are sub’ect to considerable vnria- 

is clue to the fact, previously nientionecl, that tlie diurnal inequality 
in the current is only about half as great as in the ticle. This 
brings about cliff erences in the corresponding features of tide and 
current as between morning and afternoon. Figure 9, which repre- 
sents simultaneous tide and current curves in Pnget Sound, Wash., 
shows the relationship between tide and current in it locality of con- 
siderable cliurnal inequality. 

I n  Figure 9 the dashecl-line curve is the velocity curve of tlie 
current in Rich’s Passage, Puget Sound, Wash., as observed on 
March 29, 1917; the full-line cnrve is the tide curve for the same 
day at Seattle, also in Puget. Sound. Here we find no such corre- 
spondence between tide and current curves as exhibited in F i  ure 8, 

similar manner. 

tion, apart from the distui*bing effects o 2 nontidal currents. This 

although t.he scales of heights and velocities mere acljustec f in n 
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The diurnal inequality of the tide in Puget Sound is exhibited 
principally in the loy waters, and the currents reprocluce this in- 
equality, but in a lesser degree, and because of this diflerence of in- 
equality in tide and current the time relations between tide ancl cur- 
rent do not show the constancy found in Atlantic waters. Thus, 
the time of flood strength as related to tlie time of high wgter shows 
wide variation as between morning and afternoon. I n  the morning 
the strength of flood occurred 1.4 hours before high water at Seattle, 
while the a.ft,ernoon strength of flood occurred 3.5) honrs before 
high water, giving a difference between tslie two of 9.5 hours. 

Tlie greatest divergence in the t,iine relntions bet.meen ci1rrent.s and 
tides characterized by cliurnal inequality OCCIII’S, obviously, when 
the cliurnal inequdity is a t  R masinium; tliat is, when the moon lins 
its greatest north or south declination. The esample given in the 
preceding paragraph was piirposely chosen on 61ie clay when the 
moon was at  its greatest nort,Ii declination. At  t.he same station 
a week la te r -on  April 5, 1917-when the moon was over tlie Equa- 
tor, the time relation between current and tide was characterized 
by very much greater constaiic . On that clay the strength of flood 

afternoon 9.6 honrs before high water. 
I n  the ca.se of rotary currents in regions of considerable clinrnaI 

in ualityl t$e t,iiiie relntions between tide. and current are subject 
to 7 t ie variations discussed in the previous paragraph. The fact 
t.hat it is generally necessary t.0 refer the rotary cnrrents to the tide 
some clist,ance away (for i t  is a somewhats dificult. niatter to make 
tidal observations off shore) introcluces furt.lier complicatiqns. Nev- 
ei-theless, the referring of the ciirrent to the tinie of tide is the 
most convenient inethocl of specifying the current whether rotary 
or rectilinear. 

in the morning occurred 9.1 T iours before high water and in the 

TABULATION OF CURRENT OBSERVATIONS 

With rectilinear currents, the most. coilve.nieiit metliod. of txent- 
ing the observat,ions c0nsist.s in plot,ting the velocities of tlie current 
to a. suitable scale on cross-section p:il)er! tlie flood being plotted 
above the asis of S ancl the ebb below, a n d  i t  is then R simple 
matter to draw a cnrre through the plotted points. The masiinum 
ancl niiniinuni points of this cnrve then specify t.he flood and ebb 
stren@hs of t.he current, I>ot,li n.s to t,inie a . 1 ~ 1  velocity, and the points 
in which the curve cuts the asis of S determine the tinies of slnck 
water. Esa.mples of such plottings are shomn in Figures 8, 8, ancl 9. 
The very great aclvant,age o l  this g?nphic niet,liocl lies in the fact, that 
errors in the observat,ions may easily be detected and snioothed out, 
whebher these errors be clue to t.lie rolling of t.lie ship, t,o the dis- 
turbing effects of mind and weather, or t.o other causes. There is 
the further advantage! dso, t.list by this method short breaks in 
the obsermtions mn.y easily be inberpolated. 

After the observations hare been plotted t.lie t,i.nies of slack and 
t,he tinies and velocities of the st,rength of the currcnt inay tliczn 
be enterwl into a form similar to t1ia.t shown below. Tlie t h e s  of 
strength of current now being specifiecl, the direction of the current 
a t  these times may then be cletei*iiiined, by interpola.t,ion, directly 
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from t.lie record 1mok and entered into the appropriate columns. 
The tinies of high a.nd low water at  some near-by plwe are. t.lien 
entered into t.he coliunn on the left and the intervals bet.ween tide 
and current cleteimined. Where no simultaneous ticlal observations 
a.re at, hn.nc1, the predictecl times of high mcl lorn wate1.s rimy be 
used. 

I n  the ca.se of n short series of observations, the mean velocities 
clerired from such R tabulation niay 1x3 corrected by tlie ratio of tlie 
inean range of the t.icle. to the rmge of the. tide for the clays in 
cpest.ion, employing for the p~irpose t.he tide at solile near-by place. 
With a series of observations extencling over scrcral niontlis, the 
most sat,isfnct.ory mebhoil is t,o tnhulat,e in groups of 29 days mid t,lien 
to clerive a mean from these 29-day groups. A t,abulabion, as out.- 
lined above, of t.he current nbservstions imde on board Rain Island 
Reef Light Vessel, in T.ong Islnncl SOIUN~, during the month of Sell- 
tember, 1915, is shomn in Table 4. 

TABLE 4.-l1nbrcHa.t~iorr. of crrrrcrit strcirgtks (i.)id. slacks 
Station. Ram Island Reef Light Vessel. Lptitude. 41' 18' 03" N.; longitude, 71' 58' 28'' W. 

[ReIecred to tlme of tide at New London, Conn.] 

Time of- I 
I 

1915 H. 
Gept. 1 _ _ _ _ _  2.6 

15.0 
2----- 3.7 

16.0 
3----- 4.7 

17.0 
4..-.. 5.7 

17.9 
5..-.. 6.4 

18.6 

I€. I€. 
8.9 9.4 

22.0 33.0 
9.S 11.0 

?2.9 23.8 
10.8 1 1 0  
3.8 _ _ _ _  
11.7 1.0 
..___ 13.0 

H. H. ' H. 
0.2 4.0 I 6.7 

13. a \1f& 5 '19.1 

13.7 !17.0 20. 1 
2.6 6.n 5 8  

15.0 118.0 21.4 

4.3 ! 7.6 11. 
116. S ,19.6 13. I 

1.s j 5.0 7.5 

3.3 ! 7.0 1 R . A  
16.2 '18.0 21.7 

2.0 5.? I 8.5 11.7 
14.S l i . 5  20.6 3.8 
3.0 6.0 19.4 12.1 

'15.0 lS.0 21.6 __-. 
4 0  0.5 I 9.6 . a  
4.0 7.5 110. R .3 

16.S ,1Y. 4 ?2.6 13.2 
5.0 7.8 11.4 1.1 

117.4 1%. 3 ,?3.4 14.2 

I 
I l l i U  1S.R 2 . 3  12.4 

I 

11 _ _ _ _  '10.3 4.3 5.6 19.0  '11.8 1.9 
?26 16.9!lS.0 " 0 8  _ _ _ _ _  14.3 

12 _ _ _ _  11.0 5.0 '6.01-0:2 . 4  2.1 
23.4 17.8 19.0 121.4 E.1 15. Z 

13 _ _ _ _  11.8 5 . 7 ! 7 . 0  9.7 1.0 3.E _ _ _ _ _  1S.7 !%.0 ??. 5 13.4 16.t 
14 _ _ _ _  .? R.6:8 .0  11.0 1.6 4.; 

15.7 19.6 21.0 ! 3 . 9  14.2 17.. 
15 _ _ _ _  1.2 7 .6~9.0111.5  ?.6 5.: 

,13.7 ?0.7!22.0 _ _ _ _ _  15.0 18.1 

Current referred to tide 

€I. 
+o. 5 

1.0 
1. 2 
. 9  

1.2 

1.2 
1.3 
1.4 
1.5 

. S  
1.5 
1. 1 
1. 0 
1.5 
1.3 
.9 

1.4 
1.3 
1.2 

1.3 
1. 1 
1.0 
1. 2 
1.3 
1.3 
1.4 
1.4 
1.4 
1.3 

1.9 
1.7 
2.0 

1.2 
1. 8 

_ _ _ - _ -  

_ _ _ _ _ _  

H. 
-2.4 

2 4  
1.9 
3.3 
2. 1 
2.0 
2 4  
1.7 
2. 1 
1.8 

1.9 
1.8 
1. 8 
2.0 
1. 9 
2.0 
1.5 
1.9 
1.8 
1. B 

1.3 
1. Y 
1.8 
?. 0 
2.1 
1.7 
1.7 
1.3 
1.2 

1.7 
1.0 
1.5 
1. 8 
1.5 
1.6 

_ _ _ _ _ _  

H. 
+l. 4 

1.5 
1.3 
1.0 
1.3 
1.0 
1.3 
1. 1 
1.2 
1.0 

1.4 
1.3 

' 1.6 
1.6 
1. 2 
1.7 
1.6 
1.3 
1. s 
1.5 

1.5 

1.8 
1.4 
1. a 
1. a 
1.4 
1. 5 
1.4 
1.3 

1.3 
1.7 
1.5 
1.5 
1.7 
1 .4  

_ _ - _ - _  

H. 
, -22  

2 9  
2 3  
2.8 
2.0 
2.4 
1.9 
2.9 
1.4 
2.0 

1.6 
1.4 
1.0 

2.5 
2.3 
2.8 
2.2 
2.6 
2.0 

?. 4 
2.6 

?. 6 

2. I 
2.2  
2.1 
?. 3 
2.3 

1. 7 
2. 2 
1.8 
2.4 
1.6 
2 s  

_ _ _ _ _  

a. 6 
2. 1 

trength of 
flood 

.- 5 

f 
u - 
- 
'1; OL1 
1.0 
1.2 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.1 
1.2 

1. a 
1.3 
1.3 
1.2 
1.3 
1.3 
1.4 
1.5 
1.4 
1.5 

1.3 
1.4 
1.5 
1.4 
1.4 
1.5 
1.4 
1.3 
1.3 

1. 2 
1.2 
1.2 
1 .2  
1.2 
1.3 

- _ _ _  

trength of 
ebb 

__- 
: 
:M 

$ E  
a _- 
Peq. 
108 
1 3  
110 
102 
90 
98 

105 
97 
94 
91) 

95 
101 
101 

101 
105 
98 

101 
101 
107 

106 
102 
106 
97 
96 
95 
!3a 
39 
97 

100 

101 
97 

101 
%I 

111 
87 

.____ 

h 
5 
5 
; - 
n0t8 
1. a 
1.3 
1. 2 
1. 2 
1. 2 
1.4 
1.4 
1.4 
1. I 
1.5 

1.4 
1.4 
1.4 

1.4 
1.4 
1.7 
1.7 
1.8 
1.7 

1.7 
1.7 
1.6 
1.8 
1.5 
1.6 
1.4 
1.6 
1.5 

1.5 
1.5 
1.5 
1.4 
1.3 
1.5 

- - -_  

1. a 
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TABLE 4.-!Pablclation of current strengths and slaclce-Continued 

Date 3 
U e 
-2l 
E! 
._ 

H. 
5.8 

6.7 
.9.0 

.9. 9 
8.2 
0. D 
8.9 
!l. 3 
9.6 
!2 0 
.o. 3 
!27 

0.9 
8.4 
.l. 6 

2.4 

.3.3 

.a 3 

“ F  I .  J 

.I .- 
1. a 
- 
--_ 

- 

Time of- 1 Current referred to tide 
- 

-:- - - -- ~ 

H. I H. H. H. I€. n. 
2.0 1 1.0 4.1 7.5 10.1 1.2 _ _ _ _  . lb6 16.4 XJ.0 22.9 1.6 
7 20 5.0 S 0 1108 1.3 

a 9  114.6 16.5 XJ:S IS:? I 1.7 

1 5  13.0 ‘ 6  o 9.0 i12.3 I 
38’15.4 185 21.0 

4.9 0.3 
7.7 19.6 
5.6 7.0 
8.5 19,s 
6.4 8.0 
9.4 ‘3.4 
7.3 9.0 
0.4 21.0 

1.5 
1.6 
1.4 
1.6 
1.3 
1.6 
1.4 
1.4 
1.6 
1. 1 

1.4 
1.9 
1.4 
1.3 
1.6 
1.0 
1.7 
.6 

1% 
1.7 
1.8 
1.7 
1.5 

1.5 
1.4 
1.4 

1. 1 
1.3 
1. s 
1.5 
2.0 
1.7 

1. a 
1.4 
1.8 
21 
2.0 
1.6 
1.4 
2.1 

1.5 

loo. 7 
57 

[-1.7: 
-_ 

H .  
1.7 
1.8 
1.3 
1.6 

1.5 
1. 1 
1.6 
1. E 
1. 6 
1.9 
1.4 
1.4 
1.3 

1.3 
1. 1 
.8  
1.4 
1.2 
1.0 
1.0 
1.3 

.-___- 

78.8 
56 

[+l. 4 
- 

1.5 276 
_ _ _ - - _ _  263 
2.0 203 
1.8 ?til 
2.3 xi 
2.4 2F1 
2.0 27s 
2.1 m 
2.4 264 
2.3 287 

1.8 294 
2.5 2.56 
2.4 2.w 
2.8 2.52 
2.3 269 

2.2 243 
2.8 277 

I 

1 s  zrfi 

- 

R 

0 
.- - 
; - 

61,td 
1.2 
1.4 
1.4 
1.4 

1. 6 
1.3 
1.3 
1.4 
1.3 
1.4 
1.4 
1.5 
1.4 
1.4 

1.4 
1.0 
1.3 
1.2 
1.3 
1.0 
1.1 
1.2 

72.6 
67 

1.27 

- 

- 

-- 
strength of 

ebb 
- 
n 

-ti 
0 

urn 
.- 
:E 
n 
.- 
__ 
Deg. 
107 
9.3 
95 
93 

(Is 

104 
105 
102 
101 
00 
101 
102 
WJ 

89 
86 
111 
102 
97 

106 
102 
106 

! 595 
56 
100 

---_ 

- 

- 

Cnots 
1.3 
1.6 
1.6 
1.7 

1.5 

1.6 
1.6 
1.5 
1.7 
1.7 
1.7 
1. 6 
1.6 

1.7 
1.8 
1.4 
1.6 
1.4 
1.4 
1.4 
1.4 

_ _ _ _ -  

84.8 
56 

1,51 
-- 

The current observations in the case of a rectilinear current inay 
also be treated by t.he harmonic method, the process being analogous 
in all respects to that employed in the harmonic treatment of ticlal 
observations. The strength of flood is generally taken to correspond 
wit.11 high water and the st,rength of ebb with low water, and a con- 
stant is added to the hoiirly velocit.ies of t,he current to change the 
negative values of the ebh current into positive values. 

Wit.11 rotary cnrrents a convenient method of tabulating the ob- 
servations consists in referring the hourly values of both velocity 
and direction t.0 the times of high and low water at  some near-by 
point n.nd clerivinm u mean for the various hours. 

With a series oFobservations extending continuous1 over R month 

water to the nearest hour. This niakes possible the use of the 
hourly vdnes of 6he velocity and direction of the current as ob- 
served a n d  obviates the necessity of tedious interpolations. This 
method is esemplifiecl in the tabulation below of observations made 
on board Nantucket Shoals Light Vessel from May 1 to 4? 1990. 

or more it; is generally sufficient to take the tinies o I high and low 
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TABLE 6.-TabuZation of rotary current obse~vatiows 

[Currents, Nantucket Shoals Light Vessel; referred to pmdicted tides at Boston: directions, magnetic] 

Vel. 

0.9 
.S 

1.0 . s  
. s  

1.0 
1.0 
.6 

6.9 .a 

__- 

-_. 

1 

, Hours before high water 

Dir. 

29 
69 
?S 
4fl 
19 
45 
44 
56 

336 
42 

I 
Date i 3 

I- 
' Vel. ] Dir. 
, .  

0.6 
. 2  
. G  
.4 
. 2  

.6  

.8  

. 6  I 392 . S I 3Y2 
I . 4  i 356 

May 4, l92O-..l 

62 0.4 IN a s  142 0.7 
101 . 2  124 _ _ _ _ _ _  __-- - -  
91 .4 114 .4  168 .6 

112 _ _ _ _ _ _  _ _ _ _ _ _  .4 145 .6 
135 . . 2  135 .3  180 .5 _ _ _ _ _ _  .4 215 .5 ?56 .S 
78 . J  122 194 . S  
65 . 6  95 1: I 155 .& -- 

Sum _ _ _ _ _ _ _ _ _ _  5 7 9 989 
Mean _ _ _ _ _ _ _ _  . il 1-'374 

Vel. 

a s  
. 9  

1.0 
. 4  

2 

Dir. 
-- 

-4 
25 
5 

25 

.I 
May 2, 19213~. . . 6  

. 6  
May3,1920 ... . 6  

.8  
May4,19  W... . 8  

.8 

_- 
vel. 
-. 

1.0 
. 4  

1.0 
. 9  
.4 

1.0 
. &  
. 6  

8 1  
.76 

- 

- - 

255 
212 
201 
166 
246 
266 
238 
195 

1 

a6 
.8 
.8  
. 7  
. 6  
.ll 
. 9  

- 

Dir. 
- 

40 
90 
81 
68 
46 
68 
44 

149 

586 
73 

- 

_- - 

?so 0.7 302 
245 .8 245 
224 .8 235 
900 .7 211 
953 .6  2SLl 
288 .6  278 
270 .8  291 

I Hours before low water 

.8 255 1 . 6  

6. 1 SO00 5.6 
.76 250 .70 

921 

2,063 
258 

2 1 
~- 

a7 
. 6  
. S  
.7 
.5 
. e  
. 7  
.6  

325 a7 335 a7 
2tX . 6  299 . 8  
258 .7  314 .7 
279 .6  290 .6 
291 . 5  314 .5 
3 0  . o  315 .4 
3 1  .! 348 . 8  
?A1 .- 352 . 1  

High water I Hours after high water 

.. 

0 1 1  I 2 l 3  

346 
362 
235 
232 
325 
349 
382 
345 

2,576 
3?2 

- 

~- -_ 
Vel. 1 Dir. 1 Vel. I Dir. I Vel. I Dir. I Vel. 

Sum _ _ _ _ _ _ _ _ _ _  
Mean _ _ _ _ _ _ _ _ _  5.3 1,762 Tb 

3 4 634 2.6 829 3.4 1,210 4.8 
. i 9  I 91 I .37 1 133 I ' . J 9  I 173 I .6Q 

Hours after low water 

__ 
~ 

~ o w  water 1 

Dir. 

3 

It is to be noted that in the method of tabulation outlined for 
rectilinear currents the velocities of the current are treatecl as scalar 
uantities, since the flood may be considered as setting at  all times in 

%e same direction, ancl lilremise the ebb; but in the hourly tabulation 
of rotary currents me are clealing with vector quantities. Hence this 
method of tabulation 'may be employed only when the directions of 
the current, in each hourly column do not differ greatly, and even 
in snch cases care must be taken to aclcl or subtract 860° to the 
direction of the current where necessary. The necessity for this is 
evident from an inspection of the last two columns of the foregoing 
babnlation for Nantucket Shoals Light Vessel. 

Where the rotary ticlal current is weak, or where the disturbing 
eff ect,s of nont.icla1 currents are snch as to moclify considerably the 
normal ticlal currents, the hourly tabnlation of the velocity and 
direction of the current becomes unsat.isfactory and recourse must 
be had to some vector methocl. A convenient one consists in resolv- 
ing the hourly velocities of the current into two directions perpen- 
dicular to each other, generally north-and-south and east-and-west. 
This resolution may be accomplished very expeditiously by the use 
of graphic tables, and the resolved velocities may then be tabulated 
hourly with reference to the times of high and low water a t  some 
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near-by place. To obviate the necessity of employing negative uan- 
tities a constant is added to t.he resolved velocities t.0 make a1 7 the 
values positive, this constant being entered into the graphic resolu- 
tion tables? so that t,he resolved velocities wit.11 the consbant added 
may be hken directly, by inspection, from the gra ihic tables. 

After the resolutions ha.ve been perforiiied, as ribose? two sets of 
hourly tabulations are iiia.de, one for the nortli-siicl-sout,li direction 
and the other for the. east-and-west direction. Each wet- of hourly 
tabulations is then trea.ted inclependently a.nd a.nalyzec1 in the usual 
manner. When the two sets of harmonic constant,s have been derived 
the like-named const.ants of the nort.li-aiicl-sout~li a n d  enst-and-west 
directions may be conibinecl into a single resnlta.nt., which will be an 
ellipse, either graphically or by means of t.lie forninla 

Tlie harmonic analysis may also be eiiiployecl J or rotary currents. 

which may be derived by writing each harmonic constant in the 
form u=H1 cos ( e - K , )  for the north-nncl-south component and 
v=1TiT, cos ( e - K s )  for the east-and-west coniponent. 

PREDICTION OF TIDAL CURRENTS 

I n  tidal waters cliaracterizecl by strong currents of tlie rectilinear 
type it is important for the mariner to know t,he time of slack water. 
This has led to the prediction of currenix and the publication of cur- 
rent tables which give in advance tlie tinies of slack water for every 
day in tlie year at a number of places. Thus, t.he Coast and Geodetic 
Survey publishes annually in advance two volumes of current preclic- 
tions, entitlecl, respectively, Cnrrent Tables, .~4tlantic Coast, North 
America, and Current- Tables, Pacific Coast, North America. As 
now issued, the At.lnntic Coast Current Tables contain the preclic- 
tions of tlie times of slack water for each day of t,lie year at  12 places 
with differences for sonie 500 other places. I n  view of the consider- 
able dinrnd inequality on tlie Pacific coa.st, the cnrrent tables for tlie 
Pacific coast, give the times of slack and also tlie times and velocities 
of flood and ebb strength for each day of the year at  ‘7 places with 
differences for somewhat more t.1ia.n 500 other places. 

To predict the times of slack mater, two inrlepenclent methods may 
be used. The first, known as tlie nonharnionic or interval method, 
follows clirect.ly from tlie considerations developed in the section on 
tlie Relation of Time of Current to Tinie of Tide. In regions of 
little diurnal ineclna1it.y wry satisfact,ory predictions may be secured 
by determining tlie interval Iietween current a.ml tide and applying 
that interval to the predicted tides for any futiire tinie. For B sta- 
tion where considerable diurnal i n e q d i  ty esists this niet,liod is still 
qiplicalde, but it is necessary t,o chose a port of reference tlie tides 
at which slio\~ a very nearly constant time relation to t,lie currents 
a t  the stat,ion for which ireclictions are desired. 

the tide-liredicting machine, and this metliod is equally applicable to 
regions of little or of considerable inequality. Tlie harmonic niethod 

The second method o f l  predicting rectilinear currents is by use of 
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of predicting the cnrrents at m y  station implies the esistence of har- 
monic constants for this station. These harmonic constants are de- 
rived from the bonrly velocities of the current in the same manner 
8s the Iiarnionic constants of the tide are derived from tlie honrly 
heights of the tide. The predicting of tlie current by the use of tlie 
tide-predicting machine is in a11 respects analogous to tlie process as 
carried out for the. prediction of the tides, except that in the latter 
ca.se it is the tinies of masiniuni and minimum tliat are predicted, 
while for the currents it is the time of zero ve1ocit.y tliat is usually 
preclicted. With a preclicting machine of the type used in the Coast 
arid Geodetic Survey t.he precliction of currents is carried out very 
espedit.ionsly. 

I n  t.he rase of rotary currents, since botli velocity and direction 
of current clianpe continna.lly, t,he problem of preiIiction becomes 
qnite coniplicat~ecl. The tide- )reclict.ing ~na.chines now in use are not 
aclapt.ed to the prediction o 2 rot.ary currents. They may be used, 
however, in predicting separately t.he iiortli-ancl-sont,li component 
ancl the east-and-west compone.nt. The doci t ies  of these components 
at stated hours of the clay-say, every two l ionrecan thus be t,ab- 
ulated in adjoining coliimns, from which the resnltnnt velocity and 
direction of tlie current, at. these times can be c:leterniined very ea.sily 
by gra h i c  mea.ns. 

approsimate, consists in the use of ciirves snch as shown in Figures 
4 and 5. From a series of observations covering several months it 
is not a clifficult niztter to construct n. set. of ciirves for the current 
at t.he t h e s  of mean t.ides, spring tides, neap tides, tropic tides, and 
e nat,orial tides. These curves, then, give the velocity and direction 

of high and lorn wat.er n.t some suitable port. The velocity and 
direction of tlie rotary t,idnl current at any foture time may be 
determined with a fair degree of approsinintion by the use of these 
curves in connection wit.11 t.he predicted times of high ancl low 
wat.er at  t,he port of reference. 

At t, Ii ie present time the most convenient method, alt.houg1i only 

o P the current for each hour of the clay with reference to the time 

111. WIND-DRIVEN CURRENTS 

EFFECT OF WIND 

Of nonticlal cnrre,nts there are s ine ,  like t.he Gulf Streaiii in 
tlie A t h t i c  Ocean or t.he Kuroshiwo (Japan current,) in tlie Pacific 
Ocean, which at  any given Ioint esliibit. a marked nniformitp in 

Because of this uniforiiiit.y it is not a difficult matter for the navigator 
to make allowance for t.he effect.s of such ciirrent,s, since lie is in- 
fornied in aclvnnce of the merage velocity ilnd direction of these 
currents a.nd also where they are to be encountered; but it is a 
clifficult matter to makc allowi1,1ice for variable nonticlal currents 
mliicli change in velocity an11 clirect.ion in response to raria.tions 
in t.he C A I I S ~ S  which bring them abont. These variable currents m e  
t.liere,fore of very considerable, importance to tlie mariner, especially 
in coastwise navigat,ion, since he freqiiently may be t,otdly nnawa.re 
of t.lieir esistence. 

both velocity niid direct,ion o 4 flow for consiclerable periods of time. 
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I n  coastwise navigation the currents brought &out by the 
wind are nndoubtedly the niost important of tlie variable non- 
ticlal currents. I n  fact,, the mariner has always recognized tlie wind 
as the principal ca.use of nonticlal currents. Of all t.lie agencies which 
bring about offshore nontidal currents tlie mind is to t.lie mariner 
tlie niost evident and the one with the effects of which lie lias had niost 
frequent experience. 
seafaring men t1ia.t a wind blowing steadily over a wide st,retc iy 1 
of water gives rise to a curre.nt which sets in the direction of 
tlie wind. 

ZOPPRITZ’S INVESTIGATION 

For many years it hac1 been accepted b 

In t,liis opinion of a current set,ting with the mind t.he marinni- 
received support from t,lie inathematical iiivestigstion of the ques- 
tion pdilisliecl by I<. ZQ)prit,z in 1S7s. Froin this inveeitic~~tion, 
Zijppritz was lei1 t.o concluilo that a steaclily blowing win$ will, 
through friction, bring about a surface ilow in the clirecbion of the 
wind. This surface layer will, in turn, put into motion in the same 
direction B l o w r  layer of water until finally (after a very consiiler- 
able perincl of time) the whole mass of water, from top to bot,tom, 
will be flowing in t.he clirect,ion of tlie wind. He further concluded 
that in this iiioviiig mass of water the velocity a t  any point would 
be in inverse proportion to its dept.11 below the swface. 

The conclusions resulthg from Zijppritz’s analysis were accept,ed 
for a iiiimBer of years? for these conclusions were in accord wit11 the 
pract,ical view of t.Iw matter and appeared also 60 accord with such 
observational inaterial as mas a t  hand. It is to be noted, however, 
that the syst,eniatic observation of currents, especially a t  some. clis- 
t,ance from t,he la.ncI, is a ma.t.ter of consiclerable c1ificult.y anc~ es- 
pense, so t.liat litkle observstional material was a t  liaiid. It slionld 
be st,atecl, too, in passing! t.liat. in this mathematical investigation 
Ztippritz clicl not include in liis equations the effect of tlie earth’s 
rotation, the assumption uncloubteclly being that since the velocities 
of wind-clriven currents were never very great the effect of the 
earth’s rotation would 1x so small t.1ia.t i t  might be completely dis- 
regarded. 

EKMAN’S INVESTIGATION 

I t  was only a t  tlie beginning of tlie. present, century that at,t.ent,ion 
\vas directed anew to t,he question. I n  correlating the drift of the 
ice wit.li the mind, from tlie observations macle during liis north 
po1a.r expedition, Nsmen discovered that for nnp given period the 
drift. of the ice was almost invariably t.0 the right of the correspond- 
ing wind resultant., and t,lia.t generally this deviat,ion mas consider- 
able. At  his instance V. \AT. Ekman thereupon investigated the 
matter anew, and by introducing into the equations of mot.ion the 
deflect,ing force of the earth’s rot,a.tion and certain simplifying as- 
sumptions lie arrired at the conclusion that in a large body of mater 
of infinite c1ept.h the surface currents clue to the mind set in a clirec- 

Annslen de: Ph sik und Chemie, Band 111: 1878, p. 582-607. 
2 Tbe Norwegian Korth I’olnr Ex edition Scientiflc Gesults. edited by Brldtjof Nansen, 

I~ondon, 1902, Vol. 111, R. 350 IT. gee als6 Ekman I‘ On the Influence of the eertb’s rota- 
tion on ocean currents, In Arkiv for Matematik, Astronomi och Fysik, Bd. 2, No. 11. 
Uppsala, 1905. 
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tion 45" to the right of the wind in tlie Northern Heinispliere and 
46" to the left of the wind in the Southern Hemisphere. Further- 
more, the surface layer will in tinie put into niotion a lower layer of 
water. lint the direction of t,he current. in this lower layer will be 
deflected still farther to the right; (in the Northern Hemisphere), so 
that tlie deviation of the wiiicl-driven current from the direction of 
the wind increases uniformly with the depth or in arithmet.ica1 pro- 
gression. The velocity of the current, however, from 6lie formula 
derived by Ekinan decreases very rapidly with the dept,li-in geo- 
nietrical progression, in f a c t s o  that at  a depth where the direction 
of tlie current is directly opposite to the surface current tlie velocity 
is only 4 per cent t.liat at  the surface. 

It is to be noted that on the assumption of a large body of water 
of infinite clepth the results derived by Ekman demand an abru t 
change of 90' at the Equator for the surface currents due to t P le 
wind-from 45O to the right of the wind in the Northern Hemi- 
sphere to 45' t.0 t.he left of the wind in the Southern Hemispliere. 
This abrupt change, in Eknian's words, "has, of course, no corre- 
spondence with actual reality," for the waters of the earth are not of 
infinite depth, and actually the angle of deflection '' woulcl begin to 
decre<ase in the neighborhood of the Equat.or and be zero at the 
Equator."8 I n  fact, for an ocean of fhite depth Ekman's equations 
show that t.he angle between the surface current and the wind de- 
pends on the depth. I n  a very shallow ocean his calculations niake 
t.lie angle very small-that is, the current sets nearly in  the direction 
of the wind-but ns t.he dept,li of the ocean increases rhe angle in- 
creases approxi mating to t,he value of &", being for certain depths 
greater than 4 5 O  and for other depths less. 

It is obvious that near the coast the direction of the wind-driven 
current must be very considerably affected by the direction of the 
coast line. From his investigation Ekman found this to be the case, 
his ca!culations showing that while the surface current should still 
cleviut,e to the 'right of the wind direction (in t.lie Northern Hemi- 
sphere) this deviation woulcl vary from 0 t.0 SC', depending on the 
angle between the coast, line a.nd the direction of the wind. Besides 
this modifying influence on t,he surface current lie found further 
that tlie continents modify very profoundly the subsurface currents.' 

Escepting the region in the immediate vicinity of the Equator, t,he 
results derived by Ekinan show that the direction of the current due 
to the wind is inclepenclent of latitncle. As regards the velocity of 
t.he wind-driven current, his equations show that it is not inclepencl- 
ent of the latitncle, but in the open sea varies inversely as the squnre 
root of the sine of the latitude. Near the coast other factors enter 
in, and this simple relationship is considerably modified. 

TABULATION OF LIGHT VESSEL OBSERVATIONS 

I n  the hourly velocity and direction of the current as observed on 
the light vessels along the Pacific coast we have the resultant of 
several different kinds of currentetidal,  wind, and other. ZTncler 
the circumstances it was cleemecl sufficient in tabulating for the cur- 
rent due to the wind to attempt to eliminate the effects only of the 
*On the influence of the earth's rotation on ocean currents, p. 10. 
Ibid., pp. 31-32. 



26 U. 8. COAST AND GEODETIC SURVEY 

Jan. 
14 

16 

tidal current, for what was attainable with the observations a t  hanb 
was not a.n esact quantitative deterinination of the current due to 
winds of given velocities and directions but rather the determination 
of the currents that, on the average, occur with such winds in the 
given localities. 

It is evident that the mean value of the tidal current cluring a 
ticlal peiiocl of 2-4 honrs 50 niinnt4es is very nearly zero Hence, if 
there occurred niaiiy days when the velocity and cljrection of the 
wind were constant., the effects of the tidal current would be practi- 
cally eliniinat,eil by summing algebraically 6he velocities of the ob- 
s e r v e ~ ~  currents in, periocls of 95 liours. Z'nfortuiiately it is only at 
rare int.ervn.ls that the mind is constant in veloc.ity and direction 
€or periocls of 26 hours. The smie result, however, may lie assumed 
to be attainecl by summing over considerable periocls of time the 
currents t.liat occ~ir wit.li a given wind. This inet,hocl is obviously 
preferable t o  the alternative method of eliminating tlie tidal current 
froni ea.ch of the observed hourly observations or froni gronps cover- 
ing several hours. 
In deriving the current clue to the wind tlie proceclure eingloyed 

consisted in  t.abulating the c.nrrents that occnrreil with winds of 
given direction and velocity. Since t.he velocity of the wind was 
estimated in accordance with the Beaufort scale, in which the smallest 
unit is about 6 niiles per hour, it mas found convenient to separate 
the winds into groups covering a range of 10 miles. A specimen 
sheet, of blie ta.bulation for the southeast wind at  Smiftsnre Ba.nk 
Light Vessel is shown below. 

TABLE O.-C,iir,'re#ts: W i n d  redztctiott 

[Station Swiftsure Bank Light Vessel latitude 48O 31' 44"' lougltude 125' 00' 0". time nieridiau 120 W. ; 
wind, h.: limits, YE. by E. to SE.'by 8.; diiections, mkuetic; ye&-, 1919; mohth, January. Fbbrnary. 
March] 

3. 5 1. I 
3. 5 0.9 
3.9 1.7 
3.6 3.S 
3.0 3.0 

- 
~~ 

Wind 10-19 

Current 

~~ 

- 
Date 

Jau. 
10 

11 

12 

15 

17 
18 

21 
24 

26 
26 
27 

Feb. 
8 
9 

- 
lortl - 
3.8 
3.9 
3.6 
3.8 
3.9 

3.2 
3. 1 
3.6 
3.3 
4.0 

3.8 
4.0 
4.0 

3.6 
4.0 

3.5 
4. 9 
4.3 

3.1 
3.3 

- 
East 
- 
3. 5 
2. 6 
2.6 
2.5 
2. 5 

3.3 
3.1 
2. 1 
1.2 
2 0  

2. 1 
2.0 
2.0 

3. 5 
2.3 

1. 9 
1. 7 
2 4  

3.3 
3. 1 

Wind -29 

- 
Date 

Current 

Jan. 
7 

13 

14 

15 
21 

24 

- 
rort~ 
- 

2.3 
3.0 
3.1 
2 8  
3. 8 

4.2 
4.2 
4 7  
3.8 
4.4 

4.1 
4.0 
3.5 

3.7 
3.5 

3.4 
3. 1 
3.8 

4.2 
4. e 

- 
East  
- 
2. 2 
1.8 
1.8 
1.0 
1.6 

2.9 
3.1 
2.0 
3.3 
3.2 

2 5  
3.4 
1.8 

1.3 
1.4 

1.8 
1.6 
1.6 

2 6  
1.2 

~ ~~~ 

Wind 30-39 

current 

Jani3 1 4. o 

14 I 3.8 

3.3 
4.8 

1 4 . 1  

4.6 

15 4.0 
171 4.1 

4.1 

3.9 

[ 3.Q 

1 3 . 3  

- 
cast 
- 

2.0 
2.7 
3.5 
1.9 
2 2  

1.8 
2.3 
1.6 
2 6  
2.5 

2 9  
2.6 
2 3  

2. 7 
2.3 

1.6 
2 5  
1.6 

1.6 
1.4 

__ .. . -. 

WInd 4 0 4 9  

Current 
-_ 
Date 

Jan. 
13 

16 

25 

2s 

8 
Feb. 

- 
rortl 
- 
4.0 
4.0 
4.2 
3.7 
3.3 

4.0 
4.0 
4.4 
2 8  
3.6 

3.4 
3.3 
4.7 

3.9 
3.5 

3.3 
3.5 
2 5  

4.3 
4.3 

- 

East  
- 

3.0 
3.0 
3.1 
1. 5 
1.9 

3.0 
3.8 
3. a 
1.8 
1.8 

2.4 
2.0 
3.5 

2. 4 
1.9 

1.7 
1.7 
1.4 

1. a 
1.9 

- 
Wind 50-59 

Current 

Date North East I I  -(-I__ 



Wind 10-19 

Current 

Date 

Feb. 
9 

10 

12 

13 

Sum _ _ .  
Dlvisor 
- 

- 

orth 
. .- 

4.2 
3.5 
3. 1 
2 7  

3.2 

2.7 
2.8 

2.7 

3.2 
4.3 

3. 5 
4.4 
3.3 
3.5 

3.8 

3.8 
3.8 
3.5 

3.2 
3.1 

42 8 
40 

- 

- 

- 
last 
- 

3. 2 
3.9 
3.8 
3. 5 

2 7  

2.7 
2 4  

1.8 

2 0  
2.4 

1.0 
2.8 
3.8 
3. 0 

3.3 

2 9  
3.3 
3.0 

3.4 
2 8  

1 1  
Lo 

- 
- 
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TABLE &-Gurrcnts: Wind  r.edir.ctioirContinuetl 

Wind S 2 9  

Current 

Date 

Jan. 
3 

2.5 

27 

Feb. 
3 

8 

Mar. 
1 
4 

- 
iortt 
- 

4 .4  
4.6 
4.3 
4.3 

4.4 

3.7 
3.4 

3.3 

3.3 
3.0 

3.4 
3.9 
4.4 
4. 1 

3.5 

3.2 
3.3 

4.2 
4.5 

50.4 
40 

3. a 

-_ 

- 

- 
Sast 
-. 

1.5 
2. I 
2.0 
2.0 

2. 7 

2. 1 
2 1  

2 0  

2 4  
2.8 

2 0  
2. 6 
2. 4 

1.6 

2.9 
3. 1 
3. 1 

3.2 
2 7  

2. a 

- 
91.3 
40 
- 

Current 

Wind 30-39 

Current 
-~ 

Jan. 

4.0 1 3.1 10 
Mar. 

3.8 3.0 17 

3.8 3.0 30 
4.9  3.0 

12 I 4.2  2 8  
Feb. 

Mar 

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

. - - - - - . - 

In  the tabulation above the observed hourly currents have been 
resolved into magnetic north-and-south and east-and-west direc- 
tions and three added to the resolved values to do away with the 
necessity of dealing with both positive and negative numbers in the 
same column. This resolution, as explained before, is very expe- 
ditiously carried out graphically. In  fact the resolutions are made 
once for all in a colmiin of the record boo& shown on age 3. The 
resolved values are then used in the tabulations for &riving both 
the wind current and the tidal current. After tabulating the cur- 
rents, as shown on the specimen page, for a year the page sums 
for the various winds are collected, summed, and a mean derived. 
The resultant current for each wind-velocity group is then easily 
determined in velocity and direction, preferably from a graphic 
table. 

It is to be noted that the energy of tlie wind is transmitted to 
the water in two different ways. There is, first, the direct effect 
of the wind on the water produced by friction of the moving air on 
the surface of the water; and, secondly, there is the effect of the im- 
pact of the wind on the waves. In  the observations on the currents 
made on the light vessels no attempt is made to distinguish between 
the two, the resultant current due to both the friction and impact of 
the wind being considered the current due to the wind. 
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IV. OBSERVATIONS ON SAN FRANCISCO LIGHT VESSEL 

LOCATION AND LENGTH OF SERIES 

San Francisco Light Vessel is stationed in latitude 37” 45’ 03” N., 
longitude 122O 41’ 30‘’ W., in 18 fathoms of mat.er, about 9 miles 
from the coast and about 10 miles soutliwesterly from the entrance 
to San Francisco Bay. The location of the vessel is shown in 
Figure 10. 

FIG. 10.-Location of Ban Francisco Light Vessel 

The current observations on this light vessel consist of two series of 
hourly observations, the first one extending from January 23, 1915, 
to June 30, 1916, and the second extending from September 1, 1918, 
to December 31, 1920. In  the 1915-16 series the observations were 
made with a lo line graduated for a 28-second run, which interval 
was determined % y use of a sand glass. I n  the 1918 to 1920 series the 
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observations to EvIarcli 1, 1930, were likewise made wit,li a 28-second 
sand glass, but after that date the oliservations were carried on with 
a log line graduated for a rim of 60 seconds, the interval being deter- 
mined by use of a stop watch. 

TIDAL CURRENT 

The tidal current a t  San Francisco Light Vessel is of tlie rotary 
type; that is, the direction of the current changes continually. 'I'o 
determine tlie velocity and direction of such a current, it is most 
convenient to tabulate kho observed hourly velocity and direction of 
the current with reference to the times of high and low mater a t  
soiiie suitable port. For the observations on San Francisco Light 
Vessel tlie predicted times of hi h and low water for San Francisco 

were nsecl. 
An approsimate niean value for tlie velocity and direction of the 

current may lie obtained by the tabulation of the observations, as 
shown on page 2, but it. is necessary in the case of the observations 
on the Pacific coast light vessels to use resolved values of tlie cur- 
r e n t t h a t  is, the hourly velocity and direction of the current must 
be resolved into two directions perpendicular to each other. And 
because of the very considerable diurnal inequality in the currents on 
tlie Pacific coast it, is necessary to tabulate not only with reference to 
high and low water but also t.0 distingnisli between the higher high 
and lower high waters of a day and hetween t.he lower low anel 
higher low waters. 

The results derivcyl from a tabulation as outlined above gire the 
tidal cnrrent as modified by the wind cnrrent or other nonticlal cw- 
rent. To eliminate these nontidal currents, advrtntage is taken of tlie 
fact t.1ia.t the mean value of t.he tidal current as resolved is approsi- 
ina.tely zero if not modified by nontidal currents. I f ,  therefore, me 
sum separately the north-and-south and t,lie east-and-mest. compo- 
nent,s over a period of '39 clays, the final result will be the resultnnt 
nontidal cnri-ent for that period. Upon plotting the hourly values 
of tlie current as derived.from a tabulation with reference to the 
times of high and low wat.er, ancl also plotting the resultant value of 
the nont.idd current for the same period, it is a siniple matter t.o 
derive. the ticlal current freed from the effects of nonticlal currents. 
The following esample will make this dear. 

The tabulation of the observations macle on San Francisco Light 
Vessel cluring the month of February, 1016, gave the resu1t.s shown 
diagrammatically in  Figure 11. I n  this figure H H  anel LL refer, 
respectively, to tlie times of higher high ancl lower lorn water at. San 
Francisco (Fort Point), while H and L refer to the times of lower 
high and higher low water, r.espec.tively . the numbers following these 
symbols iiirlicating the number of hours before or after the respective 
t.ides, a minus sign denoting hefore and a plus sign after. Each line 
from the origin gives by its 1engt.h. the average velocity of the 
current during the month for its particnlar honr of tide and by its 
direction the average direction of the. cnrrent for that hour, but 
when the north-and-south and east-and-west components. of the 
hourly vnlnes of the current for the month are sniiimed it 1s found 

(Fort Point), as appearing in t a e tide tables issued by this Survey, 

G530&-26---3 
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that the average value of the north-and-south component is 0.02 knot 
northerly (magnetic) while that of the east-and-west component is 
0.54 westerly (magnetic). This means that the iiontidal current 
for the month in question had a velocity of 0.54 knot in a direction 
N. 88" W. magnetic, or N. 'ioo W. true. Plotting this position as 
point C in Figure 11, this becomes tlie ori in from which the hourly 

current are to be measured, the lines joining 0 with each of the 
points H ,  L,  etc., giving the velocity and direction of the tidal 
current for each of those hours. 

The dashed-line curve was drawn to fit approximately the ends of 
the radii vectores; and it is to be noted that it defines two somewhat 
irregular ellipses, the larger one having a period of about 14 hours 
and the smaller one a period of about 11 hours. The smaller ellipse 

values of the tidal current freed from t i e  Y effects of the iiontidal 

P 10- 
I I I I I I I I 

FIG. 11.-Current curve. San Francisco Light Vesqel. February, 1916 

is associated with higher high and higher low mater at  San Fran- 
cisco, while the lar er ellipse is associated wit.h lower low and lower 
high water at San f'rancisco. 

Table 'i gives, with reference to the time of tide at  Snn Fran- 
cisco, the velocity and direction of the tidal current for each ticlal 
hour as determined from 29-day groups for the months of February, 
May, August, and November. For 1916, however, the values given 
were derived from the observations for February and May only. I n  
this table tlie effects of the nontidal current have been eliminated as 
explained above. For each month the 89-clay group begins on the 
1st and ends on the 29th; for February, however, the last day of 
January is included when necessary to complete tlie 29-day group. 
The velocities are. given in knots and the directions are true, not 
magnetic, and are reckoned clockwise from north as zero. Here, too, 
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R H  stands for the time of higher high water at San Francisco 
(Fort Point), LL for the time of lower low water, H for the time of 
lower hi h water, and L for the time of higher low water, while the 

a?hr the time of the particular tide. The means for each year in 
this table are not the arithmetical means of the monthly velocities 
and the directions. They were determined by resolving the monthly 
means into north-and-south and east-and-west directions and sum- 
ming algebraically, which procedure was likewise employed for de- 
termining the final mean given in the hst column. I n  this final 
mean, hoxever, it was thought best to use only the values for the 
years 1915, 1919, and 1920, since for 1916 there were at hand the 
results for only two months. 

TABLE 7.-Mem tidal crwrent, Ban Fra?icisco Light Vessel 

fioures f ollowing these letters give the number of hours before or 

IRelerred to time of tlde at 6911 Franciseol 

Vel. 

W o l s  

.ll 

.07 

.MI 

.oP 

.10 

.18 

.20 

.31 

.1Q 

. I8  

.20 

.% 

.a8 

.a8 

.25 

aio 

7 1915 I 1916 

Dir. 

De?. 

__- 

90 
80 
61 
90 

135 
180 
192 

200 
203 
208 
232 
276 
306 
322 

358 
5 

Tidal hour -- 1 vel. 

301 
324 

3 
17 
43 
63 
95 

la3 
127 
139 
144 

.-I- 

.7Y 

.69 

.50 

.45 

.41 

.43 

.40 

.41 

.37 

.% 

.% 

K71018 

.13 

.12 

.14 

. 1 G  

.19 

.27 

a io 

- 
Dir. 

DW. 
217 
63 
41 
A3 
95 

121 
113 

168 
196 
135 
222 
280 
203 
311 

5 
33 

98 

116 
140 
176 
184 m 

-_ 

E 

__ 

-- 
1919 
- 
Vel. 

Knoir 
0. M 
.MI . 06 
.07 
.oP 
.13 
.I8 

.?o 

.25 

.25 

.27 

.33 

.40 

.43 

.33 

.31 

.I 

.10 

.14 

.17 

.22 

.31 

.15 

.10 

- 

- 

- 
Dir. 

Drg. 
6a 
72 
81 
83 

117 
157 
164 

I71 
173 
209 
236 
371 
297 
325 

3 
13 
31 
61 
82 

111 
141 
149 
157 
163 

-_ 

- 

. ?dean1 
_- - 
Vel. 

Knois 
0. a3 
.10 
.a3 
.09 
.G9 
.11 
.20 

.32 

.25 

.24 

.27 .as 

.13 

.42 

.32 

.30 

.23 

.ls 

.14 

.17 .a 

.!a 

. I9  

.13 

- 

__ 
Dlr. 

Deg. 
76 
79 
76 
96 

126 
163 
174 

183 
187 
213 
243 

301 
324 

0 
12 
31 
45 
82 

110 
133 
144 
148 
153 

378 

- 
1 Mean of 1915,1919, and 1930. 

The values of the velocity and direction in Table 7 for the same 
tidal hour are seen in some cases to dieer considerably in the dif- 
ferent years. Thus, for three hours before higher high water the 
direction in the 1916 column difiers by more than 100° from the 
value in 1915, but it will be noted that the velocity of the current 
for that tidal hour is small, and that for the larger velocities the 
ngreenient is very much closer. For esample, for the current one 
hour after lower low water the greatest difference in direction 
for the four years given is but four degrees. In  general, it may 
be said that in view of the small velocity of the current at San 
Francisco Light Vessel and in further view of the methods of ob- 
servation and tabulation eniployecl the agreement shown in Table 
7 is as close as could be espected. 



32 U. S. COAST AND GEODETIC. SURVEY 

The mean current ciirve for San Francisco Light Vessel is shown 
in Figure 12, in which c is the origin of coordinates. The current 
is seen to  eshibit very considerable diurnal inequality. The larger 
ellipse which is :issociated with the lower low water and lower high 
water at San Francisco has a period of about 18 hours, while the 
smaller ellipse which is associated with higher high mater and 
higher low mater at Snn Francisco has :I period of about 7 hours. 

True North 
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\ 
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kn 
I 

I 
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I 
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P JO .le .Y .W 
I I I I 

FIG. 12.-Mean tidal current curve, San Francisco Light Vessel 

Since Figure 19; which represents the mean tidal current at San 
Francisco Light Vessel, exhibits considerable diurnal inequality, it 
follows that this feature of the current must show very marked 
changes in res onse to changes in the moon’s declination. Figure 
13 represents if iagranimatically the cnrrent at San Francisco Light 
Vessel at the time the moonk declinat,ion is very small; that is: 
when the moon is on or close t.0 the Equator. The current at such 
times is called the equatorial current, or the minimum diurnal 
cnrrent. 
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Froin observations it is known that the diurnal inequality, both 

in tides and currents, is greatest. not on t4he clay when the moon has 
its maximnuin cleclination but generally about a clay later. This lag 
is known as the '' age of t.he ilinrnnl ineqiiality '' or " diurnal age." 
The diurnal age can be determined directly from observations, 
although a long series is reqiiirecl to clo this. It may also be cle- 
terinined f roni the harmonic constants, the formula being age in 

True Norm 

t 

FIG. 13.-Equatorinl t i d d  current curve, Inn F r n n c l ~ ~ o  Light Vessel 

hours=0.911 (K,o-O,o). The diurnal age is also the interval elaps- 
ing between the moon's equatorial passage and the occurrence of the 
equatorial tides or cnrrentx. The diurnal age of the tide at San 
Francisco is about 16 hours ; hence,: in deriving. the equatorial cur- 
rent represented in Figure 13 the diurnal age was t a h n  as one day. 
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Furthermore, in order to have the benefit of a considerable number 
of observations, groups of t h e e  days were used, the currents on 
the clay of the moon's equatorial passage and the two clstys follow- 
ing being used. This proceclure has the further advantage of mini- 
mizing accidental errors and the effects of nnusual or transitory 
conditions, meteorological or other. I n  deriving Figure 18 the 
observations t.hrougliout the years 1915, 1919, and 1930 were used. 

It is to be noted that the current curve shown in Figure 13 repre- 
seim the tidal current alone, the nonticlal crirrent for the days of 
observations used having been eliminated, as esplained previously 

\ 
---9- 

F n - z  

'9"-I 

\ 
\ 
\ 
9" 
I 
\ b n+i 

I 
I 
I 

0 .IO .a .a .kl .SO Nnot 

Fro. l&-Tropic tldal current curve, San Francisco Light Vessel 

in connection with the derivation of the mean tidal current. The 
two current ellipses are seen to  be nnicli alike, and, hence, on clays 
when the moon's declination is close tq zero there is little diurnal 
inequality in the current a t  San Francisco Light Vessel. On coni- 
paring Figure 13 with Figure 12, which is the mean current curve 

therefore, bo taken to represent the current halfway be- 

changes considerably in the seven days from tho  nioon's equatorial 
passage to its .attainment of half its semimonthly masimum declina- 
tion. 

nnc' tween ma{' t e equatoria.1 and tropic currents, it is seen that the current 
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I n  view of the marked change in the cnrrent shown in Figures 12 
and 13, it is to be espected that the diurnal inequality in the current 
at  San Francisco Light Vessel at the times when the moon attains its 
semimonthly maximum declination would be very considerable. 
This is borne out by the observations as shown in Figure 14, which 
represents the current curve at the time when the moon is at  its 
semimonthly maximum declination. Since the moon is then near 
one of the tropics, the current at  such times is called the tropic 
current. 
As in the case of the equatorial current, three-clay groups mere 

used in deriving the tropic current, these days being the day of the 
moon's maximum semimonthly cleclination and the two clays follow- 
ing. This amounts to taking the diurnal age of the current as one 
day. The nontidal current was eliminatecl, as esplainecl for the 
equatorial current, and here, too, the observations throughout the 
years 1915, 1019, and 1090 were used. 

At the times of tropic current the current at San Francisco 
Light Vessel becomes very nearly diurnal, the smaller ellipse prac- 
tically vanishing. The greatest velocity of the current comes about 
two hours after the time of lower low water at San Francisco and 
sets northwesterly with a velocity of about 0.6 knot. At the times 

a orial current the strength of the current is barely a quarter 
of Of a mot, or about half of the tropic current. 

NONTIDAL CURRENT 

The nontidal current was determined by summing algebraically 
the observed hourly values of the current after they had been re- 
solved into north-and-south and east-and-west components and de- 
rivin t,he mean. This was done in groups of 89 days for each 
inontf, and the resultant velocity and direction of the nontidal cur- 
rent is shown in Table 8. The velocities are given in knots and the 
directions are true, not magnetic, and are reckoned clockwise from 
north as zero. For each month the first 29 days were used, escept for 
the month of Febi-unrg, for which the last dag of January was 
included when necessary to make a 29-day group. 

TABLE S.-Noirtkzal cicrremt, rSan Frnnctsco Light Vessel; average velocity ana 
direction 

Vel. 

K d a  
0.33 
.ll 
.14 
.10 
.17 
.04 .13 
.Oa 
.04 
.05 
.01 
. I8  

.io 

I 1915 1916 1918 

I Vel. I Dir. I Vel. 1 Dir. 1 Vel. I Dlr. 
-- Month 

Dir. 

Dtg. 
-- 

315 
310 
9 6  
289 
313 
315 
336 
171 
150 
18 
a43 
300 -- 
8ia 

Vel. 

Knd8 
0.12 

.OS .oa 

.05 

.08 

.14 

.04 

.09 

.03 

.17 

.38 

.05 

.M) 

Dir. 
-- 

DCg. 
293 
318 
224 
145 
138 
348 
344 

135 
108 
308 
3 0  

310 

353 

--- 
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The observations having been niade with a 15-foot pole float,ing 
1 foot out of water, the data of Table 8 niay bo taken to lertain to 

.the current at a deptli of 7 feet below the surface. At h i s  depth 
the nonticlal current is seen to have set. southwest,erly or north- 
westerly the grea.ter part of t.hc time. The greatest average iiiontlily 
velocity occurs during the winter months, the current setting north- 
westerly. During t.hese nionths the direction of the prevailing mind 
is northwesterly, and hence in n direction opposite that of the noii- 
tidal current,. It. follows, therefore, that the nonticlnl current at  
San Francisco Light Vessel is not clue to the local wind. 

The precipitation in California is great,est during the winter 
months. Hence? it is during these months that the discharge of 
drainage waters t.hrongh the Golden Gate is a niasimum. The ebb 
current, which carries the drainage waters out ta sea, sets S. 45G TV. 
through the Golden Gate, while the light vessel is stationed about 
11 nautical niiles 6. '70" W. froni Golden Gat.e entrance. The light 
vessel thus lies somewhat to the north of the direction taken by the 
ebb current on its emergence from Golden Gate, but the deflecting 
force of t.he earth's rotation acts to deflect the current coining from 
the Golden Gate to the right or northwad, and thus in the direction 
of the light vessel. It would, therefore, appear that the drainage 
wat.ers from San Francisco Bay constitute a factor in the iiontidal 
current at San Francisco Light Vessel. 

The iiieans for the clifferent years in Table S were clerirecl from 
the resolutions of the hourly velocity and direction of the current 
for the nionths shown for each year nncl may differ slightly from 
the iiie.an of t.h.e. niouthly values in Table 8. For each year the aver- 
age direction of the nonticlal current is nort,hwesterly, the velocity 
being approsiniatdy 0.1 knot. The velocity for 1916, which stands 
out with n relat.ively large value, is uncloubtedly clue to the fact that 
t.liis value is based on the clata for the winter and spring months, 
daring which the Ureater part of t,lie rainfa.11 of the year takes place. 
For the period of! observations covered by Table 8 the velocity of 
the nontidd current averaged 0.11 knot, the direction being 3f)4c'. 

WIND CURRENT 

The current clue to the wind at San Francisco Light Vessel was 
derived as esplained in Section I11 under '' Tabulation of light. ves- 
sel observations." Tabulations of t.he resolved velocities of the cur- 
rent were made for 16 directions of the wind. each direction thus 
covering a range of two p0int.s of the compass, or 29y2". The 
results of this tabulation are shown in Table 9, in which t-lie velocity 
of the wind is given in miles per hour, t.he velocity of the current in 
knots, the directioos being t,rue and not magnetic. 
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TABLE Q.-Wioid cuiu'ents, 'Sam Prawisco Light VesseLCoatinued 
-- 

Wind 
from- ye*r 

Mean ...I 

1915 
1916 

WNW.-.- 1918 I, 

It is to be noted that the directions of the wind as recorded by 
t,he observers on the light vessel were iven with reference to the 
ship's compass. These directions, there 4 ore, involved not only the 
variation of the compass but also its deviation. For the purpose 
in hand it was deemed advisable to tabulate with reference to the 
wind directions as observed and to correct the yearly means for 
deviation on the assumption that the ship headed in the direction of 
the wind. This procedure reduced the labor of tabulation ma- 
terially. 
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The correction for variation likewise was applied to the yearly 
means. The resulting wind directions were, therefore, not for the 
cardinal and intercardinal points. However, tlie advantages of 
giving the table for the cardinal and intercardinal oink are so 

the corrections for deviation and variation were further corrected 
to the nearest direction shown in Table 9 by adcling or subtracting 
tlie re uired number of degrees from both wind and current. This 

the south-southwest and southwest directions, except for the year 
1916. 

It will be niore convenient to designate the winds in the various 
columns of Table 9 by one velocity rather than by the two liniiting 
velocities. Thus, wincls of 19 to 19 miles per hour will be spoken 
of as winds of 15 miles per hour? winds of 20 to 29 miles as 25-mile 
winds, etc. In  general, it is seen that the mean velocities of the 
current for the various wind directions in Table 9 show an increase 
with increased wind velocity, as was to be expected. It will be 
recalled that for the south-southwest and southwest winds very 
nearly the same set of data was used. Hence, in deriving a mean 
velocity of the current due to winds of various velocities, it will 
be necessary to omit either the results €or the south-southwest or 
southwest winds. Omitting the southwest winds the average ve- 
locity of the wind current at San Francisco Light Vessel, as derived 
directly from the mean values of Table 9, is 0.86 knot for a 15-mile 
wind, 0.35 h o t  for a 25-mile wind, 0.56 knot for a 35-mile wind, 
0.67 knot for a 43-mile wind, and 0.83 knot for a 55-mile wind. 

The average velocities of the current for the 15 and 25 mile winds, 
as derived in the preceding paragraph, may be taken as a proxi- 

tions in each case. For tlie 35,45, and 55 mile winds, however, it  is 
to be noted that some of the data used depend on but few observa- 
tions, and the currents associated with these data stand out strik- 
ingly different from the results based on a greater number of obser- 
vations, as, for example, the current for the %-mile wind from the 
east. It woulcl appear of advantage, therefore, to omit from the 
data used for deriving the average current for minds of different 
velocities all results based on less than 10 observations. This pro- 
cedure gives for the 35-mile wind a current of 0.41 h o t ;  for the 
45-mile, 0.54 knot; and for  the %-mile wind, 0.82 h o t .  I n  general, 
therefore, the velocity of the wind-driven current n t  San Francisco 
Light Vessel is about 1% per cent of that of the wind. 

It is to be noted, however that the velocity of. the current varies 
not only with the velocity of) the wind but also wlth tlie direction of 
the mind. While the average current is 0.86 knot for a 15-mile wind, 
Table 9 shows that a 15-mile wind from the east is accompanied by a 
current with a velocity of 0.42 knot, while a wind of the same 
strength from the west-northwest is accompanied by a current with a 
relocity of 0.03 knot. In  the one case the current has a velocity of 
3.2 per cent that of tho wind, while in the other case the velocity of 
the current is but 0.2 per cent that of the wind. Both ca%es exhibit 
a relatively wide divergence from the l+& per cent derived as the 
ai-erage relation of current velocity to mind velocity. 

obvious that the directions of tlie wind as derived a E er applying 

prow 2 ure made it necessary to use the same set of data for both 

mately correct, since these results are based on numerous o Yl serva- 



It will be recalled that, for the per.ied ;of .olxe.rvations covered by 
Table 9 tlie nontidal current at San Francisco Liglit Vessel had an 
average velocity .of 0.11 knot setting 304". I f  it .be assumed, as a 
first approsinintion, .that this nontidd current was eQti.re€y free fro111 
any rewl.tant wind currents, it follows that .the wind currents of 
Table 9 are actually the .resultants of the true wind current and .the 
nonticlal current. Graphically, tlie average sonticla1 cur.cent may 
be .easily removed froni the mean curcents of ,the various wind (lirec- 
tiwis, tlie resulting values being shown in Table 10. 

'TABLE lO.--TVi.tid curre?&d.s, " a i r  Fra?wbco Liyht l'e.v8el, freed frottt a iyerage 
nontidal cI4rretzt 
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It is evident t1ia.t the results of Table 10, ivliich are derived by 
snbtra.cting the average nonticlal current froin the results a'f Table 
9. can.give but a first approsiniation to the true wind c.urrent, for 
that proceclnre implies that tlie nontidnl current has n constant 
velocity throughout tlie gear, which Table 8 shows to be not the 
case. Nevert.heless, the results of Table 10 are more concordant tlmn 
are those of Table 9. For esaniple, the velocities of the current 
brought &oat by the. 15-mile. wind show less extreme vahies, t,he 
current for the e s t .  mind being now reduced by 0.11 lrnot and the 
current for the west-northwest wind increased by 0.10 lrnot. The 
average velocities of t-lie current with winds of different velocities, 
however, are not changed much. Oniitt,iiig tlie d a h  for the southwest 
wind a.nd the data 1)aset-l on less than 10 observations, Table 10 gives' 
for the 15-mile wind an average current velocity of 0.20 h o t ;  for 
the %-mile, 0.33 knot : 35-inile wind, 0.%9 knot ; 45-niile wind, 0.56 
h o t :  55-mile wind, 0.84 knot. 

The direct .resiilts of the t.abulation in Table 9 show that the direc- 
tion of .the w.ind current at San Francisco Light Vessel is generally 
to the riglit of the wind, escept with winds froni the southwe& qnad- 
rant. An average of tlie mean values of tlie direction of the current 
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for the different directions of the *ifid gives for the 15:mile *ind 
a deviation: to' the. l;ight of 50" with winds froiii the northeast q ~ a d -  
ldnt, IO" to the right with kinds from the southeast quadrahf, 70" 
to the left +ith wincls from the southwest cpadrant (omitting the 
southwest mi.nds), and 40" to the right with winds from the north- 
west quadrant. 

In  part, t.lie deviation of t.he current to the left with winds from 
the southwest quadrant is obviously to be ascribed to the effect of 
the nont,icla.l current. Thus, Table 9 shows that for tlie different 
stl-q$hs of the wind from the sonthwest quadrant the deviation to 
the left beconies less as the velocity of the wind increases, and in 
Table 10, in which the wind current is freed from the effect of the 
average liontidal current, it is seen that tlie deviation of the current 
to the left, with winds froin the southwest quadrant is considerably 
less than in Table 9. 

From 'Table 10, omitting the data for southwest winds, since these 
very nea.rlg duplicate the data for tlie sonth-southwest winds, the 
average cleviation of the current froin the direction of the wind is 
13" to the right with 15-mile winds, 14@ to the right with 25-mile 
winds, and 4' to t.he riglit with 35-niile winds. For the 45 and 55 
mile minds the data is not sufficient to clet.erinine the average devia- 
tion, bnt the indications are that this deviat,ion is to the right. 

V. OBSERVATIONS ON BLUNTS REEF LIGHT VESSEL 

LOCATION AND LENGTH OF SERIES 

Blunts Reef Light Vessel is stationed off t.he const of nortlierii 
California, in latitude 40' 26' 04" N. and longitude 124' 30' 14" W. 
It is anchored in 28 fathoms of water about 3y2 miles from Cape 
Menclocino. The location of the vessel is shown in Figure 15. 

For R1unt.s Reef Light Vessel there are at  hand the results for 
three series of observations. The first series begins on January 17, 
1915, and ends April 16, 1915. The second series begins August 1, 
1915, and ends June 30,1916. The last series covers the period froin 
July 25, 1918,t,o December 31, 1920. In  all, the observations cover a 
period of $3 mont,hs. For tlie first 84 months the observations were 
made with n log line graduated for an interval of 28 seconds, this 
interval being determined by a sand glass. For the last 9 months, 
beginning. wit.h April, 1930, the observations were carried on with R 
stop watch nnd s log line gradimtecl for a 60-second run. 

TIDAL CURRENT 

f at 
The tidal current at lhints  Reef Light Vessel is wea.k, havin 

strength a velocity of about 0.1 knot. This tidal current is t-liere ore 
masked by the nontidal current; In  Table 11 are given the hourly 
values of the t idd  current at the light veksel with reference to the 
time of tide at Hnmhldt  Bay, Calif., which lies about 22 nautical 
miles northeastwarcl.of. the light- vessel. The preclictecl times of the 
high and low waters at Humboldt Biif are given for e v e e  day  of 
the year in the tide tables published annually by the Coast and &eo- 
detic Survey. 
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The values for each year in Table 11 are derived from tabulations 
for the months of February, May, August, and November. In this 
table the tidal current has been freed from the effects of the nonticlal 
current, as explained in Section IV. H E  and LL refer to the times 
of higher high water and lower low water, respectively, in Huiiiboldt 

Bay, while E and L refer to t.he tinies of lower high water and 
higher low water. The velocities are given in knots and the direc- 
tions are true, not magnetic, and are reckoned from north as 0"; 
east, 90° ; west, H O O .  The final mean was derived by resolving the 
velocities for each year and adding algebraically. 
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TABLE II.-Nea.tr tidal ctwrent, Blunt8 Reef Light Vessel 

[Referred to time of tide at Humboldt Bay] 
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The velocities of the tidal current in Table 11 are so small that it 
is difficult to determine from the data of the table the characteristics 
of the current. In addition to Table 11 there are at hand also the 
results of an harmonic analysis for M, of a 29-day series from Janu- 
ary 23 to February 20, 1916. From these results the current here 

to be slightly rota the strength of the current having a 
of about 0.1 knot anc T’ the minimum current a velocity of 0.05 

setting northerly and ebb southerly. 

NONTIDAL CURRENT 

The nontidal current at Blunts Reef Light Vessel is given in 
Table 12 for each month of the period of observations. As pre- 
viously esplained, the nontidal current is derived by summing 
algebraically, in roups of 29 days, the observed hourly velocities 

and-south and east-and-west components. The velocities in the table 
are in h o t s  and the directions are true, reckoned clockwise from 
north as zero. Unless otherwise noted, the first 99 clays were used 
for each month except for the month of February, for which the 
last day of January was included when necessary to coniplete a 29- 
day group. 

and directions of t 9 ie current after they had been resolved into north- 
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TABLE l2.-Notbticlal currend, BIziHta Re@ Light. T'essel; averege wlocitp aiid 
d irectCon 

Month 
1915 1 1916 I 1918 1YlY 1 1~~ 

Dir. 

Drg. 

- 

206 
m 
213 
197 
192 
200 
?oo 
222 
222 
21 
336 
3oI 

.13 1 3 3  j .13 251 1 . I 6  1 221 1 .oI, i 211 1 .l6 1 318 

1 For January, 1915, the data given nro based on 12 days of ob%?rvations, from the 18th to the Bth. 
2 For April, 1915, the data given are based on 16 days of observstions, from the 1st to the 16th. 

For each year given in Table 12 the resultant direction of tlie cur- 
rent is soiithwesterly. For the winter nlonths, however, the direc- 
tion of the ciirrent is northwesterly or northerly. Along this 
stretch of the coast iliiring tlie winter months the wind is prevail- 
ingly from the soiitheast, while diiring tlie reni:i.incler of tlie year tlie 
prevailing wind is from the north. The wind, therefore, appears 
to account for the direction of t.1ie average niontalily nontidal ciir- 
rent, at Blunts Reef Light Vessel. For the period of observations 
covered by Tnhle 12 the velocity of the nontiilal current averaged 
0.19 knot, its direction being 836O. 

WIND CURRENT 

The resiilts of a tabulation of the ciii-rent accompanying winds 
from various directions are given in Table 13. I n  this tabulation 
the resolved velocities of the current were used. The wind clirec- 
tions Iised in the t.abulations were those recorded by t.he observers 
on the light vessel and were, therefore, inapetic and iincorrectecl 
for deviation. As in the case of t.he tabiilat.ion for San Francisco 
Light Vessel, the corrections for variation and deviation were 
applied to the yearly inems, which procedure assunies that the ship 
headed in the clirection of ' the wind. The yearly nieans, corrected 
for vari:ttion ancl deviation, we.re farther corrected to bring the 
various wind directions to the nearest true directions given in 
Table 13. 
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TABLE lS:--R.'iud. czrrrants, Blidiits Reef Light Vesssl. 
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TABLE l3.-Wind currents, Blunts Reef Light Vessel-continued 

Wind 
from- yetu 

' 
1915 
1916 

1919 

WNW..-I F! 1918 

Mean..l __-  

NW ..-... I! 
Mean../ _ _ _ _ _  
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Current Current Current Current Current 
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2 .43 
2 I .39 
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Knotel Deg. I Enols Deg 
0.61 354 
.79 379 
.63 365 
.33 373 
.39 373 

iKnot81 Drg.1 /KnoUi Dig. 
IO ass 374 1 0.76 358 
1s 1.04 379 5 1.52 375 

The velocities of the current in the means for the 16 directions 
of the wind in Table 13 exhibit less variation than did the corre- 
sponding currents at San Francisco Light Vessel. -4gain designat- 
ing the winds in the various columns by the approximate means 
rather than by the two limiting values, it IS seen that far the 15-mile 
wind the greatest velocity of the current is 0.43 knot, coming with the 
southwest wind, and the least 0.16 knot, coming with the mest-north- 
west winds. A direct average of the mean velocities of Table 13 
gives 0.31 knot for a 15-mile wind, 0.45 h o t  for a 25-mile wind, 0.63 
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knot for a 35-mile wind, 0.72 knot for a &-mile wind, and 0.96 h o t  
for a 55-mile wind. 

For the 15 and 25 mile winds the observations on which tlie aver- 
age currents of the preceding paragraph are based may be considered 
as sufficient to give a good cleterniinat.ion. For the other wind 
velocities several directions are represented by too few observations 
to give good determinations of the resulting currents. I n  deriving 
the average current accompanying tlie winds of different velocities 
at  San Francisco Light Vessel all results based on less than 10 
observations were omitted; but since the tidal current at Blunts 
Reef Light Vessel is very weak we may use results based on fewer 
observations. Omitting the results based on less than five observa- 
tions, Table 13 gives as the average current accompanying 85-mile 
winds, 0.62 h o t ,  45-mile winds 0.77 h o t ,  and 55-mile winds 0.96 
knot. In  general, therefore, tlie velocity of the wind-driven current 
at Blunts Reef Light Vessel, in ho ts ,  is about 1% per cent the 
velocity of the wind in miles per hour, which compares with lyz 
per cent found at Sail Francisco Light Vessel. 

In regard to the direction of the wind-driven current Table 13 
shows that the current at Blnnts Reef Light Vessel generally sets 
to the right of the wind, except with winds from the southwest 
quadrant. Same of the results appear anomalous, especially those 
based on but few observations; as, for example, the current due to 
northwest winds with velocities of 30 miles and over. When based 
on but few obse.rvations tlie results may not even be approsinlately 
correct, for the direction of the current at  any instant obviously does 
not. necessarily depend on the direction of the wind at that instant. 

As noted before, the prevailing winds along this stretch of the 
coast are from the southeast in winter and froin the north during 
the remainder of the year. Taking the results for the sonth-south- 
east winds 'as giving the best determined values for the southerly 
winds, the deviation of the current from the wind is 15O to the 
right of the wind. Taking the results for the north-northwest, 
north, and n0rt.h-northeast winds, the deviation is about 20" to the 
right of the wind. For the prevailing winds at Blunts Reef Light 
Vessel, therefore, the deviation of the current is from 15 to 20" to 
t.he right of the wind direction. 

I n  discussin the nontidal current at Blunts Reef Light Vessel 

of the average monthly nontida current. I n  other words, at Blunts 
Reef Light Vessel there appears no perma.nent nontidal set, inde- 
pendent of the wind, such as found at San Francisco Light Vessel. 
This is borne out by the results in Table 13. Thus, the northerly 
minds bring about currents with practically the same velocities as 
the southerly winds, and the same statement holds for easterly and 
westerly winds. 

VI. OBSERVATIONS ON COLUMBIA RIVER LIGHT VESSEL 

B it was stnt.ed t % at the wind ap eared to account for the direction 

LOCATION AND LENGTH OF SERIES 

As its name implies, this light vessel is located off the entrance 
to Columbia River. It is anchored in 35 fathoms of water, about S 
miles from the coast and about the same distance southwesterly from 
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the entrance to the Columbia River, in latitude M0. 10’ 45” N., longi- 
tude 1 2 4 O  10’ 35‘’ JV. 

Current obseimkions- 011. t.his. light vessel were begun .J’aniiarg. 91: 
1915, and continued: for three wontlis, to April 91, 1’915. ihotlier 
series began &fay 5!9? 1.91& a.nd continuedt to June 30, 1916. A third 

F I G ,  16.-Locatton of Columbia River Light Vessel 

series covers the period from Noveniber 1, 19.18; to December 31, 
1990. 

In  1917 the-position of the light vessel \vas changed., Previous to 
that time it had been anchored at a point about lYs miles north.of its 
later position; The two positions of ‘the light vessel are indicated 
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on Figure .16. Throughout the entire .period %he .current a k r v a -  
tions ;were nirtde by means of .a logline, gradu&cl ..for a run of 28 
seconds, which internil was determined b y  means .of a sand.glass. 

T U A L  CURRENT 

The tidal current at Columbia River Light Vessel is of the rotary 
type with a velocity a.t strength of flood or ebb of about a quarter 
of a knot. The rotary character of the current, however, is generally 
inasked by a nontidal current having an average velocity of half 
a knot or more, setting southwesterly. This nontidal current is due 
to t.he drainage from the enoriiiou~ territory which finds its outlet 
to the sea throuah t,lie Columbia River. Hence, the current at 
Coluinbia River eight Vessel generally set,s southwesterly. 

In deriving the tidal current. atr Columbia River Light Vessel 
the rwlved hourly values of the current were tabulated with refer- 
ence to .the times of high and low water at  Astoria, Oreg., in periods 
of 29 days, beginning the first of the month. The resulting mean 
hourly values were the.n plotted, as was also the nontidal current for 
the 1nont11. From this plotting the tidal omrent freed from the 
nontidal current was obtained for each tidal hour. 

I n  Table 14 are given the selocit.ies and directions of the tidal 
current for Ithe years 1919 and 1930, a.s derived from tabulations 
for the months of February, May, Angust, and Noventber. H H  and 
LL refer, respectively, to the times of higher high water and lower 
low water at Astoria, Oreg., while H and L refer to the times of 
lower high water and higher low water. The velocities are given 
in knots and thc cli.rections are true, not ma.gnetic, and are rebkoned 
froni north as Oo J east, 90" ; west, 3iO". The final mean was derived 
by resolving the values for each year and a.cidiiig algebraically. 

TABLE l4.-hfecMt t idal cii.rreitt, Colriscbia RCrer Light Vessel 
[Referred to time of tide. s t  Astoria, Oreg.] 

351 
i 
27 
38 
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284 
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Knots 
0.15 

. 1 R  
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.15 . 10 
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.a4 

. I9  . 19 

.18 
' .14 . 13 
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.20 

.20 

.18 

.19 
.. 20 

.sa 

..31. 

.% 
.AS' 
.I6 

23 
41 
74 

115 
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mi 
;418 
232 
283 
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- 
Direc- 
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Degrffs 
352 
11 
19 
26 
59 
94 

168 
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300 
227 
2.54 
280 
3 18 

18 
26 
71 

124 
157 

201 
,217 
225 
,e95 
337 

- 

-- 

Mean 

Ve$ I Direc- 
tion -- 

.25 24 
34 
53 

.12 1GO 



50 U. S. COAST AND GEODETIC SURVEY 

Diagrammatically2 the tidal current a t  Columbia River Light 
Vessel is shown in Figure 17, and it is seen at once that the tidal cur- 
rent here is rotary, turning clockwise, and that i t  has but little 

? .os .IO .I t o  .25 .30 

FIG. 17.-Mean tidal current curv.e, Columbia River Light Vessel 

diurnal inequality. Strength of flood comes about the time of high 
water at Astdria, while strength of ebb comes about one hour before 
the time of low water. Flood sets northeasterly and ebb south- 
westerly, the velocity at  drength being about 0.25 knot. The mini- 
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nium current before flood or ebb has a velocity of about 0.15 knot and 
comes approximately two hours after high and low water a t  Astoria. 

NONTIDAL CURRENT 

The nontidal current at Columbia River Light Vessel for each 
month of the period of observations is given in Table 15. In  this 
table, as in the previous ones, the nontidal current for each month 
was derived by summing algebraically the observed hourly velocities 
and directions of the current after they hac1 been resolved into north- 
and-south and east-and-west components. Unless otherwise noted, 
the observations for the first 29 days were used for each month escept 
for February, for which the last aay of January was included when 
necessary to complete a 29-day group. The velocities in the table 
are in h o t s  and the directions are true, reckoned clockwise from 
north as zero. 

TABLE 15.-NontidaZ current, Colicnibin Rber Light Vessel; avera.gs velocity 
asd direction 

Knots 
0.25 
.42 
. I 6  
.60 
.51 
.53 
.47 

i 1915 I 1916 I lgls i 1919 I 1m 

D q .  
270 
213 
233 
207 
221 
233 
230 

-- 

0.42 
.65 
.43 
.54 
.%I 
.92 

Vel. 

0.48 

.66 

.86 

.43 

.31 

.35 

.46 I 

__ 
Dir. 
- 
Deg. 
301 
260 
260 
231 
358 
224 

3 215 
207 
243 
212 
275 
303 

Mean _ _ _ _ _ _ _ _ _  i .381 ?Gal . 5 5 (  205) .291 2S21 .381 2161 .31( 244 
~ 

1 For April 1915 the data given are based on 21 days of observations from the 1st to the 21st. * For July h 9  ihe data given are based on 17 days of observations hom the 15th to the 31st. 
8 For Novbmbe;, 1915, the data givnn are based on 26 dam of ohpnrvhions, from the 4th to the 29th. 

Being located off the entrance to Columbia River, it is to be ex- 
pected that the very considerable drainage from the river would be 
a large factor in the nonticlal current at the li ht vessel. Table 15 
proves this to be the case, for the clirection o !? the current is seen 
to be westerly every month. There is evidence, however, of a season- 
al variation, the current setting southwesterly in the spring and 
summer months and northwesterly in the fall and winter months. 
This appears to be clue to the wind along this part of the coast which 
is prevailingly from the northwest in the spring and summer months 
and from the east or southeast during the fall and winter months. 

A seasonal variation is also exhibited by the velocity of the non- 
tidal current, with a maximum in the summer months. This vari- 
ation in velocity is undoubtedly to be ascribed to the seasonal vari- 
ation in discharge through the Columbia River, which is at  its 
masimum during the early summer months. For corresponding 
months the velocities in 1915 and 1916 are seen to be greater than 
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in 101.8 to 1920; but, as shown on Eigure 16, the light -el ill 1915 
and 2916 was 'nearer the mouth of t.he river. 

WIND CURRENT 

The resu1t.s of a tabulation of the current accoinpanying winds 
froin 16 directions at  Columbia Riaer .Light Vessel are given in 
Table 16. In this tabulation the resolved velocities of the current 
were used a.ncl the procedure as outlined in Section 111, under 
'' Tabulation af light-vessel observations," mas fdlowecl. The wind 
directions nsed in the tabu1:ttions were those recorded by the ob- 
servers on the .light vessel ancl were, therefore, magnetic. and un- 
corrected for deviation. As was clone in the tabulations $or Sail 
.Francisco and Bluntrs Reef Light Fessels, the corrections for vnri- 
ation and deviation were applied to .the .yearly means,, .this wo- 

.fui%lier .corrected to bring the xwious wind clirections to trhe nearest 
true directions given in Table 16 by adding or subtracting t.he re- 
quired nuinber of degrees from both wind and current,. 

TABLE '16.-WLI mrrerkts. Cokttr bin River Light Vessel 

U. 6. .C.OAST AND DEODETIC .SUfWXY 

ceclure tacitly nsuming that the shi I heaclecl in t.he direction a 1 the 
wind. The yearly means, corrected ! or vwiation and cleviation,'were 

Wind 
from- yea' 

1920 

1915 
1916 

"E-.--- 1915 h 
1915 
1916 

1915 

Windlo-19 1 Wind20-29 1 Wind3(l-39 1 Wind4049 1 Wind4- 

Current Current Current Current Current 
-- __-- 
No. No. I No. I No. 

obs. Ob. Oh. obs. 
of 'Vel. Dir: of Vel. Dir. of Vel. Dir. of Vel. Dir. of Vel. Dir. 

I ------ 
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TABLE l(S.--TVirrd curre#bts, Bolvrnbia Riiwr Light ~7t?seel--Coiitinued 

Mean 

Mean. __I  

Wind 10-19 Wind 20-29 Wind 30-39 Wind 40-49 Wind 40-59 

Current Current Current Current Current 
- . -. -- -. --- 

41 .41 324 38 .72 315 1 1.00 322 _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _  _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _  
14 .51 285 13 .60 319 2 .45 299 2 .94 275 .____ _____. 
12 .23 276 4 .51 310 3 .21 312 4 .62 362 ___________. _ _ _ _  
51 .44 311 14 .85 314 2 .74 321 _ _ _ _ _  ._____ _ _ _ _ _  _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _  
57 .36 281 17 .62 289 _.___ _ _ _ _ _ _  _ _ _ _ _  4 .34 329 _ _ _ _ _  _ _ _ _ _ _  ..___ 
1751 .38 301 88 .68 311 8 .60 315 10 .45 327 _ _ _ _ _  ---:-- - - _ _ _  
----------- L--- 
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TAEUZ 16.-WLd ctm-ents, Golimbia River Light T7esse~Coxltinucd 
- 

~ ~ - -~ 

lVindlWl9 Wind%% I Wind3W39 Wind4049 1 Wind 50-59 
~- -. _- 1 - 

Current Current I current Currcnt Current 
I . _. 

Wind 

No. No. 

obs. 

Iinols Dep. h-no18 Dfg. 

of Vel. Dir. of Vel. Dir. 

It will be convenient, as before? to designate the wind velocities in 
the various columns of Table 16 by their approsimate means rather 
than by the two limiting values. Taking a direct average of the 
mean velocities of the current in the table, the 15-mile wind gives a 
current of 0.45 knot; 25-mile wind, 0.63 knot; 35-mile wind, 0.70 
knot; 45-mile wind, 0.53 knot; 55-mile wind, 0.95 knot. These values 
give a relation of current to wind varying from very nearly 3 per 
cent for the 15-mile wind to 9 per cent for the 55-mile wind. 

For any given wind velocity, however, the currents in Table 16 
show a very considerable deviation from the average value, varying 
with the direction of the wind. Thus, a wind of 15 miles per hour is 
accompanied by a current of 0.74 lrnot when blowing from the north; 
but when it blows from the west-southwest the current is only 0.36 
knot. I n  general, it is seen that northerly winds bring about the 
strongest currents while southwesterly winds brin about the weakest 

from the drainage waters setting seaward through the Columbia 
River. 

For each of the wind directions listed in Table 16, with but few 
exceptions in  the case of southwesterly and westerly winds, the cur- 
rent as derived from the 1915 and 1916 observations is greater than 
that from the 191s to 1920 observations for corresponding wind ve- 
locities. In part this difference inay be due to differences in estimat- 
ing the strength of the wind or to differences in the d e t d s  of malcin 
the observations, bui?principally this difference arises from the di! 
ference in the positions of the light vessel during the two periods. 
This is borne out by t.he fact that with southwesterly and westerly 
winds the current derived from the 1918 to 1930 observations fre- 
quently is the reaber. 

As regards tfie c1irect.ion of tlic wind-driven current at  Columbia 
River Light Vessel, Table 16 shows that this is southwesterly with 
northerly winds and northwesterly with southerly winds. The de- 

currents. This, obviously, is clue to the nonti :: a1 current arising 
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flection of the current from the direction of the wind is therefore to 
the right with northerly winds and to the left with southerly winds. 

This difference in deffection of trlie current from the wind direction 
must be ascribed in large part to the nontidal current from the Co- 
lumbia River, which at the light vessel sets southwesterly. Thus, the 
tabulation for the northwest wind gives the following results : With 
a 15-mile wind the direction of the current is 89" to the right of the 
wind; 25-mile wind, current 81" to the right; 35-mile wind, current 
'76" to the right,; 45-mile wind, current 74" to the riglit; 55-mile wind, 
current 40" to the right. The deflection to the right becomes less as 
the wind current becomes greater, counterbalancing the southwest- 
erly set of the river current. The results for the southeast wind give 
similar indications. With a 15-mile wind the direction of the cur- 
rent is 14" to the left of the wind; 25-mile wind, current 4" to the 
left; 35-mile wind, current in direction of wind; 45-mile wind, cur- 
rent 18" to the right of wind. 

To derive the current at Columbia River Light Vessel due to wind 
alone i t  is necessary to free the results in Table 16 from the effects 
of the nontidal current due to river discharge and other nonwind 
agencies. As a first approximation it will be sufficient to subtract 
the average nontidal current during the entire period of observations 
from the mean values of Table 16. From Table 15 the average non- 
tidal current for the period of observations is determined as 0.35 
knot, setting 253" or 573" W. Subtracting this current graphi- 
cally from the mean values of the current for the various wind direc- 
tions and relocities in Table 16, the values in Table 17 are derived. 

TABLE li.-WimZ currents, Columbia Riser Light Vessel, freed from average 
nontidcr.E cr irmt  

Wind from- 

___ 

I Windlo-18 I Wind!2&29 I Wind3049 I Wind4048 I W i n d W Q  
__ 

Current Current Current Current Current 
- .. . 

No. No. No. No. No. 

obs. Ob. Ob. ob$. obs. 
of Vel. Dir. of Vel. Dir. of Vel. Dir. of Vel. Dlr. of Vel. Dir. 

-___________ - -- 
Kwots Deg. 

0.80 202 
.5Q 201 

Obviously Table 17 can give but a first or rough approsirnation to 
the hue wind current, for t.he procedure employed in deriving the 
values of the table implies that the nontidal current has a constant 

W o l s  Deg. Knots Deg. Iinota Dcg. 
44 0.81 205 16 1.25 lW _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _  
4 .41 310 _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _  _ _ _ _ _  ____._ _ _ _ _ _  

40 210 _ _ _ _ _  
.32 323 UO 

.48 343 22 

.58 342 6 

.68 12 238 
.66 19 3Q6 
.57 21 176 

.62 18 101 

.18 138 43 

.48 190 75 

.&1 187 80 

.74 ao2. 128 

.zI 33 134 

:IO 18(1) 83 

I 

-_ -___  _ _ _ _ _  _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _  _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _  
.28 331 36 .42 337 3 0.49 335 
.36 3% 1W .55 330 7 .54 a08 
.W 311 5 1.35 320 1 .W 312 
.46 368 10 .49 11 _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _  
.76 14 214' .85 8 30 1.28 5 
.87 3 31 .81 16 38 1.06 21 

.72 18 48 .81 17 

.13 146 28 .21 352 

.Ba 188 43 .64 192 
1.01 1M 61 1.02 185 
.84 1Sa 38 .QQ 178 

.37 31 94 .49 41 

.78 aa 1: .e6 25 



56 U. S. COAST A N D  GEODETIC SURVEY 

velocity throughout the year, which Table 15 shows to be not the 
case. The figures in t.he various wind-velocity colunins of Table 17 
show as wicle varia.t.ions as those in Table 16, and in some cases even 
wider; hit the average velocities agree better with those derived at  
the other li@t vessels. For the 15-mile mind Table 17 gives an 
average velocity of the airrent of 0.29 h o t ;  25-mile wind, 0.50 knot; 
35-niile wind, 0.60 knot : 45-mile mind, 0.75' knot ; 55-mile mind, 0.97 
knot.. The current. is therefore 8.9 per cent. of the 15:mile wind, 2.3 
per cent of the %-mile wind, and 2 per cent. of t.he 35, 45, and 55 mile 
winds. 

The clire.ct.ion of the current for the varions wind clirect,ions in 
Table 17 is in most. cases to the right of the wind. The mean cleflec- 
t.ion is 8 3 O  to  tlie right for t.he l5-mile mind, 85" to tlie right. for tlie 
25-mile wind, 29" to the right for the 35-mile wind. No to tlie right 
for the 45-mile wind, and 96" to the riglit for the 53-mile wind. an 
a.verfig.e deflection, tlierefore, .to the right of the wind of 9-1". The 
t!eflect.ion to the left of the wind shown by the current for the north- 
northeast a,nd nort.lieast. win& is uncloubteclly due t.o the imperfect 
eliniination of the nonticlal current. The deflection to the left shown 
by the currents for t.he southwest and west-southwest winds was 
found also for these winds from the observations on the other light 
vessels cliscnssecl. as shown in Tables 10 and 13. 

VII. OBSERVATIONS ON UMATILLA REEF LIGHT VESSEL 

LOCATION AND LENGTH OF SERIES 

Uniatilla Reef Light Vessel is situated off the coast of northern 
VCTasliin@on. It, is anchored in 25 fat.honis of water about 4 miles 
west of Cape Alava, in latitude. 48" 10' 03" N. and 1ongit.ucle P24" 
60' 25" W. The location of the light. vessel is shown in Figure 18. 

The first. series of cnrrent observations on 1Jrna.tilla Reef Light 
Vessel was made in 1901, froin June t3 to July 6. A second series 
began on May 1, 1915, and continued for six months to October 31. 
A t.hird series covers the period from December 25, 1915, to Decem- 
ber 31, 1920. I n  all, the three series coniprise 31 nionths of observa- 
tions. The observations were made hourly with a log line and a 
15-foot ole weighted 1vit-h sufficient sheet lend to submerge all but 

was 88 seconds, this interval being determined by a sand glass ; after 
that clate t.he observation interva.1 was 60 seconds and was cleterniinecl 
by nieans of a stop watch. 

1 foot o P the staff. Prior to March. 6. 1020, the observat.ioii interval 

TIDAL CURRENT 

The tidal cnrrent. at, Umatilla Reef Light Vessel is only slightly 
rotary and has a vdocity a t  strength of flood or ebb of about one- 
quarter of a knot. The velocities and directions of the tidal current 
for the years 1919 and 1990 as clerirecl froni taldations for the 
months of February, May, August, and November are given in Table 
18. I n  deriving the values for this table the resolved Iio~irly valnes 
of tlie current were tabulated with reference to the tinies of high and 
low water at Astoria, Oreg., in periods of 5% days, be.ginning mitli 
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the first of the month. The resulting niean Boiirly values for each of 
the four months were then plotted, as mas also the average nonticlal 

FIG. 18.-Location of Umatilla Reef Light Vessel 

current. for each of these months, arid from this plotting the ticlal 
current freed from the nontidal current mas obtained for each tidal 
hour. I n  the table: H H  and LL refer, respect.ively, to the times of 
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higher h i d i  water and lower low water a t  Astoria, Oreg., while H 
ancl L refer to the times of lower high water and higher low water. 
The velocities are given in h o t s  and tlie directions are true, re&- 
oned froni north as 0" ; east., 90" ; south, 150" ; west, 270". The nieaii 
for the two years given in the last column mas-derived by resolving 
the corresponding values for each year and adding alge.braically. 

TABLE Is.-Mecan. ti&$ crcrrejit, Unbatilla Reef Light Vessel 
[Referred to time of tidc at  Astoria, Oreg.] 

Velocity 

Knols 
0.10 .m 
.ll 
.22 
.23 

1919 
Tidal hour 

Velocity 
- 

Direction 

Dfgrees 
155 
225 
325 
331 
3 3  

-- 

0. 12 . 06 
.16 
.?2 
.21 
.17 . I? 

.05 

. I 8  

.2s 

.37 

.35 

.26 

.16 

.08 

.23 

.?9 

.33 

. m  

. I3  

.I5 

.22 

.25 

.16 

bectlon 
- 
Dcgrffs 

180 
294 
334 
331 
338 
349 
334 

214 
1s1 
175 
1i7 
171 
179 
179 

318 
344 
3G0 

3 
9 

61 
140 
164 
174 
183 
- 

.06 

.29 

.33 

.35 

.25 

. I5  

.w 

.33 

.36 

.37 

.I1 

.06 

. IS 

.?o 

.20 

.a0 

255 
lli9 
170 
162 
160 
1.54 
181 

301 
338 
344 
347 
352 

23 

-35 
147 
157 

!sa 

Mean 

K99101S 
0.11 
.04 
.13 
.?2 
.22 
.I8 
. l l  

.05 

. I 8  

.?s 

.36 

.35 

.% 

.I5 

.oo 

.22 

.30 

.34 

.32 

. I1  

. I1  

.19 

.22 

.17 - 

3irection 

Degrera 
169 
27s 
329 
331 
334 
334 
335 

235 
175 
174 
170 
186 
167 
171 

309 
341 
352 
354 
360 

43 
138 
152 
162 
16s - 

Figure 19, based on the data in the last two columns of Table 18, 
4 wives a diagrammatic representation of the tidal current at  Unia- 
tilla Reef Light Vessel, tlie distance and direction froni point (7 to 
the various point,s on the periphery of the curve giving, resgec- 
tively, the velocity a.nd direction of the ticlal current at those times. 
The diagram shows that, although the tidal current here. is in gm- 
era1 but slightly rotary, the direction of rotation is definitely clock- 
wise. Strength of flood is seen to come about one hour after high 
water at Astoria ancl strengt,li of ebb about one hour after low 
water. The diagram also shows the existence of considerable cliur- 
nal inequality, the greater flood coming with lower high water at 
Astoria and t.he greater ebb wit.h lower low water. On t,he average, 
the velocity of the tidal current at  strength of flood or ebb is 0.35 
knot, while the minimum current before flood or ebb is 0.05 knot, 
coniing two hours before the tinies of high or low mater at  Astoria. 
At strength of flood the t.icla.1 current sets approsiniately north 15" 
west, while at  strength of ebb it sets south 15" east. 

The 29-day series of observations made in 1901 had been analyzed 
harnionicnlly and the N2 current ellipse derived. This gave at  
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TABLE lQ.-Yoii.ti&tl. crrrent, Unratilln Reef Li.gk t Vessel; ut-cruge ,relocity 

k-not8 
0.72 
.07 
.M 
.35 
.37 
.26 
.45 .a 
.83 
.81 
.-I5 

.42 

i.a6 

arid direction 

I 1901 I 1915 I 11119 

Drgrcrs 
348 
220 
356 
162 
167 
364 
170 
164 
349 
352 

2346 

3 3  

83% --____ 

Velocity : Direction/ Velocity 

I- 

Month 

-- 
Diroctioi 

Dcgrced 
354 
357 
355 ... 
359 
152 
168 
168 
u4d 
249 

' IS2 
346 
345 

Mean _ _ _ _ _ _ _ _ _ _  t _ _ _ _ _ _ _ _ _ _  i ._________ I .03 i 305 I .30 
I I I I I 

354 

19% 

Vrlwity Dlreetion I 

1 For June 1W1 the data given are based on 29 davs of observations from June 8 to July 0. 
a For Nov;mb&, 1920. the data are based on 26 days of observptioh. from the 1st to the 26th. 
3 For December, 1920, the data are based on 24 days of observations, from the 6th to Lhe 29th. 

Table 19 shows that during the winter months, when the nonticlal 
current sets northerly, it has a greater velocity than during the 
suninier montdis, when it sets southerly. On the average the north- 
erly setting nontidal cnrrent has a velocity of two-thirds of a knot, 
while the southerly setting current has a velocity of one-third of a 
knot. This feature, too? attests the clepnllence of the iiontidal cur- 
rent at  Umatilla Reef on the ~7incl, for the northerly winds are of 
less frequent occurrence and of lesser velocity than the southerly 
winds, as n glance a t  Table 90 shows. For the period covered by 
the observations in 1915, 1919, and 1920 the nonticlal current aver- 
aged 0.17 knot,, setting 353". 

WIND CURRENT 

The results of a tabulation of the current acconipanying winds 
from 16 directions at  Uniatilla Reef Light Vessel are given in 
Table SO. I n  the tabulation the observations for the years 1915, 
1919, and 1920 were used. The proceclnre followed in deriving the 
results given in the table is the same as that made use of in the 
similar tables for the other light vessels and explained in detail in 
Section IV, discussing the wind current at San Francisco Light 
Vessel. 

TABLE 2O.-Wimd czcrreiite, Umtrtilla Reef Light Veseel 

Wind 
hm- 
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TAU 20.-Wind mm?hts, Umatilla Reef L b l t  Vesae&Continued 

--... -- --_ 

Wind 10-19 Wind 2049 Wind 30-39 Wind 40-49 Wlnd 60-M 
-- ----- .- -. - I I-- Current -1 Current I Current I current 1 current 
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TABLE 2O.-Wind cirrreibts, Uniatilla Reef Light VesseZ-Continued 

1915 
WNW.-. .  I1919 

i .. - -. - - 

I1930 

Mean ... 
1915 

Mean.-. 

I1915 
NNIV -.... 1919 

Mean.-. _ _ _  - -. 
I1930 

Current Current I current Current 

In  discussing Table 20 it will be convenient, as with the similar 
tables for the other light vessels, to designate the wind velocities of 
the various columns by their approximate means rather than by the 
two limiting values. Thus, winds of 10 to 19 miles per hour will be 
spoken of as 15-mile winds, 20 to 29-mile winds as %-mile winds, etc. 

A direct average of the mean velocities for each wind direction 
in Table 20 gives for the 15-mile wind a current of 0.38 knot; 25- 
mile wind, 0.77 knot; 35-mile wind, 0.9'7 h o t ;  45-mile wind, 1.04 
knots; and 55-mile wind, 1.32 knots. These values give a relation 
of current to wind of 2.9, 3.6, 3.2, 2.7, and 2.8 per cent, respectively, 
or an average relation of 3 per cent. This is considerably larger 
than that found at  the other light vessels. 

I n  Table 20 the current velocities associated with northerly winds 
are generally less than those associated with southerly winds of the 
same strength. I f  we take the average current associated with 
northerly winds from east-northeast ta west-northwest, the results 
are as follows: S m i l e  wind, 0:30 knot; %-mile wind, 0.36 knot; 
35-mile wind, 0.44 h o t ;  &mile wind, 0.55 knot; 55-mile wind, 0.68 
knot. For the southerly winds from east-southeast to west-south- 
west the corresponcling results are, respectively, 0.44, 0.90, 1.27, 1.44, 
and 1.64 knots. On the average, therefore, the southerly winds 
bring about currents having velocities niore than twice as great as 
t.hose brought about by northerly winds. 

The direction of the wind current is, from Table 20, generally to 
the right of tho wind except for minds from the southwest quadrant, 
for which the direction of the current is to the left of the wind. 
For the four quadrants the deviation of the current from the direc- 
tion of the wind is, in round numbers, as follows: With winds from 
north to east, 15' to the right; with winds from east to south, 20' 
to the right; with winds from south to west, 35' to the left; with 
winds from west to north, 10' to the right. 
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VIII. OBSERVATIONS ON SWIFTSURE BANK LIGHT 
VESSEL 

LOCATION AND LENGTH OF SERIES 

Swiftsure Bank Light Vessel is stationed off the entrance to the 
Strait of Juan de Fwa,  in latitude 4S0 31’ 44” N., longitude 125” 
00’ 00” W. It is anchored in 96 fatho’ms of water, the nearest coast 
being that of Vancouver Island, about 10 miles northeasterly, while 
Cape Flattery lies about 15 miles soublieast. The location of the 
light vessel is shown in Figure 20. 

I 
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WQ. PO.-Location of Swiftsure Bank l g h t  Vessel 

For Swiftsure Bank Light Vessel there are at hand the results of 
two series of curFent observations made aboard the light vessel. The 
first comprises six months, extending from April 29 to  October 31, 
1915. The second series covers the period from December 6, 1918, 
to December 31,1920. Throughout the entire period, with the escep- 
tion of the last month, the current observations were made by means 
of a log line graduated for a run of 28 seconds, which interval was 
determined by means of a sand glass. 

TIDAL CURRENT 

The tidal current at Swiftsure Bank Light Vessel is decicleclly 
rotary in character, with a minimum velocity of a thircl of a knot 
and a velocity at  strength of three-quarters of a knot, on the average. 
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The velocities and directions of tlie tidal current for the years 1915? 
1919, and 1920 are given in Table 21. 

For the years 1919 and 1920 the values iven in the table were 

and November. For 1915 the data given were derived from tabula- 
tions for the thee  months May, August, and October. The same 
procedure was followed here as with tlie observations on tlie other 
light vessels. The current observed each hour was resolved into 
magnetic n0rt.h-and-south and east-and-west components, and these 
resolved hourly values were then tabulated with reference to the 
times of high and low water at  Astoria, Oreg., in periods of 29 days, 
beginninm with tlie first of the month. The resultin mean hourly 

was also the average nontidal current for the month, and from this 
plotting tlie tidal current freed from t.he nontidal current was ob- 
tained for each tidal hour. In  tlie table HH and LL refer, respec- 
tively, to the times of higher high water and lower low water at 
Astoria, Oreg., while H and L refer to tlie times of lower high water 
and higher low water. The velocities are given in h o t s  and the 
directions are true, reckoned from noi-tli as 0" ; east, 90" ; south, 180" ; 
west, 270". The mean values in the last two columns of the table 
were derived by resolving the correspondin values for each year 
and adding algebraically, 1915 receiving % ut three-quarters the 
weight of 1919 or 1920. 

TABLE 21.-Meaii tidal cicrroit, Swiftstwe Bank LiigAt Vessel 

[Rderred to time of tide a t  Astoria, Oreg.] 

derived from tabnlat.ions for the months of 5 ebruary, May, August, 

values oftlie current for each nionth tabulated were t % en plotted, as 
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Dia.grammatically, tlie mean tidal current at Swiftsure Bank 
Light Vessel is shown in Figure '31. This is based on tlie data of 
tlie last two columns of Table 21. The direction of rotation is 
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seen to be clockwise! strenath of flood setting southeasterly and 
coming about one and one-galf hours after high water at Astoria, 
while strength of ebb sets nort.hwesterly and collies from a little 
after low water to one and one-half hours after low water. The 
diagram shows ‘that the current here has considerable dinrnnl in- 
equality, the greater flood coining with lower high water at Astoria 
and the greater ebb with lower low water. 

Since Fi w e  21, which represents the average tidal ’current at 
Swiftsure j a n k  Light Vessel, exhibits considerable diurnal inequal- 
ity, it follows that this feature changes considerably throughout 

0 .5 1.0 1.5 Knots 

Fro. 31.-bfean tMal current curve. Swiftsure Bank Light Vessel 

I I I I  1 1 1 1 1 1 1 1 1 l  

the month in response to changes in the moon’s declination. Fig- 
ures 22 and 23 represent, respectively, the current curves at this 
light vessel at the times of the moon’s least and greatest semi- 
monthly declination. These figures are derived from a tabulation 
of the observations for 1919, groups of three days being used, 
namely, the currents on the da of the mom’s equatorial passage 

days. This, in effect, assumes a diurnal age of one day. 
Figure 22 shows that when the moon’s declination is close to zero 

the diurnal inequality practically disappears. The strength of the 
current then has a velocity, on the average, of 0.7 knot and the 
minimum current a velocity of 0.35 knot. When the moon is near 
the Tropics-that is, when its declination is considerable-Figure 

(or masimum north or south J eclination) and the two following 
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23 shows that tlie ditference in morning and afternoon currents at 
Swiftsure Bank Light Vessel is considerable. The greater current, 
which is associated with lower low, lower high, and part of hi her 

the lesser current, which is associated with higher high and a part 
of higher low mater at Astoria, has a period of but 10 hours. The 
velocity at strength for tlie greater current is about 1 knot for the 
flood and'0.85 knot for the ebb, while for the lesser current the 
strength of flood is but 0.25 knot; the difference in streng'th of cur- 
rent for the greater and lesser ebb current is but little, 0.85 knot 
against 0.60 knot. 

Trwl North. 

low water at Astoria, has a period of approximately 15 hours, w 5l ile 

T 

0 0.5 1.0 Knot 
I I I I I ~ I I I I ]  

FIG. 2?.-l3quatodal tidal current curve, Swiftsure Bank Light Vessel 

The tidal current at Swiftsure Bank Light Vessel is frequently 
masked by nontidal currents with a northwesterly set which in the 
winter may. have a monthly average velocity of more than half a 
knot. 

NONTIDAL CURRENT 
The nontidal current at Swiftsure Bank Light Vessel for each 

mont-h of t-lie period of observations is given in Table 22. The val- 
ues given were derived in the same manner as for tlie other light 
vessels. For  each month the noiitidal current was derived by sum- 
ming algebraically the resolved values (resolved into north-and- 
south and east-and-west components) of the observed hourly veloci- 
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ties and directions of the current. Unless otherwise noted, the, 
observations used for each month were the first 29 days; except for 
the month of February, when the last day of January was included 
to complete a 29-day group. The velocities in the table are in knots 
and the directions are true, reckoned clockwise from north as zero. 

It is obvious that the fresh water from the territory that the Strait 
of Juan de Fuca drains must be a lar e factor in the nonticlal current 
at  Swiftsure Bank Li ht Vessel, Ta%le 99 roves this to be the case, 
for the direction of t a e current is seen to dA f e westerly every month. 
For the entire period of the observations the nontidal current aver- 

0 0.5 1.0 1.5 Knot 
1 1 1 1 1 1 1 1 1 l 1 1 1 1 1  

FIG. 23.-Tropic tidal current curve, Swiftsure Bank Light Vessel 

aged 0.47 knot, setting 316", or almost due northwest, and for every 
month of t,liis period the nonticlal current averaged northwesterly 
mith the single exception of Juoe, 1915, for which month Table 98 
gives a direction 7" south of west. 

The velocity of the nontidal current a qiears to be greatest during 
the fall and winter months and least c \ uring spring and summer. 
This variation. can not be ascribed to chan es in the volume of the 

the streanis draining into the Strait of Juan de Fnca is least durin 
the fall months. It,  appears to be clue, however, to the winds whic 

drainage waters setting seamarcls, for the f resh-water discharge of 

R 
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here are prevailingly from the east during fall and winter and from 
the west or southwest during spring and suinnier. 
TABLE 22.-NmtC&aZ current, Isdf tsrre Bank Lfght Veasel; average veZodty 

and direct in 

Knots 
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Velocity Direction 
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307 
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333 
‘299 

313 

.46 I 314 

1 For February 1930 the dats given m based on 23 days of observations, from the lsf. to the Bth, with a 

2 d r  November 193 the data gives are based on 26 days of observations from the 1st to the 26th. 
8 For December,’ 1918; the dats given are bnsed on 36 days of observation;, from Dec. 6 to 21 and Dec. 

6-da break from’l5th’to 20th 

26 to Jan. 4. 
WIND CURRENT 

In  Table 93 are given the results of a tabulation of the currents at 
Swiftsure Bank Li ht  Vessel accompanying winds from 16 direc- 

used, and the tabulation was macle in accordance with the method 
used for the observations on the other light vessels and which was 
outlined in Section 111, under “Tabulation of light vessel obser- 
vntions,” and in Section IV under “Wind current.” In  this table 
the wind velocities are given in miles per hour, the current velacities 
in h o t s ,  and the direction of the current in degrees reckoned clock- 
wise from north as zero. 

tions. In  this tabu K ation the resolved velocities of the current were 

TBLE 23.-WZnd currents, flwiftstcre Bank Light Vessel 

Winds l yes r  
ram- i 

I 

Mean..-/. 

Mean ...I 

Wlnd10-19 I Wind-B I Wind30-39 I WInd40-49 I W i n d s 5 9  



COASTAL CURRENTS, PACIFIC COAST 69 

TABLE 23.-WL& mrwents, bwiftsrcre Baibk Lfglbt VesseGContinned 
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TABLE 23.-Whd ctirrents, Bzoiftslrre Bank Gght Veesel-Continued 

1 W i n d l e l 9  I W i n d S 2 9  I WInd3&39 
- ~ - -  

Current I Current Current Current Current Wind 
from- - 

I . No. No. 

In  discussing the wind currents at the other light vessels it was 
found convenient to designate the wind velocities in the various 
columns by a sin le vslue rather than by the two limiting values, 
use being made P or this urpose of the approximate mean of the 
two limiting values. In gscussing Table 23 this procedure will be 
followed, and winds of 10 to 19 miles per hour will be designated 
as 15-mile winds, winds of 20 to 29 miles per hour as 25-mile 
winds, etc. 

Since the tidal current at Swiftsure Bank Light Vessel has a 
velocity at  strength of very nearly 1 knot, it follows that such mean 
values in Table 23 as are based on few observations may be 
seriously in error. Omitting means based on less than 10 observa- 
tions, a direct average of the mean velocities of the current for each 
wind direction gives for the &mile wind a current of 0.48 knot; 
25-mile wind, 0.56 knot 35-mile wind, 0.66 knot; 45-mile wind, 0.69 
knot; 55-mile wind, 0. b 6 knot. These values give a relation of 
current velocity to wind velocity varying from 3.7 per cent for the 
15-mile wind to 1.6 per cent for the 55-mile wind. 

It is obvious, however, that the method used in deriving the 
values of the current in Table 23 does not eliminate the nontidal 
current due to fresh-water discharge or other nonwind agencies. A 
glance at the velocities of the current accompanying 15-mile winds 
shows a velocity of 0.84 h o t  for the southeast wind and a velocity 
of 0.19 knot for the northwest wind. Furt.hermore, for the 15-mile 
wind the accompanying current sets northwesterl for the various 

from Table 22 was found to average for the period of observations. 
0.47 knot 316" true. 

To derive the wind current at  Swiftsure Bank Light Vessel freed 
from the effects of other currents it would be necessary to eliminate, 

wind directions, evidencing the effect of the nonti B a1 current, which 
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first, the tidal current from the values given in Table 23. Then the 
resulting values would have to be freed from the current due to 
fresh-water discharge, and to obtain accurate values each daily 
roup of wind-current data would have to be treated independently. 

bbviousl y, this would entail an enormous amount of computation 
and would necessitate extensive data relative to the fresh-water 
discharge. For a first approximation, however, it may be assumed 
that in any oup of observations numbering 10 or more the tidal 
current will f e very nearly eliminated and that it will be sufficient 
to subtract the average nontidal current from the mean values in 
Table 23. The.resulting values determined graphically are given in 
Table 24. Results based on less than 10 observations have been 
omitted. 

TABL~ 24.-W.'-A currents, &vifteure Baa& L4gM Veosel, freed from mera~6 
mt&laZ mrr& 
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I n  Table 24, with the exception of the 55-mile wind, the velocities 
of the current for any given wind veloc.ity show much less variation 
than the corresponding velocities in Table 23. The average current 
velocities froni the data of Table 24 are 0.98 knot for the 15-mile 
wind, 0.38 knot for the 25-nlile wind, 0.55 knot for the 35-mile 
wind, 0.60 knot for the 45-mile wind, and 0.82 h o t  for the 55-mile 
wind. These values give the current a velocity which,'expressed as 
a percentage of the wind velocity is, respectively, 2.1, 1.8, 1.8, 1.5, 
and 1.7 per cent, or an average of 1.8 

The directions of the current in Ta %" le 24 are geneidly to the right 
of the winds with which they are associated. For the four quad- 
rants the deviation of the current froni the direction of the wind is, 
on the average, as follows: With winds from the northeast quad- 
rant, 8 O  to the left; with winds froni the southeast quadrant, 24" ts 
the right ; with winds from the southwest quadrant, l G o  to the right; 
with winds from the northwest quadrant, 38O to the right. 

r cent. 
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IX. COMPARISON OF RESULTS 

TIDAL CURRENT 

The tidal current at each of the five light vessels on the Pacific 
mast may be regarded as fair1 well determined. While under the 

.to make any one individual observation subject to a relatively large 
probable error, the large number of observations used in determining 
-the tidal current tend to reduce the probable error in the result very 

conditions obtaining the metlio 5; s and instruments used were such as 

- 
materially. 

At each of the light vessels the tidal current was found to be more 
.or less rotary in cKaracter the direction of rotation being in every 
case clockwise. At San E'kancisco, Columbia River, and Swiftsure 
Bank Light Vessels the tidal current was more decidedly rotary than 
at Blunts Reef and Umatilla Reef Light Vessels. The latter two 
light vessels are stationed about 4 miles from the coast, while the 
former are very nearly 10 miles from the coast. Along the Pacific 
.coast of the United States, therefore, from 5 to 10 miles offshore, the 
tidal current is decidedly rotary in character, the direction of the 
rotation bein clockwise. 

able diurnal inequality, the greater flood current being associated gen- 
arally with lower high water along the coast, while the greater ebb is 
,generally associated with lower low water. The direction of the tidal 
current at time of strength of flood or ebb is influenced by the location 
.of the light vessels with reference to inland tidal waters, the current 
.at strength of flood setting toward the inland body of water and at 
strength of ebb away from it. The velocity of the tidal current at 
.strength is less than half a knot, except at  Swiftsure Bank Light 
Vessel, where it averages three-quarters of a h o t .  

All along t B is coast the coastal tidal current exhibits very consider-' 

NONTIDAL CURRENT 

Since the curi'ent observations on the Pacific coast light vessels 
were made with a pole submerged 14 feet, the tabular values of the 
nontidal current for any period represent the average resultant cur- 
rent due to wind, fresh-water run-off, and other nontidal causes 
during this period as affecting the surface maters to a depth of 14 
feet. For the period of observations, which covers parts of the 
years 1915, 1916, 1915, and all of 1919 and 1990, the nontidal current 
averaged 0.11 knot,, 304', at San Francisco Light Vessel; 0.12 knot, 
236O, at Blunts Reef Light Vessel; 0.35 knot, 253O, at Columbia River 
Light Vessel; 0.17 knot, 353O, at Umatilla Reef Light Vessel; and 
0.47 knot, 316O, at Swiftsure Bank Light Vessel. 

The relatively large velocities of the nonticlal current at Columbia 
River and Swiftsure Bank Light Vessels are obvious1 due to the 

River and the Strait of Juan de Fnca drain. Where fresh water 
flow is not the principal factor, the average nontidal current along 
the Pacific coast of the ITnited States may be taken as about 0.1 
h o t .  

The direction of the average nontidal current varies from 236O at 
Blunts Reef Light Vessel to 353O at Umatilla Reef Light Vessel; 

fresli-water run-off from the large territories that t x e Columbia 
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but for each of the light vessels it will be noted that the average non- 
tidal current has a westerly component. 

At  San Francisco Light Vessel the prevailing winds are from the 
northwest quadrant. Hence the nontidal current here sets in a clirec- 
tion opposite to that of the wind, and is therefore to be ascribed to1 
the fresh-water discharge through San Francisco Bay. At Blunts 
Reef Light Vessel the prevailing wincls are northerly, which ac- 
counts for the southerly set of the nontidal current. At Columbia 
River Light Vessel the prevailing wind is from the northwest; t,he 
southwesterly set of the nonticlal current is therefore the resultant 
effect of wind and fresh-water nin-off from the Colunibia River. 
At Uinatilla Reef Light Vessel the prevailing wincls are from the 
east and southeast in winter, while in the suniiner they are from the 
west and northwest. The nontidal current here shows a correspond- 
ing seasonal change in direction. The northei-ly set of the average 
nontidal current is therefore to be ascribed to the greater prevalence 
of southerly and southeasterly winds. At  Swiftsure Bank Light 
Vessel the prevailing winds are westerly in summer and easterly in 
winter, but the drainage waters through the Strait of Juan de Fuca 
niake the average nonticlal current here set northwesterly. The 
seasonal change in the prevailing wind, however, is seen in the 
greater velocity of the nontidal current during the winter months. 

VELOCITY OF WIND CURRENT 

The determination of the current due to wincls of given direction 
and velocity froni the observations made on board the Pacific coast 
light vessels is a much more difficult problem than the determina- 
tion of the tidal and nontidal currents. To enumerate some of the 
difficulties involved, it. is to be recalled that the velocity of the wind 
was estimated by the observers on boaid the light vessel, and not 
observecl instrumentally ; that in associating the current observed at  
any instant with the wind blowing a t  that instant no account is taken 
of the effect of the velocity, direction, and cluration of the wind prior 
to t.hat instant; that the current as observecl at  any instant is the re- 
sultant not only of the wind current and of the tidal current, the 
1at.ter of which varies continuously, but also of other variable non- 
tidal currents due to fresh-water run-off, differences in density and 
temperature of the water, etc. ; that in the method employed t.0 ob- 
viate t,he enorinous amount of time-consuming computation neces- 
sary to derive the wind current freed froin the effects both of other 
nontidal currents and of the tidal current the elimination of these 
effects is imperfect, especially in the case of winds for which but 
few observations are at  hand. 

I n  the tables of wincl currents for the various light vessels no 
tabulations are given for winds in escess of 59 miles per hour. With 
very strong winds, current ob%rvat,ions become difficult to make and 
at t,iines even dangerous, so that too few current observations with 
higher wind velocities are a t  hand to give trustworthy results. 

In Table 25 are given the average velocities of the wind current 
coiwsponcling to the various wind velocities as observed on boarcl 
the five light, vessels. These current velocities are derived from 
Tables 10, 13, 17, 20, and 29; but in deriving the results data based 
on less than 10 observations were omitted from the tables pertaining 
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to San Francisco, Columbia River, Umatilla Reef, and Swiftsure 
Bank Light Vessels, while data based on less than 5 observations 
were omitted from Tftble 13, ertaining to Blunts Reef Light Vessel. 

west wind were not used in deriving the values in Table 25, for 
reasons given in discussing the wind currents in Section IV. 

TBLE %.-Average velooi.tu of coiacLdrives mmmt 

In the case of San Francisco E ight Vessel, the resnlbs for the south- 

T~pf 
- 

1 WindlO-19 I Wind20-29 

Vel. 

hF910t8 

Light vessel 1 Current 1 Current 

Tic' 
1,155 
1.655 
1,761 

799 
701 

_------ Mean _ _ _ _ _ _ _ _ _  I _ _ _ _  _ _  I .29 i _ _ _ _ _ _ _ _  I .47 
I 

vel. 
-- 

h-nols 
0.42 
.62 
.62 
.9!4 
.55 

.64 
-- 

Wind 30-39 

Thpf 
- 

Current 

vel. 

h-nots 

Wind 40-49 

._______I .76 

- 
Wind 50-59 

I n  discussing tlie above-mentioned tables, on the data of which 
Table 25 is based, it was noted that the velocity of the current cor- 
responcling to a given wind velocity varied somewhat with the direc- 
tion of tlie wind. Obviously, therefore, the averag: velocities of the 
current for each of the light vessels in Table 20 are comparable 
only if these averages for each wind-velocity group are based on 
data for corresponding wind directions. But a glance at. the tables 
of wind currents for the various light vessels shows that it is only 
for the first wind-velocity group (winds 10 to 19 niiles per hour) 
that there are observations for each wind direction. With the higher 
wind-velocity groups the number of directions for which there are 
sufficient observations decrease rapidly. 

To clerive comparable values in Table 25, the following procedure 
was employed in computing the average velocities at each of the 
light vessels. For the first wind-velocity group (10 to 19 miles per 
hour) the average velocity of the current was determined directly, 
since there were sufficient observations for each of the 16 wind direc- 
tions. For the second wind-velocity group (20 to 29 miles per hour) 
an average velocity of the current was derived from the data for all 
wind directions for which there were sufficient observations (not less 
than 5 observations for Blunts Reef Light Vessel and not less than 
10 for the other light vessels). This velocity was then corrected by 
a factor the numerator of which was the average. velocity for tlie 
10 to 19 mile wind-velocity group, and the denominator the velocity 
derived by averaging in the 10 to 19 mile wind-velocity group the 
values for the wind directions correspondin to those used in deriv- 

For the nest wind-velocity group (30 to 39 miles per hour) the same 
procedure was followed, except that the correction factor was deter- 
mined from both the 10 to 19 and 80 to 29 mile wind-velocity groups. 

ing the uncorrected average velocity for t f e 20 to 29 mile winds. 
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In  other words, the correction factor for any wind-velocity group 
was based on all wind-velocity groups to the left. 

It is to be observed, however, that for each of the five light vessels 
the correction factor obtained as outlined above was unity, or so 
very close to it for the 20 to 29, 30 to 39, and 40 to 49 mile wind- 
velocity groups that no changes in the velocity of the corresponding 
currents were necessary. For the 50 to 59-mile group, however, the 
correction factor differed appreciably from unity, and the corre- 
sponding values of the current given in Table 25 are inclosed in 
parentheses to indicate that the correction factor has been applied to 
reduce them to mean values. 

The observers on board the light vessels generally estimated the 
velocity of the wind in terms of the Beaufort scale. The 10 to 19- 
mile wind-velocity group would thus include winds of force 2 and 
3, the corresponding velocities in statute miles per hour being given 
as 13 and 18 miles, respectively. It is therefore sufticiently accurate 
to regard the current derived from the 10 to 19 wind-velocity group 
as pertaining to n 15-mile wind. Sim,ilarly, the 90 to 29, 30 to 39, 
40 to 49, and 50 to 59-mile wind-velocity groups may be regarded 
as constituting, respectively, data pertaining to 25, 35, 45, and 
55-mile winds. 

The mean velocities of the current in Table 25, espressecl in terms 
of wind velocity, give for the various wind-velocity groups the fol- 
lowing relations: 2.22 per cent for the 15-mile wind; 2.16 per cent 
for t.he 25-mile wind, 9.10 per cent for the %-mile wind, 1.94 per 
cent for the &-mile wind, and 1.82 per cent for the 55-dle wind. 
It is of interest to note that these percentages show a steady decrease 
for increasing wind velocity. On the average, with winds from 10 
to 59 miles per hour, the wind-driven current along the Pacific coast 
at a distance of 5 to 10 miles from shore is 2.05 per cent of the 
velocity of the wind, and since a knot is 1.15 statute miles per hour, 
the wind-driven current here in knots is 1.78 per cent of the wind 
velocity in miles per hour. 

Table 25 gives for each of the five li ht  vesesls the mean velocities 

the discussion of the observations on the individual light vessels 
it was found that the velocity of the current for any given wind 
velocity varies somewhat with the direction of the wind. I n  Table 
96 are given the results derived by group,ing the wind-current data 
for each of the light vessels in accordance with the direction of the 
wind. For the purpose in view the data are grouped into the four 
primary quadrants. The values given are based directly on Tables 
10,13,17,20, and 24, no correction factor being applied. 

Table 26 indicates that altogether apart froin the effects of cur- 
rents due to other causes the greatest wind current comes with south- 
easterly winds at  San Francisco Light Vessel, with southwesterly 
winds at  Blunts Reef Light Vessel, with northwesterly winds at 
Columbia River Light Vessel, with southeasterly winds at Umatilla 
-Reef Light Vessel, and with northerly winds at Swiftsure Bank 
Light Vessel. In  general, these greatest currents are about 20 per 
cent greater t-lian average current derived in Table 25. In this con- 
nection, however, it is to be borne in mind that the method used 
for freeing the wind current from the effects of other nontidal cur- 
rents is only approsimate. 

for each of the wind-velocity groups, % ut in the sections devoted to 



76 U. S. COAST A N D  GEODETIC SURVEY 

TABLE 2tL-Ausroge velodty of rokrd-dr&en ourrent for u h d r  f r m  d&!i%r6?8t 
9-ta 

Wind 4044 

Current 

NE. 
SE ssn FTancisw 

Wind 50-58 

Cuirent 

sw Blunts Reef 

Wind 10-18 

Current 

NE. 
SE sw. 
NW 

Columbia River 

Wind 20-28 

Current 

NE 
SE Umrtilla Reef _ _ _ _ _ _ _ _ _ _ _ _  

.a8 

.27 

.ll 

.32 

.28 

.% 

.27 

.36 

.% 

.27 

6 I  
339 

4,866 
2,863 
1,680 

384 
1,744 

1,371 
2,271 
l,W 

I- -- 

XI 

No. of 
obs. 
- 
1,059 
1,904 
2,055 
8, 439 

4,580 
1, S35 

a, 724 
677 

2.363 

2 E; 

?E 

3,832 

691 

2,443 

882 
$503 
1,134 

.49 

- 

Vel. 
- 
[not 
D. 39 
.44 
.31 
.34 

.51 

.39 

.53 

.38 

.41 

.53 

.47 

.59 

.47 

.80 . SG 

.35 

.45 

.40 

.32 

.40 
- 

Wind304f 

Current 
- 
To. a 
Oh. 
- 

_ _ _ _  
205 
76 

874 

435 
733 
96 

391 

2.25 
5;s 
630 
327 

- 

Vel. 
- 
rwJi 

0.48 
.35 
.43 

.67 

.64 

.73 

.48 

.44 

.64 

.60 

.74 

_ _ _ _  

57 ! .47 

104; .45 
1413 1 .sa 
398,  .51 

-1--I-!- 

DIRECTION OF WIND CURRENT 

The direction of the wind-driven current at each of the five light 
yessels on the Pacific coast was found to deviate from the direction 
of the wind, the magnitude and direction of this deviation depend- 
ing on the direction of the wind. In  Table 27 the deviation of the 
wind-driven current from the direction of the wind is given for each 
of the light vessels, the data being grouped under the four primary 
quadrants. In  the columns headed " Deviation " the unmarked fig- 
ures indicate a deviation to the right of the wind direction, while 
the figures prefixed with a minus sign (-) indicate a deviation to. 
the left. The data of this table are derived from Tables 10, 13., 17, 
20, and 24, values based on less than 10 observations bein omitted 

values based on less than five observations were omitted. It is to be 
recalled that Tables 10, 17, ancl 24 give the wind currents, respec- 
tively, at San Francisco, Columbia River, and Swiftsure Rank Light 
Vessels freed from the average nontidal current. 

Escepting the results for Swiftsure Bank Light Vessel. Table 87 
shows a deviation of the wind current to the right of the wind for 
wincls froin the northeast, soutelieast, and northwest quadrants and 
a deviation to the left for winds from the southwest quadrant. For 
the four light vessels the average deviation is 23" to the right for 
northeasterly, southeasterly, ancl northwesterly winds, while for 
southwesterly wincls the average deviation is 24" to the left. 

in all cases with the exception of Blunts Reef Light Vessel, f or which 
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TABLE 2r.-Dsviat2on of wind-dfi.uen current from direction of wind 

Light vessel 

San Francisco _______.___. 

Blunts Reef _ _ _ _ _ _ _ _ _ _ _ _ _ .  

Columbla River _________.  

Umatilla Reef 

Swiftsure Bank 

I Wind 1&19 1 Wind 20-3 

No. 01 I Ob. 
~- 
Quadrant I 
NE _ _ _ _ _ _ _  1.W 
3E _ _ _ _ _ _ _ _  1,904 
3W _ _ _ _ _ _ _  2,075 
NW------- 8,429 

N E  ..-...- 4 560 
3E _ _ _ _ _ _ _ _  1:825 
3W _ _ _ _ _ _ _  677 
N W  _ _ _ _ _ _ _  2,724 

NE _ _ _ _ _ _ _  2,363 
3E _ _ _ _ _ _ _ _  2,606 
3W _ _ _ _ _ _ _  2,370 
NW _ _ _ _ _ _ _  3,832 

NE _ _ _ _ _ _ _  1 691 
3E _ _ _ _ _ _ _ _  2,384 
3W _ _ _ _ _ _ _  1.380 
NU'__.____ 2,442 

- 
De- 
via- 
tion 

Drg. 
28 
16 

-43 
34 

16 
6 

-11 

8 
50 

-6 
58 

13 
I9 

-37 
21 

2 
35 
28 
33 

- 

a8 

- 

No.01 
Obs. 

-. 

377 
086 
339 

4,866 

2,863 
1,480 

384 
1,744 

1,371 
2,271 
1.984 
2,056 

174 
1, -a 

540 
550 

272 
1,340 

390 
534 

_.  
De- 

tion 

Dig. 
b 

22 
0 
30 

0 
3 

-23 
2 

13 
37 

-7 
56 

26 
26 

-3s 
-25 

-20 
24 
11 
33 

VI- 

- 

- 

Wind 30-3' 

Curreut 
- 
No. 
of 

lbs. 

.---I 

205 
76 

874 

435 
733 
96 

391 

225 
578 
630 
327 

20 
424 
21 1 
143 

57 
3% 
104 
146 
- 

- 
D e  via- 
tion 

Deg. 
- 

14 
-4 
23 

8 
11 

-13 
11 

63 
28 

-9 
53 

31 
18 

-38 - &d 

-16 
26 

-3 
3 
- 

Wind 40-45 

Current 
... 

No. 
Of 

3bs. 
- 

_ _ _ _  
138 
43 

323 

150 
595 
66 

15s 

98 
434 
435 
155 

19 
518 
136 
109 

19 
283 
68 
54 
- 

.- . .. 

De- 
VIS- 
tion 

Dfg .  
- 
___-. 

15 
27 
9 

8 
10 

-19 
-4 

62 
42 

-23 
29 

41 
14 

-40 
7 

12 
1s 
26 
28 
- 

Wind 50-59 

Current 
- 
No. 
of 

Obs. 
- 

24 
6 

36 

22 
255 

16 
22 

49 
50 
15 

42 
15 

___-. 

The fact that the results for Swiftsnre Bank Light Vessel differ 
from those at the other light vessels is undoubtedly due to difference 
in location with respect to the coast. Of the five light vessels all 
but Swiftsure Bank Light Vessel have the coast line to the east- 
ward, while the latter has the coast line to the northward. The devia- 
tion of the wind-driven current from the direction of the wind, there- 
fore, depends on.the angle between mind direction and coastline. 

65308-28---6 
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