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CIRCULATION NEAR THE WASHINGTON COAST

INTRODUCTION

The area covered in this paper is a section of the Northeast
Pacifié Ccean bordering the West Coast of North America between the
parallels of U4® and 51° North and extending 600 miles seavard (Figure
1). The coast is mountainous and contributes considerable runoff to the
sea from heavy precipitation in winter and the melting of the snow in |
éarly summer. Two concentrated sources of fresh water are the Strait
of Juan de Fuca and the Columbia River which drain large inland areas.
fﬁe Strait differs markedly from the river in that it is the mouth of a
large tidal basin and is deeper than 100 fathoms for e considerable dis-
tance inshore. As a result of the tidal action, its effluent has been
considerably altered by mixing with the cold deeper water,

The continental shelf; as measured by the 100=fathom contour,
extends about LO miles offshqré near the Strait of Juan de Fuca and
narrows to about 20 miles both northward and southward. Beyond the slope,
depths increase graduslly to about 2000 fathoms. A number of seamounts
risé from this deepe:r water, But the bathymetry of only & few has been
worked out in any detail. '

The climate of the rggion is predeminantly maritime with pre-
;ailing,southwesterly onshore winds accompanied by heavy precipitation
from autumm to spring. In summery considerable air flow is from the

northwest and north and little precipitation obcurso
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he eirculation »f ths wortheast Pacific s predominantly

clockwise to latitude LO® Nerth, giving way to counterclockwise south
of 509 North (Sverdrup, Johnson and Fieming; 1946). The colder water
alorg the northern periphery of the main easterly drift in mid-ocean;
the so=called Aleutiarn or Subarctic Current, splits in an ill=defined
-zone well seaward from the coast near hS°.North,‘both orientation and
position of the zone of divergepce varying with the season. The northerly
army, the Alaska Current; recurves through the Gulf of Alaskag and the
southerly armg the Caiifcrnia Current, sets south well offsnrore at lower
latitudes, Off the Washingtcn and Uregon Coasts in winter, the Davidson
Current feeds water northward inshore., The area studiedg being an area
of divergence, is characterized by'weax:and poorly defined currents which
are eagily influenced by temporally changing wind.yatterns-and local
Sathwmetrie irregularities.

. The mezsurements to he reporte& in this paper were carried
out with the Hesesrch Vessel M.V, BROWN REAH during seven offshore cruises
in the spring and summer months of 1952 and 1953, Because of the antici-
pated variations of currents with time, determinations of sireulation pat=
terns ty dynamic topograchies were surplemented by use df the Geomagnetic-
flectro=Kinatograph. It was quickly ®iscovered that the latter instrument
was measnring currents {or 2ffects) very much greater than those from dvmzmic
topographiesg‘and showing a rotary variation with time. ‘In»recent cruises
therefore; several time studies have bpeen made to discover the nature of
the rotary variations, : :

Mirther evidence of the reality »f the rotary variations was

obtained hy direct current measurements {rom an anchor station on Cobb
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Seamount,; a seamoun: rising very sharply from 1500 fathoms depth to within
16 fathoms of the surface, and located approximately 270 miles west of the
Washington Coast (4°=LS.5'N,130%-46.3'W). The results from two such time
studies are Mresented in some detail.

Anfither sphere of activity has been a dAtailed investigation of
the outflows of the Strait of Juan de Fuca and th® Columbia River, particu-
larly the latter. ‘he outflow of the Columbia has been traced for over 200
miles seaward. The position and structure of this long plume of less saline
water is of interes: as an indicator of offshore circulation and mixing,
and because of thé possible influence it may exert in directing the salmon
which misrate to and from the river. '

The circulation near the coast of Vancouver Island and the mouth
of the Strait of Juna de Fuca has been discussed by Tully (1938, 1541) on
the basis of salinities and temperatures measured near the coast; often in
shallow water. These measurements as well as those of Marmer (1926) made
from Swiftsure Lightship establish the direction of outflow of the Strait
of Juan de Fuca as rorthwestward, very clos~ and parallel to the coast of
Vancouver Island. Tully further shows the accumulation of fresh water
along the coast due to the prevailing southwesterly winds in spring and
early summer, with & gradval transition to a condition of upwelling in a
narrow band along tre coast under influence of the northerly winds of laté
summer. He interprets the resulting dynmamic topographies as representing
northwesterly flows close to the coast in early summer and a reversal in

direction‘in late summer. The latter flow, however; is overcome by the
generally northwesterly outflow of the Sttait of Juan de Fuca near the

mouth of the Strait. Similar conclusions as to the seasonal shift in
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currents were reached by Thompson and Van Cleve (1936) from drift bottle
experiments commenced about 80 miles off the Canadian Coast. These authors
also relate the change in diréction of flow during the summer to a change
in wind pattern. Some‘dynamic sections along the coasts of Washington

and Oregon are presented by Sands (1937), but these are too few in number
and too close to shore to correlate with the present work.

Farther offshore, the circulation off the Canadian Coast has
been studied by Doe (1952) and Goodman and Thompson (1940) in two sections,
from the Strait of Jduan de Fuca to Dutch Harbor, and from the Strait of
Juan de Fuca to Haweii. Still farther offghore, the Carnegie Cruise VII
(Fleming, 1945) esteblished the grossvstructure‘of the eastward flowing
Aleutian Current.and the beginning of its separation into southeasterly
and northeasterly branches. Two or more sections have also been made by
Seripps Institution of Oceaﬁography, the U, S, Fish and Wildlife Service,
and the U, S. Ngvy [lectronics Laboratory, but the results are unpublished.
To the south, Scripps Institution of Oceanography have studied the coastal
éurrents very inteneively and their cruises have occasionally come as far
north as the Golﬁmbia Ri;rer° Thus the details of the circulation near
the Washington Coast are little knowm.

With respect to the G.E.K.; as used in areas of weak and poorly
defined currents such as this, there is litfle published., The interpre~
tation of the results as currents is in some question, as is the "K" factor.
Tha apparently rotary current changes observed; although indicated by von
Arxz (1950), have not been cérefully analyzed, probably because in areas of
high currents they are relatively less important. Oceanographers at

Scripps Institution of Oceanography are known to be working on this problem.

e
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sovclusiong. MHowewsz:. rotary avrreqt changes de obeour ang thesz
¢hanges apparently conta’s; components of tidal and inertial rericds dAs
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WALEIL PRUPURITES AbD CINSULNTIGH

Ag others have sugeasted, the horizontal gradients of tampera-
ture and salinity may bhe generalizezd in two representatidnsj one tor
spring and early sommer and one for late sumwer. The winter conditinns'
have not been studied. Mgures 2 snd 3 show the horizontal distribution
6f surface temperature and surface salinity in April-May, 1953; the data
naving been smoothed to eliminate local fluctuations. The piling up of
warm surface water along ths coast of Tancouver Island is evident.,

Tigures b and & show ths conditions in July, 1952, Here the
breakdown of spring ccndi%ions is just beginning te spnzar. The water
which earlier iﬁcreased in temperaturs sgsentialiy up to the coast is
ﬁoﬁ showinn a wide band of somewhat cuoler water near the ccast. The

effect 13 more marked if vertical se ”tl g of temperature are plotteas
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demonstrating the decrease in thickress of ths surface water layer on
approaching the coast. Clossz to the meuth of the Strait of Juan de Puea,
the affect ig accentuated at the surface onrobably bmcaunss of the mixing
orocesses of tidal Mow as well as the terdency of upwelling deapsr water
to appear rar withiv the Strait.

Megures 3 and 7 {emoothed scmewhat) show the conditions in Sep-
tember, 1953, farther scuth. Vélthough Aot complstely comparahle with‘the
above data beecanse of the Ji:ferent areag covered, there is still sur-
ficial evidence of upwelling in the regicn near the moath of the Strait of
Juan de Fuca. Along the Washington Coast south cf the Strait, the sub-
surface temperature structuire indicates thie presence of upwelling which,
howevrer, does not reach ths wurfaice o2cause of 2 blankeﬁing layar of léss
saline water. This is especially so in the wicinity of the Columbia River
moutg where thé surface waters flowinyg seaward zre rapldly veplaced by
river effluent. Along the Uregorn Ceast south of the Columbia, low tempera=
tures characteristic of apwelling ave arain apparent st the surface,

™Meures 6 and 7 alsc show the first resuits of z detailed study
of the Columbia Giver outflow., Ths plume pf water having s salinity less
than 32.0°/00 s seen to sxtend over 20C miles to the southwest. Associ=
ated with the lower salinity iz . somewhat higher temﬁerétureo The nosi-
tion of the wake stream is in itself evideace of the generally southerly
set of the currents in this repion darirg the summer. At the velocitias
indicated by the dynamic toponraphy for thie general area; the ﬁima re=
quired for the water to travel to the outer limits of the 32°/00 isosal
18 of the order of one to two wmonths, and hence the position of thig limlt

establishes a minimum value ror the integratea currents for at least this

period.
563'



ir

(v

(o

»

v

The processes of mixing in the wake stream have not yet been
examined, However, there is some interest attached to the’ abrupt change
in salinity sradient seaward of the 31.0%/00 iscsal. In essentially all
of the area between this and the next isosal; the surface salinitles are
greater than 31.5%/00 and mostly greéter than 31.7°/00.

The dynamic topographies within 300 miles of the coast have
bean quite consistent in all the cruilses analyzed. Since only Cruise ﬁoo
7 in July, 1952, went as far offshore as 600 miles, data from this cruise
are combined with a composite of all the others to obtain a generalized
diagram {or the area which is presented as Figure 8, The curves south
of }6°=30% are based principally upon data from Cruise No. 9 in early
September, 1952,

Appearing geﬁerally in all cruises are the lower dynamic heights
to the west of about 130%, corresponding to northerly or northeasterly
flows of 5 cm/sec or less. Come changes in gradient occur in Aifferent
months but the general picture is little aitered exceot that the contours
seem to tend more nearly northward in the ear1y summer, as would be ex=
pected from thé meteorological conditions, Also appearing in all the data
ig evidence for a deflection southward of northeasterly flcwing.stream»
lines in the area between 128° and 130% and L7° to L9°30'N. The data

of Cruise No. 9 indlcate that this flow continues southward along the

Washington Coast and is probably responsible for carrying the Columbis

River water southward. These results are consistent with those of Dos

(1952),
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G.E.X. RESULTS AND TIME STUDIES

Early in the investigations, it was discoversd that apparent
currents measured hourly by means of the G.E.K. along a cruise track
showed continual changes in direction and magnitude, suggesting the
rotany changes of tidal veriocd observed at lightships. These currents
typically had peak values-of 15 = 20 em/sec and occasionally as high as
35 cm/sec, the correction factor "K" for the G.E.K. being taken as
unity. To be contrasted with these are the velocities below 5 cm/sec
determined from the dynamic heights. Tidal periods could be found in
the data by harmonic analysis, but the amplitudes were only about one=
fifth as great as the observed peaks. Later it was discovered that
inertial periods were present, with amplitudes of the same magnitude or
somewhat greater than those of tidal period: The inerﬁial period in
this area is approximately 16 hours. ‘The harmﬁnic analyses of these
data were interpreted with some reservations due to the fact that the
ship was rapidly changing position and to the evident existence of appar-
ently random fluctuations of considerable magnitude,

In order to derive the residual noﬁ=f1uctuating currents in
this situation, the data have been caleulated as L8<hour running means,
48 hours being the least common multiple of 16 and 12 hours. If tidal
and inertial constituents are present, they should disappear in the°
averages together with the greater part of those of éhorter and random
periods., This is admittedly a rather brutal treatment; as any fluctua-
tionz in the residual current are severely smoothed thereby. However,

it has served for the preliminary investigations.
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A serious disadvantage 1s the fact that the ends of a'continu=
ous series of observations may be approached within only 2L heours by ave
eraged results, and hence any lengthy break in continuity of the data may
leave large gaps in the resulis. Twenty-four hour groupings also have
been tried and are found to remove most of the fluctuations and leave

smaller zaps. It is preferred to use LB8<hour means where possible, how-

. ever, since the results will be less ambiguocus,

The results of such 2 ireatment to the data of Cruise No. 7
are shown in Figure 9, The large gap in the Jata on the northern leg
of the cruise is due to the break in continuity occasioned by a short
storm. Twenty-four hour means, however, show the resiﬁual currents
setting south to southwest throughout most »f the northern leg with velo-
cities of the order of 5 to 8 em/sec. A comparison with Figure £ shows
some similarity of G.E.K. means to the dynamic heights along 48%=30N
but none whatsoever along 50°a30°N° The current pattern is also intern-
ally inconsistent, requiring the existence of a region of convergence
within the area surveyed, an improbable situation, It appears evident
therefore that the G.E.K.y; in this region, doces not always measure the
long=term average flows asscciated with the distribution of mass. The
converse might be true in regions where étranger currents are found.

It is postulated therefore that the currents measured are
shallow wind-driven currents of short duration. To test this hypothesis,
average wind vectors have been plotted along the course. There is reason-
able correspondeﬁce along 48%=307 assuming the resulting flow to be 45°
to the right of the wind and lagging it ty a2 few hours. In the northwest

corner of the survey, there appears to be an inccnsistency. However, the

: -
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northwest atorm which zonzared two lays later at avout 1307 Lonzitude
may alresdy have beer drivwing water well ahead of it. Along 5C%=309,
tha agreément with 2hehour average currente {not showrn) is sood,
These resuits showed the necessiby of meking time stucdies
with the G.E.K. The ™irst studies, begum in June, 1952, were about one
day in lengzbh and were mawe vy sheamin: sack and forth over zn R= to
16=mile course, obtaining GehoKo Tixze znroute, Hydrographic stations
to 19000 materg depts wére ocenvizsc ab inbervals of 2 to 12 hours in ihe
several sxperiments in an attewpt to correlate the resulibs witk the dynamic
heights., Rotary chainyee in enrrent iirection were reaﬁily damenstrated;
ut twenty=*four hour pericds are teo short | efvzotire bzrmonic znalysis.
Two exbariments»of 3 to L a2ys? duration were therefore msde in Jume and
dvgsty 19535 Oruilses No. 2¢ and 31, resuvectively,
R

In Cruise ko, 29, the shir stezmed hackward and forward two
hours® run on reciprecal headings, taking Go.E.K. fives every hour togebher
with other data., Positions were fiwed frequently by loran, and bydrographic
stati&ns were occuri:d about every 12 nours. Some failures in eqﬁipment
neing used Tor corellary mezsurements caused several undgsirsbly large
zang in bhe iata; but the cesulns are only a 1ittle less eonsistent thar
those to he presenief heloaw,

In Gruisg 100 Ny the erudsing dlan was nwolitlzay as sureshed
Wy Hee Joseph Held of Seripps institution of Uceanograshy, sc that the

ship steamed squares on bthe zardinal co-rssz hesdings, @ach gide being

.

aporeximately 7 minvtes? mm. Thus a fix is couained every T wmimubtes,
there being some int -rdependence in the measurements because each datum

enterg into twe Tixeyw and two zero determinations. feid hag Jirscted
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expeviments of this type in which he has similtanecusly followed a freely
diifting buoy (perscnal commnication). An attempt to do this with an
improviged buoy and drag was abandoned after the buocy lost its drag and
was ibtself nearly lcst at night during a radsr failure.

The results of this experiment have been expressed as north
and east components of velocity and are presented in Figure 10. K has
been aséumed to be unity and corrections have been made for electrode
droop. The resultsrare surprigingly consistent and have given rise teo
a renewed bélief in the reality of G.E.X. measvrements. The 1l6<hour
inertial period'is evident by wisual inspection. Much of the distortion
is due ©o other componentsg pfincipally'the semidiurnal. Some smoothing
has neen practiced bub there is aifficulty in deciding which fluctuations
‘msy be real and which due to experimental uncertainty. Due to thé inter-
devendence of separate fixes, errors often appear symmetfically in alter-
nate or adjacent points. Moreover, in some cases the record can not be
interprefed more accurately than several tenths of a millivolt.

In correlation with this experiment., an anchor station was occu-
pied for the preceding three and one-half days aiop Cobb Seamount {Sees FRig-
ure 8). Here currents were measured at 20 meiers deoth with an Fkman cur-
rent meler every 30 minutes, and temperature structures were measyred
“hourly by bathythermograph. Bathythermograms were also obtained hourly"
during the time gtudy with the G.E.K. Three hydrographic stations were
occunied at corners of a 30=-mile squafe about the seamoﬁnt to obtain
dynamic heights for comparison. The time study with the G.E.i{. was per-
formed. in depths ranging ffom 1,500 t¢ 600 fathoms and between 30 and

15 miles northwest of the seamount. The éhip drifted south during the
periOd::

<1i-



The direct current measurements also show rotary zhanges con=
taining tidal and inertial components. The basic perieds are less well
defined becanse of the motions of the ship, but these motions are small

comoared to those of a ship anchored in dsep water. It is assumed in

these two experiments that there should be scme similarity in the currents

on a sharp lsolated seamount to those in the adjacent deep water, On the

other hand; considerable distortion near the ssamount would not be sur-

" prising.

The results of nharnonic analysis sce given in Table I, for
both the direct meagurements and the GoEoK; Only the 16 and 12-hour
cemponents are considered of priﬁary imnortance, but the hizher harmonics
are presented to suggest the magnitude of the gmolitudes'which could re-
sult from random data in a series of this length. The contribution of
each constgtuent is assumed*to be expressed in the form
v, =V, cos (@ = Ky)
LA v, cos e = KZ)
where Y and ve are the instantaneous values of the north and east compo-
nents :;»veléziiy, Zg and 22 are the corresponding amplitudes, @ is the
time angle of the constituent and Ky and K, are the local epochs, the
negative of the cOnventional‘phage angley, the origin of time being the_
time of local lunar transit on the first day of the anchor station°
If Kp=Ky expressed as an angle less than 180° is positive, rota-
tion of the current vector with time is clockwise. In narticular, if Ky
Ky = 90° and Vo = V,, the current hodogram for tn: constituent is a circle.

Theoretically, c¢ircular changes are to be expected in the inertial com=

ponent an:i generally elliptical changes in the tidal component.

~12e
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with amplitudes of the order of 28 fee} but with zeriods pooriy defined,
Tisual examination suggests six-~-hcur arnd two~hour periods rawher than
those of twelve or gixteen honrs. It is felt therefore that these in-
ternal waves are not a determining influence on the G.E.K. results; tut
that they vosgibly account for some of the aberrations and short-period
congtituants. ,

ir. Table III; the averags }esidual currant caleulated from the
three time studies is compared with the dymamic topogravhies and with the
anpiroximate drift of the ship as determined by deviations from the courses
run, measured by loran fixes. In Cruise No. 29, the G.E.K. compares well
with the drift of the ship vult not with the dynamic tepegraphies. Thisg
was in a parisad of iight winos in which the éhip micht be expected to
move witii the water. In Oruise Wo. 31, there is little agreement; possi-

bly because the winls averaged 20 knots from the north. However, the

~direct current measurements compare faverably with the dynamic topographies

close to the seamounit.. Farther away, the veloeity and direction derived
from vthe topographies are extremely uncertain and are nol shown., In seems
well established therefore that the rotary changes observed by the G.E. K.
in deep water have their counterpart in the direct mesasurements ofvcurm

reats.

COUMSLUSIONS AND SUMMARY

The water circulation ofi the woasts of Vancouver Island, Wash-
ington and Oregon ir late sprim: and summer has “=en studied by means of
dynamic topograchies and the G.K.K. A picture is presented which fills a

previously existing gap in the information for the central arez, The

I
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relatively flat dynamic topography is especially semsitive to transient
conditions and axperimsntai error. Nevertheless,; the topographies con-
sistently show a weak northeastérly circulation at 5 cm/sec or less, part
of which is deflected southward off Vancouver Island to continue along
the coast past 45° North, This circulation pabtern is consistent with
previous work in the adjoining areas, anc with the assumed divergence'

of the Aleutian Current beginning well offshore around 45° North.

The G.E.K. has been shown to measure apparent currents which
rotate in direction and fluctuate in intensity. The peak flows are of
the order of 20=35 cm/sec which is several times greater than the net
flows. The rotations contain semidiurnal and inertial constituents,
the latter predominating.

A time study in direct measurement of currents on Cobb Sea=
mount, 270 miles offshorey; has been compsred with a similar time study
with the G.E.K. in the adjoining deep water. Harmonic analysis of the
North and East components of welocity has produced amplitudes of T=1l
cm/sec for the semidiurnal constituents, The relative differemces are
the same as thg corresponding changes in the mean tidal range at Astoria

during the period of the measurements., The amplitudes of the inertial

constituent were $ and 13 cm/sec in one case and 22,5 cm/sec in the

other, a difference ascribed to an abrupt change in wind velocity.
An;ther time study with the G.E.K. showed similar resulﬁs, but smaller
amplitudes. The combined results suggest that the currents being
measured by the G.E.K. are real. This conclusion is supported by the
published results of current mezsurements at several deep-sea anchor

stations which show similar variations.
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The net currente chbtained hy aweraging the G.E.K. results show
little corresponcdence with thoss indicated by dyrnamic topographies. The
Tormer probably represent short-term surface currents due to the windy
whereas the dynamie topegraphies represent Iinitegrated effecte over longer
periceds. .

in aconelusion, it is suggsested that progress in the interpre~
tation of currents irn this area reyuirss a betier insight into the cause
ané nature o the transient currasnts. The G.B.K. should be useful in

these studies; but mast be further evaluated ir terms of direct measure-

ments,
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TABLE 3

HARMONIC ANALYSES OF CURRENTS
DIRECT MEASUREMENTS AND G.E.K. COMPARED

L ~ 11 August 1953

. ‘ 24.8 16 12,1 8.2 6.2 Lo

Feriod, solar hours .
Dir. | GFX Dir. |GEX {|Dir. | <BK || Dir. j GEK || Dir. | GFK || Dir.; OFK
N'_\ COmp« 2,\6 300 12.76 22‘-)4 608 706 BDh 1131 103 22‘5 009 008

Amplitude , ' i
em/sec {Eo Comp. | 2.6 12,5 9.1 122.6ll9.1 N0.5 ! 2.0 ;2,6 [}0.5 § 2.3 2.0 1 1,3
) M. Comp, | 267 |192 338 § 1k §j132 1 332 Y} 319 | 120 || 292 | 109 h 182 | 318

Local #poch, ~ .

K. *, in degrees Fo Comp, { 295 {279 68 1102 {j23L 85 | 112 124 78 | 177 69 | 157

The constituents.are expressed as the cosines, and.zs_is the positive angle measured
from the time of local lunar transit on L August to the time of constituent maximum,




TABLE II

HARMONIC AWALYSES OF CURRENTS
by G.E.K,
7 « 10 June 1653

Period, solar hours 2l 1 dg 12 .
Amplimde H, © QMpe 2:3 63 }4 )’!-': 9
cn/sec
/ L, Compe 37 5:6 § LB
Local Epoch, {0 Compe | 171 | 18k | 23
M, in degrees s
E. Comp. 23 27) 27

# The constitusnts are expressed as cosines, and }il is
the pesitive angle measured fyom the time of local
lunar transit on 7 June to the time of constilbuent

maxinum,




TABLE TII

COMPARISON OF WAT VELOCITIES

by

DIRECT MEASUREMENT, G.E.K., AND DYWAMIC TCPCGRAPHIES

Velocity Set
em/sec Op
Cruise No, 29
G.EoKo 6.6 130
Dynamic Topography 3 055
Drift of Ship 5 155
Cruise Noo, 31 .
Direct Measurement b8 095
GoEoKa 3.6 270
Dynamic Cobb Seamount 10 100
Topograrly G.E.K, Position ? 2
Drift of Shipﬂ 10 173
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