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AN INVESTIGATION OF UPWELLING ALONG THE
OREGON COAST

I INTRODUCTION

Along the coast of Oregon, and characteristically off the western
coasts of the continents in the middle latitudes, there occurs a strip
of cold coastal water. This coastal water is considerably lower in
temperature than the surface waters further from the coast at the
same latitude. The band of cold coastal water may appear seasonal-
ly, as off the west coast of North America, or it may be a semi-
permanent feature as off south-west Africa. The difference between
the water temperature at ten meters depth measured at five nautical
miles, and at 85 to 165 nautical miles, off Newport, Oregon is shown
in Figure 1. This is called the temperature anomaly at five miles.

The eastern boundary currents that flow along the western coasts
of the continents flow equatorward from relatively high latitudes. It
is therefore to be expected that the waters along the eastern edge of
the ocean will be at lower temperatures than those of comparable la-
titude in the central regions of the ocean. For some time it was
thought that the cold coastal water was simply water advected from higher
latitudes by the currents. As the charts of the sea surface tempera-

ture became more complete it was evident that the temperature of the
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water along the coast did not increase monotonically with decreasing
latitude. Indeed, the coldest coastal water might be found far down-
stream. The distribution of other properties, e.g. salinity, oxygen
concentration and phosphate, suggested that vertical motions were
involved.

De Tessan as early as 1844 explained the cool water off Peru as
the result of upwelling, according to Gunther (11, p.112). This view
was not widely accepted until early in this century when the first sat-
isfactory physical explanation for upwelling was given. The work of
Ekman ( 5) in 1905 provided the basis for our present day understand-
ing of the effect of wind stress on the sea surface. Ekman showed that
due to the effect of the earth's rotation and frictional forces, the net
transport of water due to the wind stress is directed 90 degrees to the
right (left) of the wind in the Northern Hemisphere (Southern Hemis -
phere), It was thus seen that a wind biowing parallel to the coast
could transport water offshore and necessitate a compensatory replen-
ishment of water from deeper layers. The theory of Ekman and the
theories of upwelling evolving from it are discussed in more detail
in Section II.

Because the upwelling process brings subsurface water into the
surface layer, it induces horizontal anomalies in the distribution of

physical and chemical properties that normally have marked vertical
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gradients. Such anomalies are sometimes used as indicators of up-
welling (25). Upwelling has important effects, particularly on the
marine biological environment. Upwelling is of great importance to
the productivity of coastal water because it brings nutrients, whose
concentrations normally increase with depth, into the euphotic zone.
The incredibly rich population of marine life off the coast of Peru,
and the guano industry there, are due to the effects of upwelling en-
riching the surface water. Upwelling also has marked effects on
local climate. Cool air temperatures and coastal fog are frequently

associated with upwelling.

A Definition of Upwelling

Wyrtki (51, p.314) has pointed out that although upwelling is a
term widely used in oceanography a precise definition has not yet
been given. Vertical motion is an integral part of oceanic circulation,
but ascending motions in any depth are not considered upwelling un-
less they reach the surface layer. A maximum of vertical motion
that Stommel (35) shows is associated with the depth of no meridional
gecostrophic flow cannot be considered upwelling since it is restricted
to relatively great depths. Sverdrup (38, p.318) states upwelling im-~
plies that subsurface water is continually or intermittently drawn to

the surface and spread outward from the area of upwelling.



Upwelling will be defined here as an ascending motion of some
minimum duration and extert by which water from subsuriace layers
is brought into the surface layer and is removed from the area of up-
welling by horizontal flow. The water usually comes from depths not
exceeding 200 meters (39, p.501).

There must be a distinction between the effects of upwelling and
the physical process of upwelling itself. It is usually true that the
physical and chemical properties in the region ofupwellingarealtered
and show anomalies, if these properties have a vertical gradient.
But it is also true that effects similar to those produced by upwelling
can be caused by wind induced vertical mixing or by a baroclinic ad-
justment of the mass field associated with an increase in the gecstrc-

phic transport of the coastal current.

Regions of Upwelling

It is along the western coasts of the continents that the eastern
boundary currents flow, and it is there also that the relative orienta-
tion of the predominant wind to the coastline is suitable for sustained
upwelling, Many of the descriptive studies of upwelling are included
in the more extensive studies of the major eastern boundarycurrents.

It will be convenient for this reason to refer to some of the major up-

welling regions by the name of the current in the region. Mention
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will be made of the more important descriptive studies of upwelling.
The theoretical and the more guantitative studies will be discussed

in Section II.

The California Current. Along the coasts of Washingten,

Oregon, California and Baja California, upwelling is a seascnal fea-
ture. Ifs occurrence coincides with the strongest northerly winds,
which occur off Baja California and southern California in the spring
and off the northern coasts in the summer. Upwelling occurs off
Washington in the late summer (27) but not with the intensity observed
off Oregon. A recent discussion of upwelling along the west coast of
North America is given in the work of Reid, et al. {(30) on the

California Current system.

The Peru Current. Usually a southerly wind blows parallel to

the Peruvian Coast causing the transport of surface waters away from
the coast and subsequent upwelling between about five degrees and

20 degrees south latitude. Sufficient oceanographic observations are
not yet available to define the seasonal variaticns. Wooster (46) has
studied the surface temperatures and finds upwelling most intense
during the southern winter and absent or least intense in the summer.

The catastrophic oceanic disturbance, El Nino (the Child), is sonamed

since it usually occurs after Christmas. El Nino can be defined as




the set of conditions causing extended weakening or cessation of up-
welling. The reduction of the nutrient supply and the warmer water
drives away the familiar marine life. Gunther (11, p.196-218)
studied the region in 1936 and found evidence of upwelling as far
south as 35 degrees. He studied the distribution of salinity and tem-
perature and made estimates of the depth from which the upwelled
water came. The estimates varied from 87 to 177 meters. More re-
cently Posner (:28) studied the Peru Current and gave estimates ofthe
volume of water taking part in the upwelling process and the amounts
of nutrients involved. Wyrtki (51} has investigated quantitatively the
relation between coastal upwelling and the horizontal circulation in

the Peru Current.

The Benguela Current. The Benguela Current is a major ocean-

ographic feature of the southwest coast of Africa. The region from
the neighborhood of Cape Town to about 15 degrees south latitude is
an area of upwelling and cold, fertile water. Upwelling appears to be
a permanent feature, reaching a maximum in the southern summer.
The upwelling in the region has been studied recently by Currie (3)

and Hart and Currie (13, p.184-192).

The Canary Current. Off the north west coast of Africa, from

15 to 30 degrees north latitude, there appears to be a semipermanent




region of upwelling (47, p.272), which has not been studied very

thoroughly.

Australia. It was anticipated that upwelling would exist in the
Indian Ocean along the northwest Australian coast. Wyrtki (50)
found that the atmospheric circulation is apparently unfavorable and
while upwelling may occasionally occur it is not strong. The major
area of upwelling is between Java and Australia during the southeast
monsoon season (May to September). The most intense upwelling
occurs along the south coast of Java and Sumbawa. The relation be-
tween wind stress and upwelling is qualitatively confirmed in the

region.

Other Regions. While the major areas of upwelling are along

the western coasts, upwelling is not a phenomenon unique to eastern
boundary currents. It has been observed in the eastern end of the
Gulf of Cariaco on the Caribbean coast of Venezuela (31, p.170).
Upwelling of a more limited extent has been observed off the north-
easterncoastof Florida (10, 40) and North Carolina (44). A correla-
tion with the wind has been observed in upwelling off Nova Scotia

(12, 16). Upwelling also occurs in such relatively small bodies of
water as Lake Michigan (22).

In summary: Upwelling appears to occur where the winds are
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favorable to transport water offshore. The major atmospkeric cir-
culaticn is favorable to upwelling cver extended regicns and pericds
on the western coasts of the continents. It is here that the major

areas of upwelling are found.
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II, REVIEW OF THEORETICAL STUDIES OF UPWELLING

The Basic Equations

The equations of motion are referred toa right handed Cartesian

coordinate system rotating with the earth. The positive x-axis is

directed eastward, the y-axis northward, and the z-axis upward, with

the origin at the mean free surface of the ocean. The equations of

motion in the form usual for oceanographic applications are (36, p.

649):

ek ) e )

(3)

A complete list of symbols is given in the appendix. The Reynolds
stresses have been expressed in terms of eddy viscosities and velo-
city gradients (39, p. 475). Thehorizontaleddy viscosityis assumed
constant. The horizontal component of the Coriolis force, -2ww cos @,

has been neglected in equation (1) and the vertical component,

2wWu c.os(P, in equation (3). Since the vertical accelerations and the
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frictional forces have been neglected in equation (3), this is the hydro-

static relation. To these equations is added the equation of continuity:

e

Y 1d
'bX 3'3-;”0_(,%— (4)

Further simplifications are usually introduced in the above equa-
tions, depending on the character of the problem. 1In particular, the
nonlinear inertial acceleration terms are often neglected in the equa-
tions of motion. Sea water may be considered incompressible, re-

ducing the equation of continuity to

W LV +IW
TR T

These simplifications will be found in the theories discussed.

(3)

The Theory of Ekman

Ekman (5) in his classic paper of 1905, ""On the influence of the
earth's rotation on ocean-currents,' was the first to give mathema-
tical form to the effects of the Coriolis force and {riction on ocean
currents. This work provided the basis for the physical explanation
of upwelling as well as the effects of wind stress on the sea.

Ekman assumed a steady state of motion in a uniform and ho-

mogeneous ocean of infinite extent, with a steady and uniform wind

blowing on the surface. The equations of motion are then:




0 = fv+— (Av )

(6)
O:— +,‘£?Z(AV )

As boundary conditions, it is assumed that the velocities and velocity
gradients vanish in the ocean depths and that at the sea surface the

wind stress equals the shearing stress in the fluid:

= A QY T = A, 0
Ta= Avs, I Ly = Avd| (7)

Under these boundary conditions the integral form of the equations

gives the mass transport caused by the wind:

0 —

=ff>ualz = by

) f
(8)

0
My= [ pvdz = =%
Y .fwf £

These components of the wind induced mass transport are commonly
referred to as the Ekman transports. The relation betweenthe Ekman
transport and the wind stress is independent of the manner of de-
pendence of and A, on depth.

Under the more restrictive assumption of an eddy viscosity con-

stant with depth, Ekman showed that the velocity decreased
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exponentially with depth. The velocity is reduced to 1/e" of its sur-

face value at a depth

_Av (9)

ngn?

This depth, D,, called the depth of frictional influence or the depth of
the wind current, is generally of the order of 100 meters (5, p.12).
The wind stress thus exerts an influence on only a relatively thin lay-
er cf the ocean. Equaticns {§) would be valid to a good approxima -
tion with the lower limits being the depth of frictional influence. Thus
the Ekman transpoert is confined t¢ approximately the upper 100 me-
ters.

The result of Ekman, that the net transport of water due to the
wind is directed at right angles to the wind stress, provided the first
satisfactory explanation of the process of upwelling. At least a qual-
itative agreement between the occurrence of upwelling and the com-
ponent of the wind parallel to the coast should be expected. In the
Northern Hemisphere, the component of the wind stress parallel to
the coast and directed from right to left looking offshore would trans-
port water offshore and necessitate the rise of deeper water near the
coast. The component ¢i the mean wind stress parallel to the Oregon
ceast is shown in Figure | along with the observed temperature

anomaly.
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McEwen in 1912 (19) applied the theory of Ekman to the west
coast of North America. He showed that the temperature anomalies
observed were in satisfactory agreement with those predicted on the
basis of the theory. Values of the horizontal transport of upwelled
water off the coast of southern California were calculated by Sverdrup
and Fleming in 1941 (38, p.319-328). Vertical displacements of tem-
perature, salinity, and oxygen concentration were studied to deter-
mine the vertical velocities. The offshore transport of water com-
puted from continuity considerations agreed well with the transport
predicted by equations (8).

Welander generalized the theory of Ekman in 1957 {43) to include
a shallow sea where the depth, b, is less than the depth of frictional
influence. Retaining the assumption of homogeneous water and steady
state but including the horizontal pressure gradients due to slope of

the sea surface, the equations are:

(10)

With the same surface boundary conditions as before but with the low-

er boundary condition being that the velocity vanishes at the bottom,
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Welander obtains the following for net mass transport:

\ My = CU _Dly  pab/E)¥ _FO%
' 3‘: f—f&( "by

{(11)

My = Dlx +C;§a +/2@,(FDE +F'DE>

The expressions for C,D,E and F are involved functions of the ratio
of depth to the depth of frictional influence, but for this ratio greater

than one yield:

wry

Mw@_ /’ﬂé
£ f

SIX

(12)
My = ’@ + £ b ?—F
f X
The total mass transpcert is thus the sum of the Ekman transport
(the wind induced transport) and the geostrophic transport. For the
depth less than one-half of the depth of frictional influence, the vari--
ation of G, D, E and F shifts the direction of the Ekman transport
toward the direction of the wind. It is thus possible for upwelling to
be induced in a very shallow sea or lake by an offshore wind. The
centinental shelf along the Oregon coast ist'sufficiently deep to ignore

the effect of the ocean depth on the Ekmahn transport.
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The Theory of Hidaka

A steady state theory cof upwelling in a homogeneous ocean was
developed by Hidaka in 1954 (14). The wind is confined to a belt of
width L along a straight coast. The coastline is defined by the line
x=(.. Assuming no variations in the longshore direction, the horizon-

tal equations of motion and the equation of continuity are written

_ g% Al Ay
b VAR S A v o
(13)
0 = ~fu + A A DY
P axx P qar
W o+ W -
q4x r
(14)

The boundary conditions are:

AV%";} =0 for 0£x<co

(15)




u=v=20 for z = -b

u:v:-?;g:O for x = QO
L)

These equations yield a rather complicated solution in terms of
streamlines in the vertical plane perpendicular to the coast.

Hidaka defines a horizontal frictional distance, DH’ in analogy
tc Ekman's depth of frictional influence, Dv, given in equation (9).

Dy=T/]An_ (16)
pwsing

For the case of a longshore wind, upwelling is shown to be confined
to a strip of width less than 0.5 DH, with sinking occurring at dis-
tances from the coast greater than Dy A numerical example is
considered with a wind stressf({,}: l c.g.s. unit and a wind zone of the
crder of 300 kilometers. Assuming AH =109 c. g. 5. units and AV =
103 c. g. s. units an upwelling velocity of 3 x 103 cm/sec is obtained
The width of the upwelling zone is about 80 kilometers. While the
vertical velocity and width of upwelling are of the order of magni-
tude observéd, the value assumed for Ay is extremely large. The
values for the ocean are generally considered to range from 105 to
108 c. g.s. units. The higher values are found in the swift western

boundary currents {!, p.818). Sverdrup and Fleming (38, p. 341)




18
computed lateral eddy diffusion coefficients off southern California
during the upwelling season and found values ranging from 106 to 107
c.g.s. units. Though these values are for horizontal eddy diffusivi-
ty, the coefficients of horizontal eddy viscosity and diffusivity appear
to be equal (39, p.483). McEwen (21, p. 201) calculated values for
the the horizontal eddy viscosity off southern California and found
values of the order of 102 c.g.s. units.. Using even the relativelylarge
value of Ay = 107 c. g. s. units as reasonable for the eastern bound-
ary of the ocean, Hidaka's theory limits upwelling to less than 10
kilometers from the coast, and sinking beyond 20 kilometers. This
is not in agreement with observations off the coast of Oregon or
California. The theory also does not take into account density strat-
ification which is observed to play a decisive role in the ocean (4,

vol. 1, p.653).

The Theory of Yoshida

Yoshida (52) has investigated theoretically the upwelling associated
with winds of a week or longer duration. He considers a two layer
ocean with a homogeneous upper layer of average thickness h . The
density difference between the lower and upper layers is AP . A

straight coast is defined by x = 0. It is assumed there are no vari-

ations in conditions in the y-direction. The wind blows parallel to
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(21)

Assuming the eddy coefficients for mixing and viscosity are equal,

cn.e obtains from the continuity of concentration

Yoshida states that these equations will yield the same equation (19)
for vertical velocity.

Defant (4, vol. 1, p. 656) feels that this approach provides deeper
insight into the dynamics of upwelling. Besides predicting the verti-
cal velocities it furnishes a characteristic width for upwelling which
Yoshida takes as L =7T/K . A very similar approach will be followed

in cbtaining a model for upwelling off the Oregon coast.

Opernn Ocean Upwelling

Upwelling is, in general, the result of the horizontal divergence
of the surface layer. Continuity requires a vertical transport of sub-
surface water into the surface layer. The theories of upwelling dis-

cussed above have considered the upwelling resulting from a
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one-sided divergence of the surface layer induced by a wind stress
parallel to a coastal boundary. Thkis upwelling is often referred ‘o as
coastal upwelling and it occurs only within 100 kilometers from the coast.

A spatial variation in the wind stress on the sea cculd also cause
a horizontal divergence of the Ekman layer, resulting in upwelling.
This process could occur in the open ocean, away from the influence
of coastal boundaries. The term open ocean upwe}ling ig used to dis-
tinguish this process from coastal upwelling. Open ocear. upwelling
and coastal upwelling are neither mutually exclusive nor necessarily
independent.

Freeman (9), Stommel {35), and Yoshida and Mao {57) have con-
sidered the effect of a wind induced horizontal divergence on the sur-
face layer., Yoshida and Mao were interested in upwelling of large
horizontal extent off southern Califorria and give the most complete
study of open ocean upwelling.

Yoshida and Mao eliminated the pressure terms in equations (1)
and (2) by cross-differentiation. The result, assuming density varia-

tions to benegligible, is the approximate vorticity equation (57,p. 41):

%(I’n‘) = —(5f)( L +%) (23)

9&(’3;5_2*_7_:5_&%) + Aff-‘(i‘ .ﬂ:’f)

|
+__
P2\ 4x Ay
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whereris the vertical component of the relative vorticity,

-
T

and the vertical friction is represented by shearing stresses. The
relative magnitudes of the terms are then considered,. and only the
higher order terms are kept. Using the equation of continuity (5), the
simplified equation can be written

W Boy- 1L T 7T
{)'a% Bpv {3%('73% ‘)g;%) (24)

The vertical velocity at the surface vanishes and the stress is assum-
ed negligible at the bottom of the surface or Ekman layer. Integrat-
ing the equation vertically from the base of the Ekman layer, - h,

to the surface, one obtains:

/T W B
e (B0~ 4 [

(25)

The stress at the sea surface is set equal to the wind stress. Thein-
tegral in the lasttermis the totaltransportinthesurface layer: Ekman
plus geostrophic,

Alternately one may integrate the equation (24) from the bottom of
the sea, z = -b, to the base of the Ekman layer. The vertical velocity
vanishes at the bottom and the stresses in the lower layers of the sea

are considered negligible. One obtains then:
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-h
PWy, = f pv dz (26)

The physical meaning is that the vertical motion at any depth below
which the gtres ses can be neglected is proportional to the meridional
transport below that depth. In both hemispheres the subsurface pole-
ward transport of water is associated with ascending motion.

Equations (25) and (26) provide two ways of obtaining the vertical
velocities in open ocean upwelling. Further assumptions must usual-
ly be made in order to evaluate the terms because the transports in-
volved are total. If we can assume a level surface at some depth,
say 1000 decibars, we can obtain the gecstrophic transport above that
level. With wind and hydrographic data it is then pessible to find ap-
proximate values for the terms in the equations.

In applying the equation (25) to the ccean off scuthern California,
Yoshida and Mao made the further assumption that the meridional
transport in the surface layer is negligible (57, p. 44). This assump-
tion reduces equation (25) to the form obtained by Freeman (9) since
he considered no variation in the Coriolis parameter.

Yoshida and Mao find agreement between theory and observation
off southern California (57, p. 47-51). They observe that the density

at 150 meters increases from month to month, indicating upwelling,




24

when the curl of the wind stress is positive. They also find upwelling
associated with subsurface meridional transport. The open ocean
upwelling off southern California observed by Yoshida and Mao occurs
from March to May - the same months coastal upwelling occurs in-

shore.




III. A MODEL OF UPWELLING FOR THE OREGON COAST

The oceanic area off the coast of Oregon will be considered as
divided into two regions:

1). The region of coastal upwelling, extending less than 100
kilometers out from the coast.

2). The region further offshore where the effects of the coastal
boundary may be ignored. Here open ocean upwelling may occur.
This region, for the purpose of this study, can be considered to ex-
tend indefinitely.

The processes in the two regions will differ not only because of
the presence or absence of the coastal boundary but also because of
the vast difference in the scale or extent of the two regions. While
thie wind can be considered as constant over the coastal region, it
cannot be over the 1000 kilometers of open ocean. Also, the varia-
tion of the Coriolis parameter with latitude should not be ignored in
the open ocean region.

The density structure of the ocean off Oregon is taken to be three-
layered. The surface or upper layer (the layer of frictional influence)
is assumed homogeneous with density ﬁ » but of variable depth, h.
Belcw this layer is the pycnocline, or frontal layer, in which the den-

sity changes byAf from F' of the upper layer to {32_ of the deep layer.




26

This is an idealized representation of the permanent density struc-
ture of the ocean off Oregoen.

It is assumed that the homogeneous layer and the drift current
layer coincide. In thecry,the homogeneous layer, the layer of fric-
tional influence, and the drift current layer coincide exactly in the
steady state according to Rossby and Montgomery {33, p. €7). The
effect of the pycnocline is, in any case, to reduce the vertical fric-
ticnal transport of momentum to practically zero {43, p. 4€). The
vertical shearing stress thus effectively vanishes at the base of the
surface layer and the drift current layer is limited to the homogen-
eous surface layer.

The Oregon coastline runs approximately along the meridian
1240west longitude. The coordinate system defined in Section II will
be used in this model. The coastal boundary wiil be defined by the
line x = 0. It is assumed that there are no variations in the condi-
tions or parameters in the y-direction (the longshore direction) with-
in a few hundred kilometers of the coast. This assumption is support-
ed by observation.

The coastal and *he oifshore or open ocean regions will be treat-
ed separately. The condition will be imposed that the two solutions
yield the same surface layer zonal mass transport at the boundary

between the regions.




The Open Ocean Region

Observations show that away from the boundaries on the eastern
sides of the oceans, accelerations are smali and horizontal friction
is negligible compared to vertical fricticn. The horizontal equations

of motion in a form valid under these conditicns are

_ =L 1L 3Tk
IV P 771:7 Pz 27)
oL L Ve
Fu Pay [ oz (28)

The vertical frictional forces are written explicitlyas shearing stress-
es.
The pressure terms can be eliminated by cross-differentiation.

Using the equation of continuity (5}, one obtains

_ 2 Ve
,Ff’bw +pﬁV M(’WM ‘Mx> (29)

The vertical velocity at the bottom of the surface layer is found by in-
tegrating vertically over the surface layer. Since the vertical veloci-
ty at the sea surface is zero and the stresses at the bottom of the sur-
face layer are assumed to vanish, the following expression for the

vertical velocity at the bottom of the surface layer is obtained:
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The shearing stress evaluated at the sea surface is equal to the wind
stress, Using the first of the equations of motion (27),w_j, can be

written

(31)

b BT L m_m)
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It will be required that the zonal mass transport out of the region
of coastal upwelling equal the offshore transport in the open ocean
region in the vicinity of the boundary between regions. Since varia-
tions in the y-direction are assumed negligible within a few hundred
kilometers of the coast, the pressure term in equation (28) may be
neglected there. The zonal mass transport in the open ocean in the
vicinity of the boundary between the open ccean and the coastal region
can be found by integrating this simplified equation over the surface
layer. Again, the stress at the sea surface is equal to the component
of the wind stress and the stress at the lower limit is assumed to

vanish. The vertical irtegration yields
5
M, = ff’“‘“" -l (32)
“h f

Thiz is simply the zonal component of the Ekman transport.
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Coastal Upwelling

The general approach in the coastal regicn will be similar to
that of Yoshida (52}, though differing in detail and :pecizlized tec the
Oregon coast.

The horizontal equaticnz of motion and the equation of contiruity
for the surface layer of the coastal region are used in the following

form:

[0
O:fv"ﬁ’%lf T 73?;* (33)

z P (34)

™ Iz (35)

The pressure gradients in the homogeneous surface layer are repre-
sented by the slope of the sea surface. Vertical friction is repre-

sented by shearing stress and lateral friction by the horizontal eddy

)]

1)

viscosity and lateral velcocity gradient.

Processes extending cver several days to several weeks are

considered. The equations are held to apply after the wind has been
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blowing steadily for a day or so and the drift currents have been
established. The drift currents become practically fully developed
within a day (5, p. 16). The acceleration in the x-direction is prin-
cipally wind driven and can be neglected after the drift current is
established. This is in agreement with observation.

Isostatic equilibrium is assumed to occur; the slope of the sea
surface and the slope of the pycnoline layer will establish an isostatic
condition in the deep layer. This compensation principle between the
surface and deep layers in the ocean is confirmed by experience and
is, according to Defant (4, vol. 1, p. 704), one of the most important
experimental facts of oceanography. Yoshida (52, p. 11) quotes Defant
as estimating that this adjustment occurs within a day or two off the
California coast. The relation between the surface slope and the slope
of the pycnocline layer, assuming isostatic adjustment is approxi-

mately:

W _ _aNph
Mw'x' 8 Pw (36)

Considering density as essentially a function of temperature and
salinity, the equation of conservation of concentration (4,vol. 1, p. 105)

is applied to density in the region of the pycnocline:

aﬁ +'v\/1£ = Aﬂ(y

(2 I e G
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The horizontal eddy diffusivity is considered constant and equal to the
horizontal eddy viscosity. This appears to be true from the evidence
available (39, p. 483).
In view of the density stratification, equation {37) can be written

approximately in terms of the depth of the pycnocline layer (54,p.10¢€):

= M — AH 21'
Won = a2 7 e (38)

Essentially, the vertical advection of density is balanced by the up-
lift of the pycnocline layer and lateral mixing across the pycnocline.
In the earlier stages of upwelling it is to be expected that the rate of
ascent of the pycnocline approximates closely the vertical velocity.
In the later or equilibrium stage when the pycnocline is approximately
stationary, lateral mixing balances the vertical advection.

Using the isostatic relation, equation (38) can be written in terms

of the surface elevation:

W, = £ (&B ‘r)j> (39)

An equation for the vertical velocity at the bottom of the surface
layer in the coastal region can be obtained from the equations of mo-
tion and the above relation. Solving equation (33) for v and substi-

tuting into equation (34), one obtains
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The partial differentiation with respect to x ylelds, upon appiication

of the equation of continuity and rearrangement of terms:

BE(E-4T)- L)

( ATl o L VT
of 7y 4 Tk

Again, the vertical velocity at the sea surface is zero and the stress

at the bottom of the surface layeris assumedtovanish., Thus, vertical

integration of equation (4l) over the surface layer vields

RO (U ARDE N o oy, + VT
ngc‘qx»(fot M) T 3 (42)
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The stress components evaluated at the sea surface are set equal to

the wind stress compoenents, The assumption is made that the windis
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approximately constant over the coastal region. Applying this as-
sumption and equation (39) to equation (42) vields the following equa-
tion for w_p

'01w_ 2 _
25";(—;}} - k/ VV_LV;"O where kZ = :F

(43)

The parameter k is determined by the latitude and the density struc-
ture. The value of k will be taken as constant. This assumes, fcllow
ing Yoshida (52, p. 15), that an average depth of the surface layer can
be used in the expression for k. The resulting mathematical simplic-
ity allows comparison between the model and the data available.

The solution to equation {43) is immediate:
k -k
W= AT +BE (44)

The second term on the right is discarded as physically unrealistic.
The coefficient A can be evaluated by applying the boundary condi-
tions for zonal mass transport.

Integrating the equation of continuity (35) vertically over the
surface layer yields

ﬁ E'bwd (45)
P'ﬁu dz = —JP Waz = pw, 5
[Pues--[rlgar -p




since the vertical velocity at the sea surface vanishes. The addi-
tional terms resulting from interchanging the order of integration and
differentiation according to Leibnitz' rule are neglected, since the
surface slope is small and the horizontal velocity is assumed to vanish
at the bottom of the surface layer, yielding
5
O%A“ = ;%Xffmdz = pw, (46)
Integrating the above equation with respect to x from the coast,
x = 0, out to a distance x =-L, the outer limit of the coastal upwelling
region, yields:

/\/\‘ M“Lo :j Ay < f)., kL—F% (47)

%—_

The zonal mass transport evaluated at x = 0 must be zero since there
can be no mass transport through the coastal boundary. The zonal
mass transport at the outer edge of the coastal upwelling region,

x =-L, must equal the transpert obtained for the inner portion of the

open ocean region, as given by equation (32). The term in equation

-kL

(45) involving e can be neglected since L is of the order of 100

kilometers and any realistic evaluation of k shows it to be of the order

of 10—6 cm-l. Solving for A yields

A=-kl
P
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Thus, the vertical velocity at the bottom of the surface layer in the

coastal region is given by

_ _k %
W, = =% Ty e,
" Ffj

(48)

In summary: The model of upwelling for the Oregon coast
provides expressions for the vertical velocity a% the bottom of the sur-
face layer for both open ocean and coastal upwelling in equations (31)
and (48) respectively. The amount of water upwelled through the
bottom of the surface layer per unit meridionallength in a unit time

in the coastal region is given by:

° __T
_fLPW'hM - f (49)

The effective width of the coastal upwelling belt is given through the

parameter k, equation (43).
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IVv. THE DATA

Wind Stress

The most important single parameter in upwelling is the stress
exerted by the wind on the sea surface. Indeed, in any consideration
of ocean movements, from ripples on the surface to large scale per-
manent ocean currents, wind stress is a major factor. It is impor-
tant to obtain a reliable estimare of the wind stress to discuss upwell-
ing quantitatively or to test the validity of a model.

Momentum is exchanged between the atmospheric and oceanic cir-
culation by means of shearing stress. The shearing stress in a fluid
is in general a symmetric tensor. The Txt and Tji components are of
particular interest. These components evaluated at the sea surface
equal the components of the stress exerted by the wind on the sea, or
the transfer of horizontal momentum vertically across the air-sea in-
terface.

The stress of the wind on the sea cannot be measured directly but
can be computed by several indirect methods. The only method, how-
ever, that has proved suitable for systematic determinations is based

—
on the formula giving the wind stress on the sea surface,r_[: , in terms
of the air density, f)a , a dimensionless drag coefficent, Cp, and the

wind velocity, Tfa , measured at a distance, a, (usually 10 meters)

above the sea surface.
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U = PaCD || U, (50)
This formula has been used in virtually all circulation dyramics stud-
ies. It can be deduced by dimensional reasoning. It can also be de-
duced from observation, as done by Ekman (5, p. 40}, or obtained from
classical turbulence studies such as those of Rossby and Mentgomery
(33, p. 5~6).

Many determinations, from various approaches, have beer. made
to determine the drag coefficent, CD’ which was first defined by Tayler
{41}, In general,Cp is a function of other dimensicnless parameters
involving wind speed, surface roughness, height of wind measurement
and stability of air over the sea. There is evidence tc indicate the ex-
istence of a critical wind speed below which the sea surface is hydro-
dynamically smooth and above which it is rough, leading to different
values for CD' Munk (24, p. 212) shows the critical wind speed to be
between six and eight m/sec. Above this wind speed Cp appears to be
constant, but below this speed the value is onlyapproximately constant.

Wilson (45) has reviewed all available literature of laboratory and
field measurements of C and adjusted them to prototype conditions
at 10 meters height. The values for the dimensionless drag c;oefficent
for strong and light winds are 0.0024%,0005 and 0.0015%.0008 re-

spectively. Wilson does not specify his definition for strong and
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light winds but it appears that the dividing point is about 15 knots,
corresponding closely to Munk's critical wind speed. Sverdrup (36,

3

p. 628) had previously suggested using the value of 2.4 x 10"~ as the

best estimate of CD’ particularly if the wind speed varies over a
wide range. This is reasonable because the stress values for low
wind speeds enter with small weight only, since the stress is pro-
portional to the square of the wind speed.

The procedure used in this study is to use the value 2. 4 x 10—3
for CD with mean winds, but to use Wilson's two values where indi-
vidual wind velocity measurements were available.

The uncertainties in regard to the validity of equation (50) and
the value for CD are, unfortunately, not the least of the uncertainties
in obtaining a mean wind stress. Ideally, one would need a dense
distribution of oceanic stations reporting the wind accurately many
times a day. From each observation of the wind velocity, the com-
ponents of the surface wind stress could be computed. The two com-
ponents could be averaged individually to find the mean wind stress
vector. In general, this would give a stress different in direction
and magnitude from the stress computed from the more readily avail-
able mean resultant wind. The two values would be equal only for a
wind steady in velocity. Since a completely random wind velocity
distribution would give & mean resultant wind close to zero, it is to

be expected that the stress computations based on the mean result-

ant wind will underestimate the magnitude of the mean wind stress.
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The major atmospheric circulation is fairly regular, although
varying seasonally in many areas. It is thus possible to obtain an
approximation to the monthly mean wind stress from the monthly
mean sea level pressure charts. The monthly mean sea level pres-
sure charts yield a mean resultant wind through the geostrophic
computations (6, p. 29-33).

Another source of climatic wind data is contained in the Pilot
Charts. The charts contain wind roses giving the average distribu-
tion over a given time and region. The wind roses give the percent-
age of time the wind blows from each of the 16 points of the compass
and the mean wind speed for that direction. Workers at Scripps
Institution of Oceanography evaluated the mean wind stress for five
degree quadrangles in the North Pacific for each month (34). They
obtained a wind speed distribution function for each mean wind speed
from climatic charts and thus obtained a mean wind stress for each
point of the compass. Finally, a frequency weighted resultant mean
wind stress was obtained.

Malkmus (17, p. 187-189) has compared the mean wind stress

vector obtained from the several methods using data obtained during
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oceanographic cruises. The results are in surprising agreement, the

agreement being roughly proportional to the wind steadiness.

The Meterorological Data

The wind data available for cbtaining a value of *he wind stresszin
the vicinity of the Oregon coast are fourfold:

1). The monthly mean wind stress charts computed at Scripps
Institution of Oceanography (34). These values were derived from the
pilot charts, which show average winds from many years of ship
reports, weighted to yield resultant wind stress. Data of this kind
have been used by Wyrtki in his study of upwelling off Peru {51, p. 316)
and by Reid and Wooster (47, p. 267-268) in a qualitative discussion of
upwelling along the western coasts of the continents.

2). The monthly mean sea level pressure charts issued by the
Extended Forecast Section of the United States Weather Bureau.
These charts were obtained through the courtesy of Jerome Namias,
Chief of the Extended Forecast Section. The monthly means of the sea
level atmospheric pressure at a regular set of grid points are obtain-
ed from averaging twice daily observations. One may then obtain the
mean resultant geostrophic wind and hence an estimate of the mean
wind stress for each month of each year. Data of this type have been

used by Montgomery (23} in his study of the transport of the surface
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water in the North Atlantic and by Fofonoff (7, 8) in his extensive study
of mass transport in the North Atlantic and North Pacific., The mean
wind stress at 125°west longitude and 45° nortt latitude (approximate-
ly 40 nautical miles off Newpert, Oregon) has been zomputed using the
monthly mean pressure charts for each month from 1960 through 1963

3). The sea level pressure charts received several times daily
from the U.S. Weather Bureau on the facsimile equipment of the
Physics Department of Oregon State University. The data are given
as pressure contours. The geostrophic wind at the point of interest
can be computed from each chart. The wind stress can then be ob-
tained and the components of the stress average over the perioddesir-
ed. This involves considerable work and some subjective error to
obtain averages over sxtended periods. This source of mean wind
stress was used for shozrt pericds arnd as an occasional check on the
monthly mean wind stress found from the monthly mean sea level
pressure charts.

4). The wind velocities obtained from shipbocard observations.
This would provide a good estimate of the mean wind stress if suffi-
cient ships took a sufficient number of observations. Montgomery (23)
concluded from his study that the winds computed from pressure gra-
dients are not only more consistent and easier to handle, but more

accurate if observations are meager. This is because a relatively
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few ships can define the pressure system over the cocean with fair
accuracy, while many more ships would be needed to define the wind
system.

All four of the above sources of wind data have beer used in this
thesis. For an estimate of the mean wind stress during the period
between the monthly or bi-monthly oceanographic cruises of Oregon
State University, the monthly mean pressure charts were used. The
wind velocity at 10 meters was obtained by first computing the mean
resultant geostrophic velocity. The geostrophic velocity was then ro-
tated by 15 degrees to the left of the downwind direscsiior ard reduced
to 70 % of its magnitude to estimate the surfsce {10 meters) wind
velocity, This follows the procedure used by Fefonoif (8, p. 1)
Montgomery {23) and Sverdrup and Fleming (38, p. 319-320) used simi-
lar procedures to obtain the surface wind from the geostrophic wind,
although slightly different values for the angle and attenuation were
used in each case.

For shorter term mean wind stress the daily pressure charts and
shipboard observations were used. The same procedure as mentioned
in the above paragraph was used to obtain surface winds from the gecs-
trophic winds computed from daily pressure charts., When shipboard

observations of the wind were used, a selection of observations
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separated by approximately equal time intervals was made. To ob-
tain the mean wind stress from these sources, the two components of
the wind stress from each cbservation were averaged separately.

In the model proposed for the Oregen coast, and sssentially in
all theories of cozstal upwelling, the compenent of the wind stress
vector parallel to the ccast is the significant parameter. In the case
of the Oregon coast, the component of the wind stress causing the
coastal upwelling is Ty » the north-south comporent. The moenthly
mean of this component off the Oregon coast is shown in Figure 1 for
the period from June 1961 to September 1963. The wind stress was
computed from the monthly mean pressure charts for 125° west lati-
tude and 45° north latitude._

The 14 year average (1950-1963) of the monthly means of "C:y is
shown in Figure 2. The standard deviations varied from 0. 09
dynes/c:rn2 for July to 0. 60 dynes/crn2 for Jaanuary. Also shown in
Figure 2 is ther-@ cemponent of the resultant mean wind stress com-
puted for the same areaatthe Scripps Ianstituticn of Oceanography (34).
The values in the two coceanic quadrangles having the cormmon pcint
125° west longitude and 45° north latitude were averaged to obtain the
latter values.

The agreement between the two sets of points in Figure 2 is as

goodas can be expected. The only disagreementas to direction
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Figure 2.

Fourteen-year average of monthly meridional wind stress component
at 45°N, 125°W computed from monthly mean pressure charts (solid
line) and monthly mean meridicnal component of resultant wind stress
from pilot charts (34)(dashed line).
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occurs in April. April, however, has a very high standard deviation.
The expectation is borne cut that the mean stress computed from
the resultant wind (obtained from the monthly mean charts) would be
less than that of the resultant stress itself.

An estimate of the wind steadiness off the Oregon coast can be
obtained from the United States Weather Bureau Climatic Charts of
the Oceans{42). The constancy parameter given inthe charts is the per-
centage of winds in the same quadrant as the resultant wind. The
constancy off the Oregon coast is high (61% to 80%) for the upwelling
season (May to September). Confidence can thus be pié.ced in the wind
stress values obtained from the resultant wind during the upwelling

period.

The Oceanographic Data

The model of upwelling for the Oregon coast provides an expres-
sion for the vertical velocity at the bottom of the surface or drift
current layer. The vertical velocity is in general a function of the
wind stress and oceanographic parameters. The meteorological data
have been discussed in the preceding part. The oceanographic data
used in this study were obtained from the oceanographic cruises of
Oregon State University. Since May 1961 regular hydrographic cruis-

es have been made by Oceanography Department personnel abroad the
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R/V ACONA. Prior to May 1961 hydrographic cruises were made on
a less regular basis aboard charter vessels,

This study covers the period from September 1960 to September
1963 inclusive. Attention was concentrated on the section off Newport
(44°39' north latitude) and off Brookings (42°00' north latitude). The
Newport section is considered typical of the general features of the
ocean off Oregon. It also provides the largest and most complete set
of data since the hydrographic stations were cccupied on a monthly
or bi-monthly basis. The Brookings section provides additional data
on coastal upwelling since it transects an area of pronounced coastal
upwelling.

The hydrographic data consist of temperature and salinity ob-
servations at given depths at a regular set of stations off the coast.
Stations are occupied every 10 nautical miles starting from five miles
off the coast to 45 nautical miles off the coast andthereafter every 20
nautical miles out to 165 nautical miles from the coast. The temper-
ature and salinity values at standard depths are interpolated by a
modified parabolic procedure. The density is computed at the stand-
ard depths and is given in terms of sigma-~-t, O . From these data
other parameters of interest are computed, e.g. the geopotential
anomalies for geostrophic current calculations. The hydrographic

data provide knowledge of the density structure of the ocean off the
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Oregon coast and the values for the oceanographic parameters in the

model.

In the case of coastal upwelling, the depth of the surface layer
and the density difference between the surface and the deep layer en-
ter as the oceanographic parameters. In the model the surface layer
is taken to be a homogeneous layer of uniform density. In the real
ocean there seldom is a truly homogeneous layer of appreciable
depth. In studies where the density structure of the ocean is approx-
imated by a two layer model, the surface layer is usually taken to
extend down to the depth of greatest density gradient (56). In the
three-layer model for the ocean off Oregon, the intermediate layer
is the region of rapid density change with depth. This layer corres-
ponds to the observed front or pycnocline, the layer in which the
change density with depth is noticeably greater than in the layers
above and below. An example of the observed density structure is
shown in Figure 3. The pycnocline or oceanic front off the Oregon
coast has been studied by Collins (2). He found that the 25.5 and
26.0 sigma-t surfaces (density 1.0255 and 1. 0260 gr/cm3) were al-
ways within the pycnocline, Collins chose these two sigma-t values
to delineate the front (2, p. 17). In the present study, the 25.5

sigma-t surface was accordingly chosen as the bottom of the surface

layer.

The depths of the 25.5 and 26. 0 sigma-t values were computed
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Figure 3. Density versus depth 45 nautical miles off the coast at
42°N in May 1963.
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for all stations from the hydrographic data. The computer program,
written by Mrs. Sue Borden, obtained the depth of the sigma-t
values by linear interpolation of the observed hYdrographic: data. By
using the observed hydrographic data rather than that already inter-
polated to standard depths, interpolation upon interpolations was
avoided. Under the assumption that no velocity gradients exist in
the longshore direction and that mixing across the sigma-t surfaces
is negligible, the change in the depth of the isopycnals between
cruises gives an estimate of the vertical velocities. Futhermore,
since in this model the surface layer is assumed to coincide with the
drift current layer, the integral of the vertical velocity’of the 25.5
sigma~t surface from the coast out to the edge of the coastal region
should provide an estimate of the offshore transport.

A density value representative of the surface layer can be found
by averaging the hydrographic data, weighted accor4ding to depth
intervals. In general the mean density of the surface layer (the layer
above the depth of sigma-t equal to 25. 5) would be found to be
24.5% 0.5 sigma-t units. The density below the pycnocline increases
very slowly with depth from a value of about 26. 2 sigma~t units at the
base of the pycnocline. A characteristic value of the density at 200
meters (always below the pycnocline) would be 26. 5 sigma-t units.

Thus a representative value for Af) in the model would be 2 x 1073
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gm/cm3

.. Since Af) enters only as the square root, small variations
in its value do not materially affect the results. AF was considered

to have the constant value 2 x 10“’3 in the model.
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V. RESULTS

Open Ocean Upwelling

The equation for the vertical velocity at the bottom of the surface
layer for the open ocean region of the model is given by equation (31)

TG L B :
Mol a‘p(?}xﬂ 'w> ;FT jc/;_fi%d%

The first term on the right is the horizontal divergence in the surface
layer caused by spatial variation in the wind stress or, inother words,
the curl of the wind stress. The second and third terms on the right
are the horizontal divergence exhibited by the meridional Ekman and
geostrophic transports respectively. The evaluation of the para-
meters involved in open ocean upwelling is more difficult than in the
case of coastal upwelling., The vertical velocities are at least an
order of magnitude smaller than in the case of coastal upwelling. The
wind stress must be known with enough precision at several locations
to be able to estimate the curl of the wind stress. Finally, the me-
ridional transport in the surface layer must be obtained.

The best estimate of the monthly mean curl of the wind stress off
Oregon is probably to be obtained from the monthly mean wind stress

charts made at the Scripps Institution of Oceanography (34). The
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value of the curl was found for 45° north latitude, 130° west longitude
from the mean wind stress in the four five-degree quadrangles about

this point. The monthly values of the wind stress curl are given in

Table 1,

Table 1. Wind stress curl at 45° north latitude, 130° west longitude

Curl Curl
Month 10'9dy'nes/c:m3 Month 10'9dynes/cm3
January 21.0 July - 9.0
February 21.0 August - 9.0
March 10.0 September - 5.0
April 2.0 October 0
May - 3.0 November 5.0
June - 5.0 December 13.0

The values for the east-west component of the wind stress, Tx, ,
entering into the equation (31) were obtained from the same chart, but
the magnitudes werealways less than 0, 4 dynes/cm2. Therefore, the
contribution of the meridional Ekman transport in the equation for open
ocean upwelling is an order of magnitude less than the effect of the
curl of the wind stress and is therefore neglected.

The meridional geostrophic transports were computed using stan-

dard oceanographic me*thods (36, p. 650-652) from the geopotential
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anomalies obtained from hydrographic data. The transports through
the sections 65 to 105 and 105 to 145 nautical miles from the coast at
44°39' north latitude were computed relative to the 1000 decibar level
The transports given in Table 2 are the net meridional geostrophic
transports in the layer 0 to 100 meters relé.tive to 1000 decibars. For
the purposes of geostrophic computation the surface layer has been
taken to be 100 meters thick in the open ocean off Oregon. This
assumption is common for the mid-latitudes (51, p. 313) and in accord
with existing data. The average depth of the 25.5 sigma-t surface,
the assumed bottom of the surface layer in the model, is 85 meters at
125 nautical miles off the coast. Anydiscrepancy caused by this
inconsjistency should be negligible,

It was apparent from the hydregraphic data that the effect of the
coastal upwelled water being transported offshore was present out to
85 nautical miles from the coast. This is reflected in the increa.sed
southerly transport through the section 65 to 105 nautical miles off
the coast during the upwelling season. The increase is due to the
accumulation of denser water inshore and the concommitant lowering
of the sea level, increasing the horizontal pressure gradient. This
increased transport was also observed by Sverdrup and Fleming
(38, p. 273-275) off scuthern California during coastal upwelling. For

the discussion of open ocean upwelling it was therefore advisable to
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Table 2. Surface layer meridional geostrophic transports through
sections along 44° 39' north latitude.

Transport through Transport through
Date section 65-105 nautical section 105-145 nautical
miles from the coast miles from the coast
1012 gr/sec 1012 gr/sec
June 1961 -0, 37 -0.72
October 1961 +0. 25 -0.22
December 1961 -0. 24 +0. 07
June 1962 +0.01 +0.11
July 1962 -0.73 +0. 21
September 1962 -0. 59 0
December 1962 +0. 17 -0.07
February 1963 -0.10 -0.08
May 1963 +0. 06 +0.09

September 1963 -0.12 +0. 05
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restrict the discussion to the section further offshore.

The geopotential anomalies, from which the geostrophic trans-
ports are computed, are uncertain to 0.01 dynamic meters (4, vol. 1,
p- 311;48, p. 564). This results in an uncertainty of 0.1 x 1012 gr/sec
in the geostrophic transport in the upper 100 meters through the
sections. It is apparent from the values of the geostrophic transports
in Table 2 that the magnitudes are usually about the same size as the
uncertainty. This is not surprising for a section of this size since
the eastern boundary currents are broad and slow. The magnitudes
are too small to contribute appreciably to the equation for open ocean
upwelling, and may be neglected. This reduces equation (31) for open
ocean upwelling off the Oregon coast to a function of the wind stress
curl alone.

In Section II, Open Ocean Upwelling, an alternate expression for
open ocean upwelling was obtained in equation (26), It was observed
that the vertical motion at any depth below which the stress vanishes
is proportional to the meridional mass transport below that depth.
Subsurface poleward mass transport is associated with ascending
motion. Equation (26) can thus be used to estimate the vertical veloc-

ity at the bottom of the surface layer in the open ocean region.
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Below the surface layer, the stresses vanish and it is usually assumed
that transports are approximately geostrophic. Assuming a level
surface at 1000 decibars, the meridional geostrophic mass transport
from 100 meters to 1000 meters was computed for the two sections,
65 to 105 and 105 to 145 nautical miles from the coast at 44°939' north
latitude. The values are given in Table 3. The uncertainity in the

ol2 gr/sec

hydrographic dataleads to an uncertainty of about 1.0 x 1
in this subsurface meridional mass transport. Again, the magnitude
of the computed transports is of the same order as the uncertainty in

the values. Off the Oregon coast it appears that such computations do
not give definitive results. The best estimate for the open ocean up-

welling is thus obtained from the wind stress curl.

To obtain an estimate of the vertical velocities one can note the
changes in the depth of the sigma-t surfaces. Due to the small size
of the changes relative to the uncertainties, only a qualitative com-
parison of the vertical velocity and the wind stress curl is justified.

The data available were divided into periods during which the wind

stress curl was significantly negative or positive - the months June,




Table 3. Subsurface (100 to 1000 meters depth) meridional

geostrophic transports through sections along
44° 39' north latitude.
Transport through Transport through
Date section 65-105 nautical section 105-145 nautical
miles from the coast miles from the coast

1012 gr/sec 1012 gr/sec
June 1961 -0.7 -1.9
October 1961 -2.0 -0.8
December 1961 -2.1 +1.1
June 1962 1+0.6 +0. 3
July 1962 -0.6 +0. 2
September 1962 +0. 4 +1.1
December 1962 +1.3 -2.2
February 1963 +0. 5 +0. 7
May 1963 -0.5 +1.0
September 1963 +2.7 +0.3
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July, August and September, and the months Novermber, December,
January and February respectively. The vertical velocities obtained
using the mean curl for the two periods are -0.7 x 104 cm/sec
(downwelling) and 1. 5 x 104 cm/sec (upwelling) respectively. The
mean depths of the 25.5 sigma-t surface for the three outermost sta-
tions (125,145 and 165 nautical miles from the coast) were averaged
together for each of the periods. The mean depth during the negative
curl period (downwelling) was 881 3 meters, and during the period of
positive curl (upwelling) it was 79+ 3 meters. The mean depth of the
25. 5 sigma-~t surface over all months was 84+ 2 meters.

There is thus qualitative agreement with the curl of the wind
stress and the depth of the 25. 5 sigma-t surface. As a negativere-~
sult it can be said that if there is open ocean upwelling off Oregon it
is weak and occurs at a different time than coastal upwelling. This
is in contrast to the situation Yoshida and Mao (57, p. 51) observed off
southern California where both forms of upwelling occured in the

spring.

Coastal Upwelling

The model's validity should be most readily ascertained in the
relatively early stages of upwelling. The pycnocline is then fairly

level and horizontal mixing across the pycnocline would be at a
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minimum. Thus the rate of rise of the 25.5 sigma-t surface should
closely approximate the average vertical velocity at that surface.

Almost without exception studies of upwelling have been based on
hydrographic observations from more or less regularly scheduled
hydrographic cruises at monthly or longer intervals. This type cf
data forms the bulk of this study and essentially tests the model on a
monthly average basis. However, a shorter term set of observations
during relatively strong and steady winds provided a more direct com-
parison between the wind stress and the ocean's response, and hence
a good test of the model.

The R/V ACONA was at the right place at the right time to ob-
serve the beginning of the upwelling season in May 1963. A set of
observations of the early stages of coastal upwelling was obtained.
The ship was operating off the southern coast of Oregon. The weather
maps indicate winds in the area had been blowing from a southerly
direction until about 10 May. The winds then became variable but
with a resultant northerly component. After 13 May and until the ship
left the area the winds had a persistent moderate to strong northerly
component.

The R/V ACONA made two series of standard hydrégraphic casts

along the Brookings line {42°00' north latitude) at distances 5, 15, 25

and 35 nautical miles from the coast. The two series were initiated
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at the same phase of the tide (high) on 14 May and 17 May. The actual
time between observations at a given station is nearly constant at 76
hours. The distribution of temperature and salinity at the two times
is shown in Figures 4 and 5, Two additional series of stations run 10
minutes of latitude north and south of the Brookings line indicated
negligible meridional gradients. The evidence is that there isas-
cending motion and transport of water offshore. This is precisely
what we have defined to be upwelling. It is to be noted that the slop-
ing isograms indicate that upwelling had already begun when the first
set of observations were made. This is consistent with the fact that
the mean wind stress in the four days proceeding the first observa-
tions was conducive to coastal upwelling.

Vertical velocities can be estimated from the vertical displace-
ments of the isograms, The offshore velocity component can then be
found from the equation of continuity, assuming no latitudinal velocity
gradient. The offshore transport can be found by a slightly different
means. Assuming no cross-isogram flow, one can interpret the
change in the area between two isograms in the time between the two
series as a zonal transport per unit meridional length, This can be
done for each section defined by the coast and a station, and can be
done independently for temperature and salinity. The data were

analyzed in this manner by June Pattullo and Norman Kujala (26).




DISTANCE IN KILOMETERS

20 10 o]
1 L
50
100
TEMPERATURE °C
14 May — 150
80 I7 May
[ ———80
200
Figure 4. Temperature distribution along Brookings line in May 1963.

IN METERS

DEPTH

19




DISTANCE IN KILOMETERS

60 50 40 30 20 0
L 1 1 1 1 1
30—
*\_—_
24
324 26
/ 326
228
128 20
430 2
332
©
e
®
» SALINITY %
»8
-~ |4 May
—— |7 May

Figure 5. Salinity distribution along Brookings line in May 1963.

IN METERS

DEPTH

29




The total offshore transport through the station furthest from the
shore (35 nautical miles) computed from salinity observations was
8.6 x 109 gr/cm and from temperature observations was 7.6 x 109
This flowed offshore between the surface and about 90 meters. The
horizontal velocity is offshore above the 10° centigrade isotherm and
the 33°/00 isohaline. This corresponds to a sigma-~t value of 25. 4.
The agreement is within computational error of identity with the value
of 25.5, which has been assumed to indicate the bottom of the surface
or drift current layer off Oregon in the model. The transport may
also be found from the displacement of the 25.5 sigma-t surface be-
tween the two observations. This gives the amount of water trans-
ported offshore in the surface layer between sets of observations as
7.2 x 109 gr/icm.

The uncertainty in the values for the total transport is difficult
to assess. An estimate of the uncertainty can be made from the ob-
served standard deviation of the 25. 5 sigma-t surface during a 24
hour series of observations at a station 23 nautical miles from the
coast at 44°39' north latitude. The standard deviation was about
two meters. This includes the effect of any internal tidal oscillation
which can seriously effect hydrographic data (4, vol. 2, p. 537-550).

Since the stations on the Brookings line were occupied on the same

phase of the tide, the uncertainty is less. An estimate of the
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uncertainty in the total transport is of the order of 1 x 107 gr/cm.

These values of offshcre transport, compuzed frém the hydro-
graphic observaticns, can be compared with the values from the
model. The wind stress at 42° north latitude, 125° west longitude
was computed from the 0000 and 1200 hours {Greenwich time)} sea
level pressure charts for 14 May through 17 May. The wind stress
was computed from the geostrophic winds and the wind stress com-
ponents averaged, yielding a resultant mean wind stress component
for the y-direction of -1. 60 dynes/cm?. This implies an offshore

transportof 4. 4 x 109 gr/cm for the time between observations

{(27.4 x 104 sec). The wind stress was also computed from the ship-
board observations of the wind. Since these observations were not
spaced equally in distance or time, a selection of observations or a
weighted mean was used to obtain a mean wind stress. Depending on
the procedure or selection, one obtains values ranging from -1. 56 to
-3.80 dynes/Cm2 forr@, leading to a total offshore transport ranging
from 4.4 x 107 to 8.8 x 107 gr/cm for the period.

The vertical velocity can be estimated from the change in depth
of the 25.5 sigma-t surface between observations. The values ob-
tained may be compared with those predicted by equation (49), The
nominal coastline and the effective coastal boundary for the model

should not be expected to coincide, due to the gradual slope of the sea
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bottom in the immediate vicinity of the beach. The effective coastal
boundary of 42° north latitude is taken arbitrarily at the 10-fathom
line, or about two nautical miles from the coastline. Comparison of
the values predicted by equation (49) taking k = 0. 70 x 106 cm-! and
those observed from the displacément of the 25. 5 sigma-~t surfaces
at 5, 15, 25 and 35 nautical miles from the coastline are given in
Table 4. The estimated uncertainty in the observed vertical veloci-
ties is based on an estimated uncertainty of one meter in the depth

of the sigma-t surface.

Table 4. Observed and predicted vertical velocities along 42°
north latitude, 14 to 17 May 1964.

Observed vertical Predicted vertical

Distance from coastline velocity velocity
10-3 cm/sec 1073 cm/sec
5 7.0 1.0 8.5
15 5,0+ 1.0 2.1
25 2.3x 1.0 0.5
35 0.2*1.0 0.1

The major part of the oceanographic data available have come
from the regular hydrographic cruises operating on a monthly or bi-
monthly schedule. The values of the parameters in the model are
taken as monthly or longer term averages for this part of the dis-

cussion.
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The amount of water upwelled and transported offshore per unit

meridional length in a unit time can be computed using equation (49).
0
I
x=-L ~L

The vertical velocity at the base of the surface or drift current layer,
W_}» can be estimated from the change in depth of the 25. 5 sigma-t
surface between cruises. This assumes no transport of mass across
the sigma-t surface, an assumption that will be discussed below.

The offshore limit, -L, is taken as the station 45 nautical miles off
the coast.

In practice, the total transport between cruises was obtained by
computing the volumetric changes in the surface layer due to the
translation of the 25. 5 sigma-~t surface. The change in area between
observations was found for the section in the xz-plane defined by the
coastline, the vertical at 45 nautical miles off the coast, the sea sur-
face and the 25.5 sigma-t level. Only the latter, of course, varied.
These values for the total surface layer zonal transport are given in
Table 5 for the upwelling season. Since the data from which these
total transports were computed were obtained without regard to the
tidal phase, the uncertainty is greater than that for the Brookings

section discussed above. In addition, the sections extend further

offshore. The uncertainty is estimated as 3 x 109 gr/cm.




Table 5. Zonal surface layer transport through meridional plane
at 44° 39' north latitude, 125°07' west longitude

Total transport Total transport
Dates from wind stress from hydrographic
data
9 or/ 9 ,
107 gr/cm 107 gr/cm
1961
23 Apr - 24 May - 2,1 - 6.6
24 May - 27 June - 2.0 - 8.0
27 June - 21 Aug -15.6 -14.1
21 Aug - 30 Oct - 8.2 + 7.2
1962
3 May - 6 June ~11,9 - 8.0
6 June - 27 July ~-14,2 -22.5
27 July - 5 Sept - 4,1 + 2.3
1963
25 May - 17 July -12.2 ~ 9.5
17 July - 19 Sept - 5.5 + 1.2
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According to the model the transport is a function of the mean
meridional component of the wind stress. The average wind stress
was computed for each month from the monthly mean pressure
charts. The total zonal transport in the surface layer between sets
of observations was found by weighting the monthly means accord-
ing to the number of days in each month contained in the period.
Some error may be introduced since the mean wind stress is com-
puted from the entire month. This error is usually small since most

observations were taken within a few days of the beginning of a month.

More serious sources of uncertainties in the wind stress were dis~
cussed in Section IV and include the uncertainties in the wind stress
formula itself, the relation between the geostrophic wind and the sur-
face wind, and the averaging process itself. The uncertainty might
be as large as a factor of two and the computed stresses are more
likely to be underestimates. The total transports computed from the
average wind stress are compared with those obtained from the ocean-
ographic data in Table 5.

There have been few direct measurements of the currents off the
Oregon coast during the upwelling season. The data for surface cur-
rents has been summarized by Maughan (18, p. 33). He found definite

offshore flow in July and possibly weak offshore flow in June and

August.
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The agreement between the transport calculated from the north-
south component of the wind stress and from the hydrographic data is
very likely as good as can be expected. There are two basic sources
of uncertainties in the values: the estimation of the mean wind stress
and the assumption that the rate of change of the depth of the pycno-
cline layer is the vertical velocity of the water.

The assumption was made that the vertical velocity of the water
at the base of the surface layer could be found by observing the
change in depth of the 25. 5 sigma-t surface with time. This assumes
that there was no transfer of mass across the sigma-t surface. How-
ever, the possibility of mixing was explicitly allowed for in the model.
While it is likely that, at least in the earlier portion of the upwelling
season, the rate of ascent of the 25. 5 sigma-t surface closely ap-
proximates the vertical velocity, this may not be so later in the up-
welling season. Later in the upwelling season the slope of the pycno-
cline layer makeslateral mixing across the pycnocline a distinct pos-
sibility. Yoshida (52, p. 14-16) in his study asserts that an equilib-
rium is reached in which lateral mixing completely balances the ver-
tical advection of density, resulting in a stationary pycnocline.
Indeed, the pycnocline is observed to be stationaryin the late summer
or early fall off Oregon. It would appear from the position of the

25. 5 sigma~t surface that there has been no offshore transport, or
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even that there has been onshore transport, while the wind stress
predicts continued upwelling and offshore transport.

The possibility that lateral mixing across the pycnocline could
account for the stationary pycnocline in the presence of upwelling was
tested. Assuming that the vertical advection of density and salt were
balanced by .lateral mixing, the eddy coefficient can be obtained from
equation (37). For the stationary distribution of a property, S, the
equation reduces to

P

w?dS _ A4S
okt
This equation was used with density and with salinityto find the lateral
eddy diffusivity coefficient. The hydrographic data for October 1961,
September 1962 and September 1963 were examined. The gradients
of density and salinity were obtained using the values at 5, 15 and 25
nautical miles off the coast. The vertical velocity was assumed to be
10-3 cm/sec. The calculations were done for density and salinity
independently and the extreme range of values for the transfer or
mixing coefficient was from 0.5 x 106 to 3.4 x 10° c.g.s.units. These
coefficients are in close agreement with values expected in this
region (see Section II, The Theory of Hidaka).

In the fall the wind circulation pattern shifts with southerly

winds becoming predominant. From October until May the monthly

mean meridional wind stress is usually positive (Figure 2). Onshore
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transport in the surface layer and subsidence of the pycnocline near
the coast is therefore expected and does occur. However, the un-
certainties in both the depth of the pycnocline and the mean wind
stress are large. The pycnocline is frequently below the deepest
sampling depth at the near shore stations (5 and 15 nautical miles
from the coast) in the late fall and winter. The wind constancy para~
meter is very low with only 25% to 40 % of the winds in the
the same quadrant as the resultant wind during the fall and winter
(42, p. 8-14), making the estimates of the mean wind stress less re-
liable. The indication is that from September or October to
December or January an amount of water roughly equal to that trans-
ported offshore during the upwelling season is transported onshore.
The subsidence of the 25. 5 sigma-t surface from 30 October 1961 to
5 January 1962 indicates a total surface layer transport through the
meridional section at 44°39' north latitude, 125°07'west longitude to
be 19.6 x 107 gr/cm onshore. The meridional component of the
mean wind stress predicts 9.6 x 109 gr/cm onshore transport
for the period. For the period from 5 September 1962 to 17
December 1962 the subsidence of the 25.5 sigma~-t surface and the
mean meridional wind stress yield values of 35. 4 gr/cm and
30.2 gr/cm, respectively, for the onshore transport during the

period. The transports are variable during the late winter and early
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spring and the net transport from January until the beginning of up-
welling appears minor. In the late spring the atmospheric circula-

tion again shifts and northerly winds predominate, and upwelling

commences.
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VI. SUMMARY AND CONCLUSIONS

Upwelling is one of the more significant oceanographic phenom-
ena of the Oregon oceanic waters. Its effects range from keeping
the water too cool for comfortable swimming in the summer to in-
creasing the productivity of the coastal waters.

In general, upwelling is the result of the horizontal divergence
of the surface layer, resulting in subsurface water rising into the
surface layer. The divergence may be induced by a longshore wind
stress in the coastal region, or by the spatial variation of the wind
stress in the open ocean. Coastal upwelling is an order of magnitude
more intense than open ocean upwelling but is limited to within about
100 kilometers of the coast.

Coastal upwelling along the Oregon coast is clearly associated
with a northerly wind stress. Along the Oregon coast the winds are
favorable for upwelling from about May to September, the months
during which the oceanographic data show upwelling.

The idealized model of this study encompasses both open ocean
and coastal upwelling. The model gives the vertical velocity at the
base of the surface layer, which is represented by the 25.5 sigma-t

surface off the Oregon coast. The model cannot quantitatively predict

the effect of upwelling on the distribution of properties in the surface
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layer. The three-layer nature of the model, while a fair approxima-
tion to the density structure and therefore useful in the dynamical
study, is too idealized for a quantitative description of the distribution
of other properties. The distribution of properties within the surface
layer is critically dependent on both horizontal and vertical mixing,
which are yet imperfectly understood in the ocean. The model itself
would fail if the pycnocline were close enough to the surface so that
horizontal and vertical mixing would eliminate the density stratifica-
tion. This has been observed to occur off Oregon, though only very
near shore.

Should more oceanographic and meteorological data become
available, from such sources as offshore moored buoys, it would
perhaps be worthwhile to retain the wind stress variations in equation
(42) and to allow the parameter, k, to vary. The model as it stands
does, however, provide qualitative agreement with observations and
in the case of coastal upwelling some degree of quantitative agree-
ment. Oceanographic data have been used to infer vertical velocities
at the base of the surface layer and the amount of water upwelled in
the coastal region. These values have been compared with the values
predicted from the meridional component of the wind stress on the
basis of the model. The quantitative agreement may be as good as

can be expected since the ocean is a difficult laboratory. The
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venerable oceanographer Defant, however, deserves the final word:

A totally satisfying explanation of upwelling at continental
coasts has not yet been given, and is probably not possible
at all since the total process is composed of a number of

substages each of which is always controlled by other factors
(4, vol. 1, p. 652).




10.

11.

76

BIBLIOGRAPHY

Bowden, K.F. Turbulence. In: The sea. vol. 1. New York,
Interscience, 1962. p. 802-825.

Collins, Curtis A. Structure and kinematics of the permanent
oceanic front off the Oregon coast. Master’s thesis. Corvallis,
Oregon State University, 1964. 53 numb. leaves.

Currie, Ronald. Upwelling in the Benguela Current.

Nature 171:497-500. 1953.

Defant, Albert. Physical oceanography. New York, Pergamon,
1961. 2 vols.

Ekman, V. Walfrid. On the influence of the earth's rotation
on ocean ciurrents. Arkiv for Matematik, Astrcnomi och
Fysik 2 (11):1-52. 1905,

Eliassen, A. and E. Kleinschmidt, Jr. Dynamic meterorology.
In: Handbuch der Physik. Bd. 48. Berlin, Springer-Verlag,
1957. p. 1-154.

Fofonoff, N. P. Machine computation of mass transport in the
North Pacific Ocean. Journal of the Fisheries Research Board
of Canada 19:1121-1141. 1962. '

Fofonoff, N. P. and F.W. Dobson. Transport computations for
the North Pacific Ocean 1950-1959. Nanaimo, 1963. 179 numb. .
leaves. (Fisheries Research Board of Canada. MS. Report.
Series No. 166)

Freeman, John C. Note on a prediction equation for the surface
layer of a two-layer ocean. Transactions of American
Geophysical Union 35:585-587. 1954,

Green, C.K. Summer upwelling - northeast coast of Florida.
Science 100:546-547. 1944.

Gunther, E.R. A report on oceanographical investigations in .
the Peru Coastal Current. DiscoveryReports 13:107-276. 1936




12.

13,

14.

15.

lé6.

17.

18.

19.

20.

21.

77

Hachey, H.B. Ekman's theory applied to water replacements
on the Scotian shelf. Proceedings of the Nova Scotian Institute
of Science 19:264-276. 1937,

Hart, T. John and Ronald I. Currie. The Benguela Current.
Discovery Reports 31:123-298. 1960.

Hidaka, Koji. A contribution to the theory of upwelling and
coastal currents. Transactions of the American Geophysical
Union 35:431-444. 1954.

Hidaka, Koji. Computations of the wind stress over the oceans.
Records of Oceanographic Works in Japan, new ser., 4 (2):
77-123. 1958.

Longard, J.R. and R. E. Banks. Wind induced vertical move-
ment of the water on an open coast. Transactions of the
American Geophysical Union 33:377-380. 1952,

Malkus, Joanre S. Interchange of properties between sea and
air: Large-scale interactions, In: The sea. wvol. 1.
New York, Interscience, 1962, p. 88-294.

Maughan, Paul M. Observation and analysis of ocean currents
above 250 meters off the Oregon coast. Master's thesis.
Corvallis, Oregon State University, 1963. 49 numb. leaves.

McEwen, George F. The distribution of oceanic temperatures
along the west coast of North America deduced from Ekman's
theory of the upwelling of cold water from the adjacent ocean
depths. Internationale Revue der gesamten Hydrobiologie und
Hydrographie 5:243-286. 1912,

McEwen, George F. Rate of upwelling in the region of San
Diego computed from serial temperatures. In: Proceedings
of the Fifth Pacific Science Congress, Victoria, 1933.

vol. 3. Toronto, University of Toronto Press, 1934. p. 1763.

McEwen, George F. The dynamics of large horizontal eddies
(axes vertical) in the ocean off southern California.
Journal of Marine Research 7:188-216. 1948.




22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

78

Moffett, James W. An instance of upwelling along the east
shore of Lake Michigan, 1955. In: Proceedings of the Fifth
Conference on Great I.akes Research, Toronto, 1962. Ann
Arbor, University of Michigan Press, 1962. p. 126.

Montgomery, R.B. Transport of surface water due to the
wind system over the North Atlantic. Papers in Physical
Oceanography and Metercrology 4 (3):23-30. 1936.

Munk, Walter H. A critical wind speed for air-sea boundary
processes. Journal of Marine Research 6:203-218. 1947,

Park, Kihloc, June G. Pattullc and Bruce Wyatt. Chemical
properties as indicators of upwelling along the Oregon coast.
Limnology and Oceanography 7:435-437. 1962.

Pattuilo, June G. Upwelling, fact and fancy. Paper read be-
fore the 13th annual meeting of the Pacific Northwest
Oceanographers, Seattle, February 8, 1964.

Pearson, Erman A. and George A. Holt. Water quality and
upwelling at Grays Harbor entrance. Limnology and
Oceanography 5:48-56. 1960.

Posner, Gerald S. The Peru Current. Bulletin of the Bingham
Oceanographic Collection 16:106-155, 1957.

Proudman, J. Dynamical oceanography. London, Methuen,
1953. 409 p.

Reid, Joseph L., Jr., Gunner I. Roden and John G. Wylie.
Studies of the California Current system. California

- Cooperative Oceanic Fisheries Investigations Progress Reports,

January 1, 1958, p. 27-57.

Richards, Francis A. Some chemical and hydrographic obser-
vations along the north coast of South America - I. Deep-Sea
Research 7:163-182. 1960.

Rossby, C. -G. On the frictional force between air and water
and on the occurrence of a laminar boundary layer next to the
surface of the sea. Papers in Physical Oceanography and
Meterorology 4 (3}:3-20. 1936.




33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

79

Rossby, C. -G. and R. B. Montgomery. The layer of frictional
influence in wind and ocean currents. Papers in Physical
Oceanography and Meterorology 3 (3):1-101. 1935.

Scripps Institution of Oceanography. The field of mean wind
stress over the North Pacific Ocean. La Jolla, 1948. 70 p.
(Oceanographic Report No. 14)

Stommel, Henry. On the determination of the depth of no
meridional motion. Deep-Sea Research 3:273-278. 1956.

Sverdrup, H.U. Oceanography. In: Handbuch der Physik.
Bd. 48. Berlin, Springer-Verlag, 1957. p. 608-670.

Sverdrup, H.U. On the process of upwelling. Journal of
Marine Research 1:155-164, 1938,

Sverdrup, H.U.‘and R.H. Fleming. The waters off the coast
of southern California March to July, 1937, Bulletin of the
Scripps Institution of Oceanography 4:261-378. 1941.

Sverdrup, H.U., Martin W, Johnson and Richard H. Fleming.
The oceans, their physics, chemistry and general biology.
New York, Prentice-Hall, 1942. 1087 p.

Taylor, C.B. and H. B. Stewart, Jr. Summer upwelling
along the east coast of Florida, Journal of Geophysical
Research 64:33-40. 1959.

Taylor, G.I. Skin friction of the wind on the earth's surface.
Proceedings of the Royal Society, ser. A, 92:196-199. 1916.

U.S. Weather Bureau. Atlas of climatic charts of the oceans.
1938. 65 p. (Weather Bureau No. 1247)

Welander, Pierre. Wind action on a shallow sea: Some gen-
eralizations of Ekman's theory. Tellus 9:45-52.. 1957,

Wells, Harry W. and I. E. Gray. Summer upwelling off the
northeast coast of North Carolina. Limnology and
Oceanography 5:108-109. 1960.

Wilson, Basil W. Note on surface wind stress over water at
low and high wind speeds. Journal of Geophysical Research
65:3377-3382. 1960.




46.

47.

48.

49.

50.

51,

52.

53,

54.

55.

80

Wooster, Warren S. EIl Nino. California Cooperative Oceanic
Fisheries Investigations Reports 8:43-45. 1960,

Wooster, Warren S. and Joseph L. Reid, Jr. Eastern bound-
ary currents. In: The sea. vol. 2. New York, Interscience,
1963. p. 253-280.

Wooster, Warren S. and Bruce A. Taft. On the reliability of
field measurements of temperature and salinity in the ocean.
Journal of Marine Research 17:552-566. 1958.

Wyatt, Bruce and N. F. Kujala. Hydrographic data from QOregon
coastal waters June 1960 through May 1961. Corvallis, 1962.
77 numb. leaves. (Oregon State University, Department of
Oceanography, Ref. 62-2, Data Report No. 7)

Wyrtki, Klaus. The upwelling in the region between Java and
Australia during the south-eastmonsoon. Australian Journal
of Marine and Freshwater Research 13:217-225. 1962.

Wyrtki, Klaus. The horizontal and vertical field of motion
in the Peru Current, Bulletin of the Scripps Institution of
Oceanography 8:313-346. 1963.

Yoshida, Kozo. Coastal upwelling off the California coast.
Records of Oceanographic Works in Japan, new ser., 2(2):8-20
1955,

Yoshida, Kozo. Coastal upwelling off the California coast
and its effects on productivity of the waters. In: Proceedings
of the UNESCO Symposium on Physical Oceanography, Tokyo,
1955. Paris, UNESCO, 1957. p. 104-106.

Yoshida, Kozo. An example of variations in oceanic circula-
tion in response to variations in wind field. Journal of the
Oceanographic Society of Japan 11:103-108. 1955,

Yoshida, Kozo. A note on the pressure change of the two-layer
ocean. Journal of the Oceanographic Society of Japan 12:111-
116. 1956.




81

56. Yoshida, Kozo. A study of upwelling. Records of Oceanographic
Works in Japan, new ser., 4(4):186-192. 1958.

57. Yoshida, Kozo and Han-L.ee Mao. A theory of upwelling of large
horizontal extent. Journal of Marine Research 16:40-53. 1957,




S o o » »
< o U < &I

g g r

APPENDIX

LIST OF SYMBOLS

..... Coriolis parameter = 20 sin(p

..... acceleration of gravity

..... depth of surface layer

Y W

..... pressure
. ... velocity components in the x, y, z directions

..... wind velocity

..... vertical velocity at base of surface layer
.... horizontal coordinate, directed eastward

...,. horizontal coordinate, directed northward

..... vertical coordinate, directed upward

..... horizontal coefficient of eddy viscosity

,....vertical coefficient of eddy viscosity

..... drag coefficient of wind on sea surface
.... horizontal frictional distance

..... depth of frictional influence

..... width of coastal upwelling region

..... zonal mass transport

..... meridional mass transport

..... concentration of a conservative property

..... meridional gradient of Coriolis parameter



83

*S ....vertical component of relative vorticity

g ....elevation of sea surface

F ....density of water

[ ....density of surface and deep layer

AP ...,difference in density between deep and surface layers

P“‘ ....density of air

Cz ....sigma-~t = 103( f) - 1), - measured at atmospheric
pressure

T;)Tj ....components of the wind stress on the sea surface

'-’L_;t}r@i . ...components of shearing stress across a horizontal
surface

(0 . ...latitude

w ....earth's angular velocity






