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ABSTRACT

The wind-driven, numerical, x-y-t two-layer B-plane
model developed by Hurlburt (1974) is used to investigate the
effects of an Oregon-like bottom topography and coastline
configuration on the onset and decay of the ocecan upwelling
circulation. The digitized nearshore Oregon bathymetry is
analyzed for dominant scales, and a smoothed version is used
in model cases with several different initial states and
wind stresses. Cases with topography are compared to cases
with flat ocean boftoms. Topographic variations are found
to dominate over coastline irregularities in determining the
longshere distribution of upwelling. Results indicate that
stronger upwelling observed near Cape Blanco is primarily
due to the local bottom topography and not the cape itself.
Observed variations in the meridional and zonal flow are ex-
plained in terms of the topographic B effect. In particular,
during spin-up with an equatorward wind stress, regions
favored by topography develcp a nearshore poleward undercur-
rent. Upper layer poleward flow is observed during spin-down.
The existence of an onshore transport jet south of Cape
Blanco is predicted. Zonal mass balance ié not observed.

Topographic Rossby waves are excited during spin-up. Baro-

DLaco LS preuaiciceud, 4Vllal dd> UdlallLs 1D HUL Vudvivuus
Topographic Rossby waves are excited during spin-up. Baro-
clinic continental shelf waves are observed in time series of
the pycnocline height contours.
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1. INTRODUCTION

Coastal upwelling has been the subject of much
recent worldwide research. Interest has been stimulated
by the remarkable influence this physical phenomenon has
on the biological productivity of the coastal ecosystem.
Coastal upwelling areas are extremely fertile; in fact,
it has been estimated by Ryther (1969) that over half of
the world's fish supply may depend upon fcod produced in
upwelling regions. Local coastal climate is also affected
by upwelling, due mainly to the band of ancmalously cold
surface water near the coast. For a general review of up-
welling, the reader is referred to the excellent article
by Smith (1968). A summary of the observational knowledge
and present theory of coastal upwelling dynamics has been
given by Mooers and Allen (1973). O'Brien (1975) has re-
viewed the modeling of coastal upwelling.

This work is part. of an intensive program of observa-
tional and theoretical research known as the Coastal Upwel-
ling Ecosystems Analysis Program (CUEA). VSeveral large-scale :
- observational field programs have been carried out by CUEA;
two of these have focused on a portion of the coastal up-

welling area near Newport, Oregon. The Coastal Upwelling

i e e a eeme e = amee s emema - w o o o oA, - - B . )
L P

welling area near Newport, Oregon. The Coastal Upwelling
Experiment - I (CUE-I) was conducted during the summer of

1
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1972 and was followed in the summer of 1973 by CUE IT.

These experiments, plus a continuing research effort by
Oregon State University, have made the Oregon coast one

of the world's most intensively studied coastal upwelling
areas.

Another of the goals of CUEA has been to encourage
development of better models of the coastal upwelling circu-
lation. The present study follows work by several authors
at Florida State University who have used two-layer numeri-
cal models to study upwelling. In particular, O'Brien and
Hurlburt (1972) created a two-layer x-z model which used
an efficient semi-implicit scheme. They postulated the
existence of a longshore surface jet in the upwelling re-
gion. Hurlburt and Thompson (1973) demonstrated that the
beta effect provides an ocean interior which produces the
dynamically important longshore pressure gradient. Ilurlburt
(1974) added the longshore dimension to the two-layer model
of Hurlburt and Thompson, thus allowing inclusion of long-
shore variability in the dependent variable field and
forcing functions. Thompson (1974) has incorporated ther-
modynamics and vertical turbulence into the x-z numerical
model, extending the time scale of its applicability. He
has been able to simulate surface temperature fronts and
the observed two-celled circulation of the upwelling

recime.

the observed two-celled circulation of the upwelling

regime.
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Many investigators have recognized the need to under-
stand the three-dimensional aspects of upwelling. In partic-
ular, it has long been suspected that longshore variations
in bottom topography and coastline are an important factor
in determining the details of the upwelling flow field.
However, advances in this area have becn few, leading Mooers
and Allen (1973) to comment: '"There is, at the present, a
lack of almost any guidance from theoretical studies on what
the effects of alongshore variations in topography may be.
Progress on the answer to that question is badly needed."

The numerical model developed by Hurlburt (1974) allows in-
clusion of longsnhore variation in bottom topography and
coastline, but has so far been applied only to fairly simple
and highly idealized topography and coastline configura-
tions. As noted in the report of the June 24, 1974 meeting
of the SCOR*Working Group 36 on Coastal Upwelling Processes:
'Theoretical modeling has still to develop further by taking
into account more realistic features of bottom topography,
coastline geometry, . ., ."

The present study has been conceived as the first
attempt, using the x-y-t, two-layer model of Hurlburt (1974),
to study the effects of the actual coastline and bottom topo-
graphy of a mesoscale coastal upwelling region, namely, that

of the Oregon coast. We hope to examine relationships

~graphy of a mesoscale coastal upwellLing region, nametly, tnat

of the Oregon coast. We hope to examine relationships

#SCOR 1is the Scientific Committee on Oceanic Research.
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betwcen important longshore scalés of geometry forcing and
the associated response of the flow field. Also, we intend
to compare results with the extensive observational know-
ledge of the Oregon region.

In this work, we are guided by several important
theoretical studies in the three-dimensional aspects of
upwelling and longshore variability. In particular, Arthur
(1965) and Yoshida (1967) have discussed the effects of
capes on steady-state flows, both concluding that the stron-
gest upwelling should occur on the south side of capes.
Suginohara (1974) studied the effects of longshore variabil-
ity in the wind stress in a model with a straight coast and
longshore-independent bottom topography. For a flat bottom
case he found that after the winds were shut off the upwelled
portion of the pycnocline propagated poleward at the speed
of an internal Kelvin wave. Also, for a case with y-inde-
pendent shelf-slope topography, Suginohara's model develops
a poleward flow in the lower layer and exhibits northward-
propagating continental shelf waves. Gill and Clarke (1974)
also studied the effects of longshore variations in the
equatorward wind stress and found Kelvin wave and continen-
tal shelf wave dynamics to be important in understanding
the local upwelling intensity. The correlation between move-

ments of the thermocline and changes in sea level at the

~Aan~b A TAad 4l mivn A ~Avv e~ + 4+l A mnAamr~rt LI Ty AL A srAamlsd o~

ments of the thermocline and changes in sea level at the
coast has led them to suggest the possibility of a working

procedure for the prediction of upwelling. Hurlburt (1974)
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showed that the B ecffect simulated by north-south sloping
topography plays a fundamental role in the dynamics asso-
ciated with mesoscale longshore topography variations.
Hurlburt found that longshore variations in topography
produce barotropic flows which extend far beyond the topo-
~graphic feature. Variations in coastline geometry were
observed to excite large amplitude internal Kelvin waves.
Recently, Pedlosky (1974a) has examined the relationship
between local longshore currents and upwelling, and the
scales of the longshore stress. Effects of a longshore-
independent shelf-like topography have been investigated
in a three-dimensional, continuously stratified f-plane
model for the steady and time-dependent cases by Pedlosky
(1974b, 1974c). Shaffer (1974) found that longshore varia-
tions in the topography of the NW African shelf determined
the distribution of onshore flow and upwelling for that
area. He proposed a homogeneous, f-plane model with a
shelf whose.edge varies in the longshore direction (but
with no sloping topography) to explain the observed "funnel-
ing'" of onshore transport.

In the present work, several cases are examined in
order to study the onset, and the initial stage of relaxation,
of coastal upwelling in a hydrodynamic model with Oregon-like

topography. We find that longshore topographic variations

- e e B i N 2 i R T L i o

topography. We find that longshore topographic variations
favor two specific regions of the Oregon coast with respect

to upwelling, and that in general, topographic variations
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are dominant over coastline irregularities in affecting the
upwelling patterns. Variations in the strength of longshore
and lower layer onshore flow are explained by the topo-
graphic £ effect. In particular, two areas next to the
coast develop a poleward undercurrent during spin-up. With
winds shut off, poleward flow is scecen in certain areas in
the upper layer.

Zonal mass balance is not observed for the Oregon up-
welling area. Topographic Rossby waves are found to play an
important part in the barotropic N-S flow. During spin-down,

baroclinic continental shelf waves are observed in the model

solutions.




2. THE MODEL

The model used in this study was developed by Hurlburt
(1974). It is a wind driven, x-y-t, two-layer primitive
equation model on the B-plane. The model is non-linear and
retains the free surface.

a. Model geometry

Fig. 1 depicts a typical section of the appropriate
gecmetry for application of the model to an eastern ocean
coastal upwelling case. The origin of the right-handed
Cartesian coordinate system is located at the easternmost
extent of the fluid, at a specified latitude and at an
arbitrary reference level below or level with the greatest
depth of the fluid. Beta-plane approximations apply.

The two-layer fluid is contained in a channel of hor-
izontal dimensions LX and Ly’ The western boundary is a
straight solid wall, while the eastern boundary is variable.
As discussed below, the northern and southern boundaries are
open. As shown in Fig. 1, D(x,y) 1is the height of the bottom
above an arbitrary reference level. The sﬁbscripts 1 and 2
refer to the upper and lower layers, respectively, throughout
this paper. In particular, h1 and hz are the instantaneous

layer thicknesses. Notice, as indicated in Fig. 1, that the

CILio pap vl LUl UL LUl oy 111 [P “2 o “ax R S R R Y

layer thicknesses. Notice, as indicated in Fig. 1, that the
interface between the two layers is not allowed to intersect

the bottom topography.
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b. Problem formulation

The ocean is modeled using a two-layer incompressible
fluid assumed to be hydrostatic and Boussinesq. The effects
of atmospheric pressure gradients and tides are neglected.

Layer densities o and p, are constants. Thermody -
namics and thermohaline mixing are not included. Implicit
in these omissions is the assumption that the time scale for
vertical advection will be much less than that for vertical
eddy diffusion. This assumption is not very realistic,
especially under conditions of strong surface turbulence,
tidal mixing or shear instability. There is observational
evidence that, in the Oregon coastal upwelling region, peri-
ods of shear instability do occur, with Richardson numbers
< 10 having often been observed (Huyer, 1974). In a numeri-
cal model incorporating thermodynamics, Thompson (1974) has
shown that vertical mixing may be comparable to vertical
advection during the week to ten-day upwelling cycle.

Although the omission of thermodynamics precludes the
evolution of a realistic steady-state, the present model has
much to offer, especially owing to the transient nature of
the upwelling event cycle. For small intefface displace-
ments, Thompson (1974) found good agreement between a purely
hydrodynamic model and one with thermodynémics. All of the

cases to be discussed below have maximum interface displace-

B e A ———- - N

PPN . ., . - -

cases to be discussed below have maximum interface displace-
ments less than 30 m. Since a 50 m initial upper layer

thickness is used in each case, this means the interface
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is always at least 20 m from the surface, thus reducing
inaccuracies due to neglect of thermodynamiés.
Under the above assumptions the model equations are
the vertically-integrated primitive equations for a rotating,

stably stratified fluid on a B-plane (Hurlburt, 1974).

> _ > >
BVl > > A -> TS-TI
= Vl.vvl + k x fVl = ivgv (hl + h2 + D) + plhl
2 ->
+ AVS Y, (1)
Bhl . >
5t v '(hlvl) =0 ()
_).
BVZ > > A > | 1
5g- * VyrW, * k x £V, = - gv (hy + h, + D) + g'Vhy
T
I 'B 27
+ BEH;_ + Av Vz (3)
th >
Fral A CPA P B (4)

where 1 denotes the upper layer, 2 the lower layer,

= _8. & -+ i e
v ox = By
-> ~ ~
Vl = u; 1t v
f = fo + B (y - Yo)

(5)
g' = g (pz pl)/pz
> 2~ 2
Ts Tgx + 7 Ty J
- >

E"r = ()CTI—\Z1 - v)ql/.(V'i - Vf\)
s T Tsx T Ty )
> > > > e
tro= oCp|Vy - Vylvy - vy
-> ->

= AY4
TB pCBlvleZ

— ——————— e —— S —
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and 1 = 1, 2. Symbols are defined in the Appendix.
Derivation of the layered equatioﬁs and explanation of the
interfacial and bottom stress formulatiqns can be found in
O!'Brien and Hurlburt (1972).

No-slip conditions apply at the eastern and western
boundaries. Northern and southern boundary‘conditions are
the quasi-symmetric boundary conditions described by
Hurlburt (1974). These open-basin conditions are particu-
larly suited tc our purposes. We are interested in model-
ing the upwelling cirvculation of the Oregon shelf region, a
region of approximately 500 km N-S extent. To model such
a region adequately with a closed basin, it would be neces-
sary for the basin's horizontal dimensions to be 0(1000 km)
for, as shown by Hurlburt and Thompson (1973), a Sverdrup
interior will not develop in a closed basin of lesser dimen-
sions. A Sverdrup interior is, however, one of the primary
dynamical features of the upwelling circulation and must be
preserved. Use of the quasi-symmetric boundary condition
allows us, with relative economy, to solve the problem in
an open basin of mesoscale N-S extent and still develop a
Sverdrup interior in the model.

Initial conditions for the model cases to be described
in Section 4 are either (i) rest or (ii) the quasi-balanced
initial state prescribed by Hurlburt (1974). The quasi-

balanced initialization filters out the inertial oscilla-

- 1 . Ll . - I S T P O I

balanced initialization filters out the inertial oscilla-
tions, Rossby waves, and gravity waves caused by impulsive
application of the wind stress at t = 0, allowing an easier

interpretation of the low frequency dynamics. In comparisons
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between cases started from rest and from a quasi-balanced
state, Hurlburt (1974) found that the amplitude of external
~gravity waves excited by the impulsive application of the
wind stress were reduced up to three orders of magnitude in
the quasi-balanced initial state cases, without significant
effect on low frequency aspects of the solutions,

The parameter space of the model is explained by
Hurlburt (1974). We explain the specific choice of para-
meters for the Oregon upwelling case in Sections 3 and 4.
Eqs. (1) - (4) with the specified boundary and initial con-
ditions and parameters close the problem. The non-linear
nature of the model equations, and the arbitrary bottom
topography and coastline require a numerical approach to
the problem.

¢. Numerical scheme

The numerical model devised by Hurlburt (1974) employs
the efficient semi-implicit scheme deséribed by O'Brien and
Hurlburt (1972) in the x direction; an explicit scheme is
used in the y direction. Diffusive terms are treated im-
plicitly in the x direction using the Crank-Nicholson (1947)
scheme. Other frictional terms are lagged in time. Leap-
frog time differencing is used for Coriolis and non-linear
terms. Advective terms are approximated using Scheme F from
Grammeltvedt (1969). The model uses a variable resolution

grid: discrete variations in the x direction and an analvti-
Grammeltvedt (1969). The model uses a variable resolution

grid: discrete variations in the x direction and an analyti-

cally stretched variable in the y direction. In the present
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work, the stretching option in y was not used, Ay being

constant and equal to 10 km. Table 1 describes the discrete
variation of Ax as a function of x. This grid was used for

all model cases discussed hereing.

Table 1

AX vs. X

Mesh boundaries in km
from casternmost point Ax in km
of ocean extent

0
4
72 ;
88 20
1438 0
298 101
500 300

5000

To model the coastal upwelling circulation correctly,
the zonal extent of the basin must be great enough to admit
a Sverdrup interior, i.e., 0(1000 km). Also, the grid reso-
lution in the eastern ocean must be fine énough to resolve
boundary layer phenomena and the topographic forcing
(Ax < 5 km). In an x-y model without a variable grid, this

problem would be prohibitively expensive, requiring five

[QEPRN - -~ avaiay . s, Y DR R 1 - a

problem would be prohibitively expensive, requiring five
times as many grid points. A coarse grid has been used in

the western ocean since we are not interested in the solution
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there. Hurlburt and Thompson (1973) and Hurlburt (1974)
have demonstrated that for a simple equatofward wind sfress
in the upwelling area, the solution for the eastern ocean
is independent of that for the western boundary region pro-
vided the zonal extent of the model is great enough to admit
a Sverdrup interior. Discrete variation in x also allows
the advantage of using the same value of Ax over all parts
of a variable coastline.

Economic considerations are extremely important in
numerical modeling of the upwelling circulation. Once the
size of the region to be modeled and the time period of in-
terest is determined, one secks, for economy, the largest
time step compatible with numerical stability and the pur-
poses of the study. Since we use an explicit scheme in the
y-direction, the most severe constraint on the permissible
time step is given by the Courant-Friedrichs-Lewy (CFL)

linear stability condition
. _ 1/2
At < min Ay/(g ° max (H1 + H,)) (6)

which essentially says that the time step must be small
enough so that during that time step the fastest moving
wave in the system will not travel a distance larger than
the smallest spatial grid increment. For our problem the

fastest wave is the external gravity wave whose speed is

(g .max (Hl + H7))1/2. Fine resolution of the longshore
fastest wave is the external gravity wave whose speed is

1/2.

(g -max (Hy + 15)) Fine resolution of the longshore

scales, i.e., small Ay, and a realistically deep basin, i.e.,
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large max (Hl + Hz) are both desired. Thus the CFL condi-
tion forces a compromise between economy and fine resolution
of longshore scales and to a lesser extent, puts a practical
limit on the total basin depth. These constraints directly
affect the design of the present experiment as discussed in

Sections 3 and 4.




3. BOTTOM TOPOGRAPHY AND COASTLINE

Our intent is to put the Oregon bottom topography and
coastline into the Hurlburt (1974) model and to study the
resulting effects on the coastal upwelling circulation. The
region of primary interest is the Oregon shelf, although, as
noted by Huyer (1974), the northeastern Pacific coastal
upwelling region stretches from Vancouver Island to Baja
California.

The necessary bathymetry data D(x,y) were digitized
from the 1968 Coast and Geodetic Survey charts 1308N-17
and 1308N-22 and from a chart compiled by Dr. John V. Byrne
from unpublished -Coast and Geodetic Survey soundings (per-
sonal communication). The data were digitized on a grid of
500 km N-S extent and 120 km E-W extenf using a 2 km grid
spacing in N-S and E-W. The northern and southern limits
of the digitized data are approximately 46°30'N and 42°N
(Fig. 2). The digitized region includes the entire N-S
extent of the Oregon coastline, plus a small segment north
of the Columbia River. In the digitization process the
coastline was extrapolated across the mouths of all rivers
and bays. There is no river input into the model. Also,

the coastline was constrained to be a single-valued func-
and bays. There is no river input into the model. Also,

the coastline was constrained to be a single-valued func-

tion of latitude.

16
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Fig. 2. The Oregon bottom topography data grid.
The solid line bounds the ocean region for which the bottom
depths were divcitized on a 2 km orid.

Fig. 2. The Oregon bottom topography data grid.
The solid line bounds the ocean region for which the bottom
depths were digitized on a 2 km grid.



18

The chart data are bottom deptﬁs in meters below mean
lower low water. Points falling in areas of depth 1000 m or
greater were arbitrarily assigned the value 1000 m. During
the digitization phase, we felt that this depth was a rea-
sonable upper limit on basin depth for the purposes of our

study. The error for depths < 1000 m is estimated to be, at

i+

most, 5% (Peffley, 1974). As explained in Section 4, we
chose a basin depth of 400 m for our model runs. Fig. 3
shows a computer contouring of the digitized bathymetry data
described above. Since our model basin depth is 400 m, we
have only shown isobaths as deep as 400 m.

A quick look at the almost meridional Oregon coast-
line gives the deceptively appealing impression of geomet-
ric simplicity. Bathymetric charts such as Fig. 3 however,
reveal a complexity in the topography which will obviously
make it more difficult to understand the observed ocean
circulation. The most prominent coastiine feature is Cape
Blanco, north of which is an essentially meridional coast.
Underwater topographic features include the small width-scale
0(10 km) Columbia River canyon (y = 225 in Fig. 3) and a much
larger scale canyon (axis at y = 120 in Fig. 3). Another
important part of the topography is a ridge system comprised
of Stonewall and Heceta Banks (y = 40 to y = -40 in Fig. 3).

Shelf widths in the region shown in Fig. 3 vary from

~ 15 km off Cape Sebastian (y =-212) to ~ 70 km for the area
Shelf widths in the region shown in Fig. 3 vary from

~ 15 km off Cape Sebastian (y = -212) to ~ 70 km for the area

just south of the Columbia River canyon (y = 225) and the
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100

Fig. 3. Bathymetric chart of the Oregon coastal region
contoured by computer from the 2 km grid digitized bottom
topography data. Depths are in meters. Isobaths deeper than
400 m apg.nof shgwn,.,Qrdipatf.tebsls (GeT5e8p8NdcditestiYeon
contoured by computer from the 2 km grid digitized bottom
topography data. Depths are in meters. Isobaths deeper than
400 m are not shown. Ordinate labels correspond directly to
those of the x-y plots in subsequent sections. Althouth a
right-handed coordinate system is used, positive abscissa
values are used in this and other x-y plots for simplicity.
References in the text to positions in x-y plots imply km.
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arca of Heceta Bank. Off Heceta Bank, the shelf edge may be
in water as shallow as 100 m, while the shelf break off Cape
Blanco is in much deeper wafer, 0(300 m).

The magnitudes of the shelf slope and continental
slope show considerable longshore variability. Smallest
shelf-slopes are in the Heceta Bank region, O(leO_S); lar-
gest shelf-slope values O(l.SXIO—Z) occur on that portion of
the shelf between Cape Blanco and Cape Sebastian. Continen-
tal-slope values are smallest in the area off Cascade Head
(y = 90) where they are 0(1.5x10~2), compared with order of
magnitude greater slopes found seaward of the shelf edge off
Heceta Bank. Local zonal bottom height gradients range from

1 to 1.8X10—1; local meridional bottom height gradi-

1 1

-.9%x10
ents range from -1.8x10" " to 1.5x10° Another important
statistic for the.Oregon shelf is the absolute zonal location
of the shelf edge. Using the easternmost position of the
shore in Fig. 3 as a reference, the shelf break can be as far
west as 75 km (off Heceta Bank), or as close as 30 km (off
Cascade fead). It is apparent that the ocean bottom off
Oregon exhibits considerable longshore diversity; it also
presents considerable problems to the numerical modeler.
Practical limitations made it impossible for us to resolve

the steep slopes of the continental-slope region and the

large magnitude slopes associated with small-scale features.

LIIE SLeep $S10pes O LNE COLLIUCHLAL TS LUPT LCEILULL dlll LUC
large magnitude slopes associated with small-scale features.
To determine the important scales of variability in

the bottom topography, a Fourier analysis of the zonal Tows
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of the digitized bottom heights was done. It showed that
for practically every row, at least 90% of the variance in

pottom heights is in scales > 8 km. A Fourier analysis of

zonal position of the isobaths as a function of latitude
showed that at least 90% of the variance is in scales

> 30 km. The zonal position of the coastline was similarly
analyzed. Over 90% of the variance in coastal position was
accounted for by scales > 20 km.

Design of the numerical model.grid‘was a compromise
between availability of computer resources and the need for
resolution of the most important scales. We attempted to
use resolution fine enough to resolve both the forcing
functions and the dependent variable fields in the important
coastal region. Theory indicates that the important onshore-
offshore scales for the upwelling circulation are the shelf
width LS and the baroclinic radius of deformation Ap. For

a two-layer model

1/2
g' h1 h2

T (7
£7(h +h,)

where h1 and h2 are the time-dependent upper and lower layer

thicknesses. Taking representative valus for the Oregon

4 o1

shelf: g' = 2x10° % m sec_z, f =10 " se , h. = 50 m, and

1

hz = 150 m we get x; = 9 km. As an aside, the relative
scales of the shelf width and the radius of deformation are
hZ = 150 m we get Ap = 9 km. As an aside, the relative
scales of the shelf width and the radius of deformation are

of interest, for as noted by Mooers and Allen (1973), the

upwelling problem case in which Ly <\ is not understood.
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Much of the present theory assumes LS >> A Since there

I
are regions of the Oregon shelf where LS ~ 15 km, we mus£
be careful in applying theoretical results based on the
assumption Lo >> ;.

In choosing the zonal resolution we needed to use a
Ax at least small enough to resolve the features governed
by the baroclinic radius, i.e., Ax = 5 km. If the most
important zonal scales of topographic or wind stress forcing
were smaller than the baroclinic radius of deformation, the
need for a smaller Ax would be implied. We have used Ax =
4 km within the 70 km nearest the coast. As can be seen by
comparing Table I and Fig. 5, the model region in which
Ax = 4 km is wide enough to include almost all the sloping
topography.

Longshore scales of the upwelling and current fields
are determined primarily by the scales of the forcing func-
tions. In recent work Pedlosky (1974a) has analyzed the role
of the longshore structure of the wind stress in coastal
upwelling. He concluded: '"The long-shore currents are domi-
nated by the largest scales of forcing, while the onshore
and upwelling flow is sensitive to all scales of forcing
with their structure a strong function of scale.'" The two

forcing functions in the model cases presented below are a

y-independent wind stress and the coastline-bottom topogra-

~ e T R m1o_ P S | - ~l 2 A ALl Aae A LA

~ - - -

y-independent wind stress and the coastline-bottom topogra-
phy configuration. Thus, we based our choice of Ay on the

meridional Fourier analysis of the coastline position and
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the bottom heights. Since at least 90% of the longshore

variability is in scales > 20 km, we chose py = 10 km for
the model cases discussed below. A smaller apy, although

desirable, was not within the economic constrains of the

study. Halving Ay doubles the number of grid points and,
due to (60), also halves the allowable time step, thus re-
sulting in a four-fold increase in cost.

A smooth representation of the coastline, ignoring
features with scales < 20 km, was chosen for use in the
model grid. The coastline used is depicted in Fig. 4.
Notice that the 500 km region of Fig. 3 has been extended
by adding two regions of y-independent coastline, 150 km in
the north and 150 km in the south. The zonal portion of the
coast in the northern region is a simple repetition of its
position at y = 250 km, and likewise that in the southern
region is a repetition of the coastal position at y = -250
km. The topography between y = 250 and y = -250 in Fig. 4a
was chosen as every fifth row of the bathymetry data shown
in Fig. 3. Y-independent extensions of the isobaths into
the north and south regions were made in a manner exactly
similar to that described for the coastline. These regions
of y-independent coastline and topography are used to reduce

longshore derivatives of the velocity field near the northern

and southern boundaries. The open-basin boundary conditions
mre L oA hn A mamcstmnmtian Fhatr Fhaca Aaviiratiirece will he
and southern boundaries. The open-basin boundary conditions

are based on the assumption that these derivatives will be

small.
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Fig. 5. E-W profile of the y-independent, time-inde-
pendent wind stress used in all spin-up cases described here-
in. The x component of the wind stress is zero everywhere.
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The topography shown in Fig. 4é produced severe
instabilities in tﬁe model solutions. The steep slopes
present in the actual'topography demand extremely fine |
resolution, finer than was economically feasible in this
study. Thus we chose to smooth the topography of Fig. 4a.
The following filter was used: (1) a nine-point smoother
designed to eliminate identically 2Ax and 2Ay variation was
applied four times to the bottom height field, (ii) a Han-
ning filter (Xj = .SXj + .ZS(Xj_l + Xj+1)) was applied
twelve times to the meridional rows of the bottom height
field. More severe smoothing was required in the y direc-
tion due to the coarser resolution in y. The smoothed
topography is shown in Fig. 4b. All model cases discussed,
except the flat bottom cases, used this topography.

If we compare the zonal position of the coastline in
Fig. 4b to that of the actual coast, we find an absolute
errbr with mean of 1.3 km and standard deviation of 1.2 km.
Comparing the bottom topography heights of Fig. 4b with
those of Fig. 3 shows an absolute error of mean 10.3 m and
standard deviation of 23.7 m. The extreme slopes of the
actual topography have been smoothed out. The range of
local zonal bottom height gradients for the smoothed topo-
~graphy is from zero to 1.9x10—2. Local meridional height

3 3

“gradients range from -3x10 ° to 3x10 Although quanti-

tatiwve asnects of the hottom and coastline configuration

~gradients range from 3x107° to 3x107°. Although quanti-
tative aspects of the bottom and coastline configuration

have been distorted, we have attempted to use a smoothing
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scheme which preserves both the qualitative aspects and

the most important quantitative scales.




4. CASE DESCRIPTIONS

We will now define the specific model parameter space
used for the Oregon cases, and describe the structure of
these separate cases, the results of which are discussed in
Sections 5 and 6. We attempted to choose model parameters
which agree with observations in the Oregon coastal upwelling
area. The parameter values (common to all cases to be dis-
cussed) are given in Table 2.

Since our interest is in modeling the circulation on
the shelf and not abyssal currents we have chosen to use a
maximum basin depth of 400 m. This assumption is not a
severe one, for cbservations (Mooers et al,, 1975) indicate
that the upwelling circulation is confined to the upper few
hundred meters off the Oregon coast. Also, Thompson (1974)
has found no significant qualitative differences in comparing
the results of upwelling models with basin depths 0(200 m)
to those from model runs using much deeper basins.

In this study, we model the permanent pycnocline with
the layer interface, and model upwelling by displacements of
that interface from its initial position. If the convention
of using the 25.5 - 26.0 o band to specify the permanent

pycnocline is used, observations show that Ot surface to be
of using the 25.5 - 26.0 O band to specify the pecrmanent
pycnocline is used, observations show that Ot surface to be
at a depth of 50 - 100 m off Oregon in the early summer.

28
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Table 2

Model parameters

Parameter Symbol Value
E-¥W basin extent L 5000 km
N-S basin extent Ly 800 km
Inital uvpper layer thickness H1 50 m
Initial lower layer thickness H2 variable
Maximum total basin depth max(Hl+H2) 400 m
Coriolis parameter at y = 0 fO 1.02><10—4 sec-l

(latitude 44°15")
df/dy B 2x107 1 p7l sect
Gravitational acceleration g 9.80 m sec 2
Reduced gravity ' 2x107% m sec”?
Horizontal eddy viscosity A 5x10% m% sec™!
coefficient
Upper layer density 01 1.000x10° kg m3
Lower layer density 0, 1.002x10° kg m3
Interfacial frictional drag Cq 1077
coefficient
Bottom frictional drag Cq 1073
coefficient

Time step At 120 sec
Grid increment in x direction Ax see Table 1
Grid increment in y direction Ay 10 km
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It will be remembered that in therquel the interface is not
allowed to intersect the toppgraphy. In order to include
more of the shelf topography, we have chosen the initial
depth of the interface to be 50 m. As indicated in Fig. 1,
the topography is everywhere at least 5 m below the initial
interface position. A density difference of 2 kg mn 2 is
used to approximate that between the upper wind-mixed layer
and lower layer. This value agrees with typical Oregon ob-
servations, e.g., Huyer (1974).

We have chosen a value of the eddy viscosity, A, dif-
ferent from that used in several previous numerical studies
of upwelling, e.g., O'Brien and Hurlburt (1972), Hurlburt
and Thompson (1973). These authors used A = 102 rn2 sec_l.
However, the bottom topography of the present study is much
more irregular than any previously used, thus it is more apt
to induce instabilities. We found the stability of our solu-
tions to be much improved using a value of A = 5><102 m2 sec-l.
Values of this magnitude are consistent with observations;

Stevenson et al. (1974) have estimated A as high as 2.1><103

mz sec_1 for the CUE-I experimental region.
As in Hurlburt (1974), in the northern and southern
boundary conditions, the N-S pressure gradient at the western’

boundary has been set to zero. More realistically, an- in-

tegral constraint should be employed to determine the N-S

1 . B . ~ . R it i ) e o aa

tegral constraint should be employed to determine the N-S
pressure gradient at x ='_Lx' Recently, this has been done,

and results for the eastern ocean are unaffected (Hurlburt
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and Thompson, personal communication). Following Thompson
_ -3 i -5
I 1x10 © and CB 1x10 -,

However, it should be noted that, as shown by Thompson and

and O'Brien (1973) we choose C

O'Brien (1973), the solutions for the upwelling area are
relatively insensitive to the choice of CI and CB' The
choice of At is determined by (6). We used a value = 80%

of that permitted by the CFL constraint. The range of va-
lues for the Coriolis parameter is from .95><10—4 sec_1

the southern boundary to 1.IIXIO-4 sec-1 at the northern

at

boundary.

The wind stress used is shown in Fig. 5; is zero

TSX

everywhere; T is y-independent and time-independent and

sy
constant over the 800 km nearest the coast. A simple wind

stress with zero curl in the upwelling region was chosen to
simplify interpretation of the LEkman dynamics. The maximum

8 3

of |curlZT | is 6x10°° N m ° at a distance of 2450 km off-

sy
shore. The magnitude of Tsy in the upwelling area agrees
with observations in the CUE-II experiment area, e.g.,
Halpern (1974).

Three model cases will be discussed. Case I used
the coastline of Fig. 4b, but with a flat bottom, depth 400
m, and was started from rest. Case II used the topography

and coastline of Fig. 4b and was also started from rest.

Case III used the topography and coastline of Fig. 4b, but

Wil LU UO LD Ll Ve s g 1w A L - - - e~ - - F

Case III used the topography and coastline of Fig. 4b, but

was started from the quasi-balanced initial state discussed.

in Section 2. Each of these cases was driven for 5 days
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with the wind stress shqwn in Fig. 5. Also, to study the
relaxation of the upwelling, Cases I and II were repeated
identically as described abéve except that the wind forcing
was '"'shut off" at t = 2.5 days and the integration continued
for another 2.5 days with zero wind stress. 1In the subsequent
discussion, we will refer to the initial period with wind
stress forcing as the '"spin-up" period, and to the period
with zero wind stress as the "spin-down". The wind forcing
of the Oregon upwelling regime is highly variable and even
changes direction during the upwelling season. Therefore,
we feel that a study of the onset of upwelling and initial
stages of decay is important to understanding the Oregon

case.




SPIN-UP

a. Introduction

In this section, we will examine several features of

the model circulation which develop during spin-up, and in

Section 6, we will look at aspects of the spin-down solutions.

The figures of Sections 5 and 6 are computer drawn contours
(or vector plots) which depict graphically the numerical
model solutions. With the exception of Figs. 7 and 19, the
pictures are synoptic. The best Oregon observations are con-
fined to a relatively small regior and necessarily are only
quasi-synoptic. Thus, these figures offer a unique opportu-
nity for the theoretician and observer to visualize a three-
dimensional simulation of the complex mesoscale Oregon up-
welling circulation.

| Analysis of the model solutions will emphasize the
role of longshore variability of the bottom topography and
the coastline. Comparisons with Oregon observations and pre-
dictions of theory will be made when possible as an aid to
understanding the dynamics.

In general, in the figures of this section, the topo-

~graphy case started from the quasi-balanced state is presented

in preference to that started from rest. The former allows

~graphy case started from the quasi-balanced state is presented

in preference to that started from rest. The former allows
a clearer analysis of the low frequency dynamics. All

figures of Section 5 (except Figs. 7 and 13) are at day S.

33
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As an aid to understanding, the reader is encouraged to make
a photocopy transparency of Fig. 4b to use as an overlay in
interpreting the figures portraying topography case solutions.

As a review, we will describe the essential dynamics
of coastal upwelling for a B-plane case with equatorward
wind stress, a meridional coastline and a flat bottom. The
longshore flow is nearly geostrophic. A Sverdrup balance
exists in the interior. Offshore flow in the upper layer is

Ekman drift reduced by a longshore pressure gradient; u, the

2
onshore flow in the lower layer is geostrophic. Near the
coast, the zonal flow must go to zero to satisfy the bound-
ary condition, and geostrophy breaks down resulting in an
equatorward jet in the upper layer and a poleward jet in

the lower layer.

The longshore pressure gradient reduces the barotropic
mode near the coast and permits the poleward undercurrent to
develop. The cause of the longshore pressure gradient has
been a subject of controversy. Hurlburt and Thompson (1973)
considered an x-z model which neglected y derivatives except
those of the pressure gradient terms and the Coriolis para-
meter. By comparing the upper layer y—moméntum equation to
the zonally-integrated upper layer vorticity equation, they
derived the result |

X

= d p)
uC[_LVUuBY:PLCd)fCDuJ.% = (h. + h. + D) - -2 (h. + h. + MI
i} a >
BV dx =, g — (h + h + D) - g = (h + h + D)
I 3y 1 T2 L Bay Bt N

X

(8)
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which shows how a N-S sea surface slope can be induced by
the B effect.

When variable topography is considered, the situation
becomes more complex, and as was noted by Sarkisyan and
Ivanov (1971): " . . . the bqttom relief competes success-
fully for significance with such an important factor as the
B effect." Hurlburt (1974) listed three dynamical principles
as likely to aid explanation of dynamics associated with
longshore variations in topography: (1) conservation of po-
tential vorticity, (2) topographic B effect (BT effect) and
(3) joint effect of baroclinicity and bottom relief. He
found the BT effect to be important dynamically, even for
mesoscale features, O0(100 km).

How BT becomes important can be illustrated by con-

sidering a barotropic vorticity equation (Hurlburt, 1974)

> >

Y

o fov _ ou) _ du , Av) _ 1 's™'B

where the advective terms and diffusive terms have been

neglected. Substituting from the continuity equation

Ju oV - _ 1 [3h 9h 9h
(Si ¥ 5?] T T m [at Fusx TV By]' (10)

and defining

~ £ d9h
yields
"T - h 3y D
yields
' Tt
3 (av _ au] _ £ (3h dh _ 1 s 'B
a—t[ﬁ 3y H{Bt*“ax+(BT+B)V o Uz |7
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Thus, the N-S slqping topography yields an analogous
term to the planetary Vqrticity advection in the integral of
Eq. (8), and can therefore exert an effect on the longshore
pressure gradient.

Garvine (1974) has pointed out the impqrtance of a
realistic interior in coastal upwelling models. 1In the
present study, the model interior approaches a Sverdrup

balance

. 1 T
Vlh1 + v, h = curlZ T

2 B 5 (13)

but does not achieve that balance by day 5. All cases exhib-
it barotropic Rossby waves. This is expected for the cases
started from rest due to impulsive application of the wind
stress curl. Even though the quasi-balanced state filters
out wind stress induced Rossby waves in Case III, variations
in depth and bottom stress, as in the right'side of (9),
still excite strong topographic Rossby waves. The role of
these waves in the topographically induced barotropic flow
is discussed in Section S5f.
b. Upwelling

Upwelling at day 5 for the flat bottom and topography
cases is compared in Fig. 6. Quite striking is the longshore
variability in the upwelling pattern for the case with topo-

graphy compared to the flat bottom case. Generally weaker
1MmMwellineg near the rnact in +ha tanancvanhyy ~caca S+ Avin +al

graphy compared to the flat bottom case. Generally weaker
upwelling near the coast in the topography case is due to

upwelling being induced further offshore by E-W bottom slope.
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The layer interface of Case III exﬁibits vertical velocities
at the coast of approXimately GXIO—S m sec_1 for the cape re-
~gion and 4x107° m sec ' for the CUE study area (y = 100).
Halpern (1973), estimating vertical velocities in the CUE
area during two periods of southward winds, found values of

4 -1 . .
m sec ~. Downwelling is seen

6.6x107° m sec™t and 1.25x10°
in areas west of the zero contour.

Overlaying Fig. 6b with the topography transparency
shows that favored areas of upwelling are the cape and the
head of the mesoscale canyon (axis at y = 120). An interest-
ing comparison can be made with Fig. 1 of Smith et al. (1971),
a synoptic mapping of sea surface temperatures for a large
part of the Oregon coast for a typical day of the coastal
upwelling season. It shows prqnounced upwelling south of
Cape Blanco and another area of relatively strong upwelling
between 44°40' and 45°20' (y = 50 to 120).

The intensity of upwelling shows an exponental de-
crease with distance offshore with an e-fqlding width roughly

equal to A i.e., approximately 10 km. Studies of sea sur-

I’
face temperatures in the CUE-II area (y = 50 to 100) led

Holladay and O'Brien (1975) to conclude that the mean iso-
therms tended to parallel isobaths. Due to the difference

in scales, no very meaningful comparison can be made with

Fig. 6b, except that for the mesoscale, the pattern of

R ) axw vy B et = St ~ e e m — - - - J s

Fig. 6b, except that for the mesoscale, the pattern of
upwelling exhibits significant departures from the simple

picture of upwelling paralleling the isobaths.
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A decrease in the net vertical transport in the up-
welling zone is observed with increase in latitude since the
offshore Ekman transport is proportional to f_l.

The rqle of coastline irregularities in influencing
upwelling has been studied by Hurlburt (1974). qu a flat
bottom case with a cape roughly resembling that in the pre-
sent study, he found: " . . . the upwelling follows the
coastline, but otherwise this cape exhibits no dramatic
effect on the pattern of vertical motion. Upwelling is
~greatest near the point of the cape and slightly greater
on the southern side than on the northern side." This con-
clusion is borne out in Fig. 6a.

Several concepts shed light on explaining the pattern
of longshore variation of upwelling in Fig. 6b. Shaffer
(1974), in a study of coastal upwelling off NW Africa, ob-
served that areas of cold water distribution marked heads of
underwater canyons as geographically fi*ed centers of up-
welling. Observations in that region showed lower level
transport to be '""funneled" along the axis of these (smaller
scale) canyons. | |

Hurlburt (1974) studied effects of a symmetric meso-
scale (half width ~ 100 km) canyon on the upwelling pattern.
He found: (1) decreased upwelling north of the canyon axis,
(2) increased upwelling south of the axis and (3) enhanced

upwelling on the axis near the shore. For a symmetric ridge,
(2) increased upwelling south of the axis and (3) enhanced

upwelling on the axis near the shore. For a symmetric ridge,

he found effects opposite to those of the canyon. Hurlburt
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found these effects tq.be consistent with the BT effect. In
both cases, the dqminant longshore scale apbeared to be fhat
of the topographic disturbance. Overlaying Fig. 6b, these
basic results are seen to explain the observed pattern of
upwelling. In particular, note enhanced upwelling south
of the canyon (axis at y = 120) and at the coast near the
canyon axis. Deflection of the zero contour at y = 180
(cf. flat case) 1is a persistent feature explained by the
local "ridge canyon' system. The main ridge (axis at y = 0)
and the canyon to the south act in the same manner to divert
the height anomaly contours.

The relative importance of longshore coastline and
topography variations is dramatically shown in Fig. 7, a
comparison of y-t plots of upwelling at the coast for the
flat and topography cases. Figs. 6b and 7b show that Cape
Blanco is an arca of greatly enhanced upwelling. But Fig.
7a clearly demonstrates that the coastline variation, i.e.
the cape itself, is not the cause! We conclude that the
relatively narrow shelf in the cape region does not "spread
out" the upwelling in the offshore direction as happens along
other parts of the shelf, thus forcing thevupwelling to occur
intensely in the region nearest the one-sided divergence.
Fig. 7b also shows the méin canyon to be a region of increased

upwelling, with decreased upwelling associated with the ad-

ot - - _———— - - B e S A - - - . R R e

upwelling, with decreased upwelling associated with the ad-
joining ridges. Satellite photos (Meneely and Merritt, 1973)

and airborne radiometer measurements (Elliot and O'Brien, 1975)
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indicate that the regicn of Cascade Head (y = 85) is an
area of relatively strong upwelling during the first days
of southward winds, and Fig. 7b is in agreement.

We conclude by noting that the influence of topo-
graphy is dominant over the coastline variations in deter-
mining the longshore pattern of upwelling for the Oregon
coast.

c. Free surface

Fig. 8 compares the free surface anomaly for the
flat bottom case to that of a case with topography. Except
for the deflection due to coastline irregularities, Fig. 8a
closely resembles the free surface for a B-plane case with
flat bottom and a meridional coastline. TFig. 8D however is
quite dissimilar, leading one to expect that topography
exerts a strong influence on the free surface. A signifi-
cantly greater depression of sea level occurs in the case
with topography, part of which (o 0.20 m in Case III) can
be accounted for by lack cof mass conservation in the numeri-
cal solution (0.05% of the original mass is lost by day 5).
In the flat case mass loss amounts to approximately 0.0035
m of sea level change. Also, at t = 0 the sea surface in
Case III is already depressed ~ 0.13 m due to the quasi-
balanced initialization. The remaining inter-case differ-

ence in free surface depression is attributed to a stronger
| S U N TN Tndii~nrad W WA A A B DS Aaioma AL +hA

ence in free surface depression is attributed to a stronger
barotropic mode induced by the topography. Ridging of the
free surface near x = 115 is due to the topographic Rossby

wave.
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Observations at the Oregon coast (Mooers and Allen,
1973) indicate that barometrically adjusted sea level varia-
tions of 0.02 to 0.20 m can occur in a time scale of scveral
days during an upwelling event. Brunson and Elliot (1974)
found that the steric contribution to this fluctuation is
0.02 to 0.03 m. The residual is due to hydrodynamic effects
and provides a base of comparison with the present study.

A N-S sea surface slope in the upwelling region
(sloping downward toward the pole) is evident in both cases
of Fig. 8, although more prominent in Fig. 8a. For the flat

7, or -.25x10°% m

case, the slope is approximately -.25x10
per 100 km. Hurlburt (1974) found a N-S slope of approxi-

mately -.57><10_7 for a straight coast case with a 200 m deep
basin. Each is in good agreement with theory (Hurlburt and

Thompson, 1973) which predicts the N-S slope for a flat

bottomed ocean to be

T
sY

o (hy * 1)

The sea surface slope in the upwelling zone of the
topography case is more complex, and is not well delineated

7 for the

near shore in Fig. 8b, but is approximately -.2x10
outer shelf. A y-t plot of free surface anomaly at the
coast for the flat case shows an interesting feature. The

free surface drops to about -0.20 m at day 2.5 before re-

COdST IOTr tne IridtL CdSE SIHUWS dil LILELICOLLIY LealtuLc. LIS
free surface drops to about -0.20 m at day 2.5 before re-
laxing to the level of Fig. 8a. During the five-day spin-up,

the free surface at the south end of the basin drops faster
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and rises lewer than at the nerthern end, thus maintaining
a relatively constant.N-S slope. No such oscillatory fea-
ture. is seen for the case with tqpography.

As discussed earlier, N-S sloping topography can
introduce a term in Eq. (8) analogous to B and thus can
affect the N-S sea surface slope. However, it is the zonal
integral of Bvl that is important, and Hurlburt and Thompson
(1973) have shown that a basin width of 0(1000 km) is neces-
sary for the B effect to realistically affect the longshore
pressure gradient. Values of BT for the topography of Fig.

4b are large enough however (values of B of ~ l><l(]—9 m_l

sec ~ are typical) to make the BT effect important even on
the mesoscale. Several regions of the actual Oregon bottom

7 to 1078 m—lsec_l). Thus,

topography have B values 0(10
the topographic B effect is probably quite important in
Oregon coastal upwelling circulation.

d. Upper layer flow

Figs. 9a and 9b show contours of the zonal* component
of upper layer velocity for the flat bottom and topography

cases. Although the flat case is relatively contaminated by

*The terms ''zonal" and "onshore-offshore'" are used in-
terchangeably herein to mean motion in the x or E-W direction.
Flow perpendicular to isobaths is referred to as 'cross-iso-
bath'" flow. The terms '"meridional' and '"longshore' are used
interchangeably to mean motion in the y or N-S direction.

Flow parallel to 1sobaths 15 referred to as ”along 1sobath”

e - FH1Am N

bath" flow. The terms ”merldlonal” and ”longshore” are used
interchangeably to mean motion in the y or N-S direction.
Flow parallel to isobaths is referred to as '"along-isobath"
flow. Huyer et al. (1975) found this convention for long-
shore flow to simplify the analysis of observational data
without altering the qualitative results in any way.
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inertial oscillations, the close qualitative similarity
between Figs. 9a and 9b suggests the preliminary conclusion
that topography has little effect on the upper layer zonal
flow.

For an upper layer thickness of 50 m, Ekman dynamics
predicts ug = Tsy/(plhlf) or uy = -0.02 m Secnl. Fig. 9a
shows offshore speeds in good agreement with this. Mooers
and Allen (1973) reported offshore velocities for the Oregon
region to be 0.10 to 0.30 m sec-l in the upper Ekman layer.
According to Smith (1974) the surface Ekman layer is appar-
ently restricted to the upper 20 m. Thus, the model predicts
transports in good agreement with the observations, but the
artificially thick upper layer of the model causes a decrease
in zonal velocity.

The longshore dependence of u; appears to be dominated
by coastline variations, and their associated length scales.
Hurlburt (1974) has explained the existence of strong zonal
flow along the relatively E-W portions of a coastline for
the eastern ocean circulation.

Fig. 9c shows contours of the upper layer N-S compo-
nent of velocity for the topography case. It is essentially
similar to the flat bottom case (not shown) but exhibits a
stronger poleward flow west of x = 120 in response to the

barotropic mode of Fig. 8b. The equatorward surface jet in
stronger poleward LlOow wesT Of X = l/ZU 1n response to the

barotropic mode of Fig. 8b. The equatorward surface jet in
the topography case has somewhat greater longshore variabil-

ity, and the jet maximum is slightly further offshore and
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stronger than in the flat bottonm éase. O'Brien and Hurlburt .
(1972) first modeled the'equatqrward jet in an x-z, f-plane
model explaining its existence in terms of cqnservatiqn of
potential vorticity.

The existence of the jet can also be understood in

terms of upper layer momentum balance (Hurlburt and Thompson,
1973). Consider the linearized upper layer momentum equa-
tion, neglecting viscous terms

8V1
ot

A - _ 4 9 sy
© fup = - g ogh (hy *hy + D) . (14)

In the interior, a Sverdrup balance exists and 3Vl/3t is
negligible. The right side of (14) has negative sign since
the geopotential gradient, although positive,is smaller in
magnitude than the Ekman drift term. In the upwelling bound-
ary layer uy 0 over the scale of the baroclinic radius to
satisfy the kinematic boundary condition, but the right side
of (14) changes relatively little, forcing avl/at < 0. No
slip at the coast and the viscous boundary layer (width 5 to
7 km for the present study) result in the development of a
jet structure in the longshore flow. The existence of the
jet is well documented (e.g., Mooers et al., 1975; Stevensqn
et al., 1974; Huyer et al., 1975) with equatorward speeds
0.20 to 0.30 m sec T in the jet maximum located 15 to 20 km

offshore.

[t e v e e v ere o~ - w - —— [ A Rt EIT IO SN INIC PN

offshore.
Theory predicts an e-folding width of AI for the equa-

torward jet. The offshore side of the jet in Fig. 9c has an
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e-folding width Qf»lZ.tq.14 km,_in‘gqqd agrecement with the
observations of Huyer (1974). The e-folding width of the
jet displays relatively little longshore variability,

Huyer (1974) compared geostrophic calculations from
hydrographic observations to v-component tiﬁe series from
current meters off Newport. She concluded that '". . . the
observed currents were mainly geostrophic during the period
5 to 20 July [1972] even though the winds were variable."
Comparing Fig. 9c with Figs. 6b and 8b demostrates the'geb-
strophic nature of the baroclinic jet. The stronger baro-
tropic mode of Case III produces somewhat larger equatorward
speeds than in the flat bottom case. Geostrophic calcula-
tions using the sca surface slope of Fig. 8b predict a vy of
o 0,22 m sec—l for the region y = -230, in excellent agree-
ment with Fig. 9c.

Longshore variability is noticeable in both the flat
bottom and topography cases, both exhibiting a decrease in
the jet maximum with increasing latitude.

Similarity in the longshore flow between the flat
and topography cases does not, in this case, imply a lack
of influence of topography on the longshofe floQL In the
topography case, a weaker E-W baroclinic pressure gradient
will cause a weaker baroclinic equatorward flow. However,

this effect is somewhat masked in the topography case by

1 . - . - 1 ~ . e ~ LI

this effect is somewhat masked in the topography case by
the stronger barotropic mode. Comparison of Fig. 9c with

the upwelling pattern of Fig. 6b shows how areas of stronger
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equatorward flow coincide with favored areas of upwelling.

One aspect of the upper layer flow, although not de-

picted here, is noteworthy. Huyer (1974), in comparing cur-

rents at station DB-7 (x = 18, y = 70) to those on the line

off Yaquina Head (y = 50), has observed that the longshore

current seems to diverge as it moves onto the widening shelf.

The model solutions also show a divergence in the upper

layer streamline vectors in the same vicinity.

e.

Lower layer flow

It is in the lower layer that we expect bottom topo-

~graphy to exert its greatest influence. Fig. 10 compares

zonal flow in the lower layer of Case I to that for Case III.

Obviously, the topography has a strong effect on the offshore

and longshore structure of Uy Overlaying Fig. 10b with the

topography transparency aids the analysis. There are several

main features of the onshore-offshore flow pattern. Each

develops before day 1 and persists qualitatively, although

affected by oscillations of an inertial time scale. Notice

the region of strong onshore flow of ~ 0.03 m sec_1 just

south of the cape.

Although this feature of the flow appears

to be associated with the coastline variation, the flat

bottom case exhibits no such feature. In fact, flow south

of the

graphy

UL LilC

~graphy

cape

case

cape

case

in Case I 1is

onshore flow

Lil LddSEe L Lo

onshore flow

directed offshore! In the topo-

is relatively strong, ~ 0.01 m sec_l,

arrecieud oLrsitore! 1i1owne Lupo-

is relatively strong, ~ 0.01 m sec-l,

nearshore for most of the N-S extent of the basin. There is

a region of strong offshore flow with axis at y = 50.
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Mean velocities from the CUE-I moored current meter
array, as tabulated by Huyer t1974),for a period of general-
ly squthward winds, indicate mean zonal velocities for deep

flows to be generally < 0.01 m sec . The deep current

meters at NH-10 and NH-15 (x

R

25 to 30, y = 50) show quali-
tative égreement with Fig. 10b, but the NH-20 deep flow is
directed onshore, contradicting the model results.

Zonal flow in the lower layer can be understood in
terms of the linear y-momentum equation (Hurlburt and

Thompson, 1973)

oV ' oh T
2 - 9 1 "By
5t Ffuy 5o Ay (hy + hy + D) + g dy Py,

(15)

In the interior a geostrophic balance holds. The kinematic
boundary condition forces u, to zero in the upwelling region
and, for the flat bottom case, avz/at > 0. For the case
with E-W sloping topography, offshore transport over the
shelf is approximately the same as in the interior. Thus,
mass continuity requires-the onshore flow over the shelf to
become supergeostrophic, forcing avz/at,< 0 until a friction-
al balance is achieved in (15).

The generally stronger onshore flow nearshore noted
above can thus be understood as a consequence of mass conti-

nuity and the rising topography. If the position of the

ADUVT Cadll LIIUD UL UILULL O LUUVU Uo U DVILLU VYU Vilv Y v disrw o v vas v
nuity and the rising topography. If the position of the
onshore maximum south of the cape in Fig. 10b is compared to

that of the net x-transport in Fig. 12b (which closely
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resembles the 1qwer layer zonal transport), the following
can be nqted. The velocity maximum is inshqre Qf the trans-
port maximum, demonstrating'hOW u, becomes supergeostrqphic
meeting the continuity constraint.

Fig. 10b demonstrates that topographic variations
affect the pattern of onshore flow well beyond the region
of sloping topography, producing barotropic flows which
seem to be governed by the barotropic radius Qf deformation.
In particular, the strong onshore flow just south of the
cape appears to be due to a divergence in v, (see Fig. 1lla).
Comparing Figs. 10b and 6b shows a generally stronger on-
shore flow in areas of active upwelling.

Longshore variations in deep onshore flow have been
observed (Shaffer, 1974) in the NW Africa upwelling region.
For canyons of apbroximately half the width of those in the
Oregon area, Shaffer observed neutrally buoyant floats to
move shoreward along the canyon axis. He concluded: '"The
main 'onshore' compensation flow takes place along the axis
of the canyon." This is not observed in Fig. 10b. Instead,
a pattern of offshore transport north of a ridge, and onshore
transport south of a ridge is seen, with the exception of the
ridge at y = -150. This pattern agrees with the results of
Hurlburt (1974) for a simple symmetric ridge. The NW Africa

observations and the area of onshore flow north of the ridge
at r ~ _1CN —:‘n s ~ TN T AnAd sima A A A~ Thadten #1201 an ~

observations and the area of onshore flow north of the ridge
at y = -150 in Fig. 10b lead us to speculate that the long-

shore distribution of deep zonal flow is quite sensitive to
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the longshqre scale Qf the tqppgraphié variation,

Fig. 1lla presents contours of the lower layer N-S
component of velocity.for the topqgraphy case at day 5, and
Fig. 11b the lower layer velocity streamline vectors for the
same case. For the flat bottom case (not shown) meridional
flow at day 5 is everywhere weakly poleward in the lower
layer, with a jet structure developing in the upwelling
zone similar to that seen by Hurlburt (1974) for a B-plane
flat bottom, meridional coast case. But the picture in Fig.
1la is quite different. Topography induces distinct varia-
tions in both the offshore and longshore structure of the
flow. In particular, the equatorward jet structure of the
y-independent north and south boundary regions implies the
dominance of a strong barotropic mode there. In the region
of longshore varying topography, the barotropic mode is much
reduced; in fact, two regions of poleward flow develop
(shaded areas of Fig. 1lla). The more éouthern region appears
during the first day of integration developing first just
north of the main cape. The other area of poleward flow de-
velops first at y = 210 at about day 1.25. Topography
clearly has a significant effect on the longshore flow.

A poleward undercurrent, coincident with the upwelling
season has been observed in Oregon (Mooers et al., 1975;
Huyer, 1974). Huyer has observed statistically significant

deep poleward flow at several CUE-I moored current meter
Huyer, 1974). Huyer has observed statistically significant

deep poleward flow at several CUE-I moored current meter

stations, no poleward flow at others. The CUE-I data do not
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provide a detailed description of the offshore dependence
of the deep flow; however, its strength is not observed to
decrease with distance offshore. In the upwelling boundary
layer the E-W barotropic and baroclinic pressure gradients
compete in driving the geostrophic longshore flow. Huyer
concluded that there is a persistent vertical shear in the
longshore flow during the upwglling season which varies
with location and time. The shear was observed to obey the
thermal wind (geostrophic) relation.

Hurlburt and Thompson (1973) have reviewed theoreti-
cal explanations of the poleward undercurrent and explained
how the B effect can produce a longshore préssure_gradient
sufficient to reduce the barotropic mode, allowing poleward
flow to develop. The poleward undercurrent observed in the
present study is similar to that which developed for sharp
shelf cases in the x-z models of Hurlburt and Thompson
(1973) and Thompson (1974), being restricted to the region
immediately adjacent to the coast. As explained in the dis-
cussion of (15), u, becomes supergeostrophic over an E-W
sloping bottom in responsé to requlirements of continuity,
forcing avz/at < 0. Over the flat topography, a moderately
increasing N-S pressure gradient in the lower layer coupled
with a decrease in other terms of the y-momentum equation in
the viscous boundary layer can allow the N-S pressure gradi-

ent to dominate very near the coast and v, > 0.
the viscous boundary layer can allow the N-S pressure gradi-

ent to dominate very near the coast and v, > 0.
In a linear time-dependent, continuously stratified

f-plane model with E-W sloping, but y-independent topography,
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Pedlqsky,(1974c) hag fqund a pqlewdrd undercurrent to. develop
in response to bottom friction and the vorticity constraint
imposed by the E-W sloping bottom. He observed that. the un-
dercurrent begins as a broad flow, but for times large com-
pared to the barotropic spin-up time and small compared to
the diffusive time scale, shrinks to a flow resembling that
found by Hurlburt and Thompson (1973), nestled against the
coast. Pedlosky concluded that this inshore counter-current
~gives way over diffusive time scales to a steady counter-
current discussed in Pedlosky (1974b).

The feature of the undercurrent of most interest in
the present study is its longshore variability. Comparison
of Fig. 1la with the upwelling contours of Fig. 6b shows a
tendency for areas of poleward (or weaker equatorward) flow
to coincide with areas of stronger upwelling, i.e., an in-
creased baroclinic mode.

Hurlburt (1974) has investigated the effects of N-S
sloping topography on the development of the poleward under-
current. Two cases, using wedge-shaped topography with N-S
slopes of opposite sign showed the following. Toppgraphy
sloping upward towards the mnorth (BT > 0) resulted in an en-
hanced poleward flow near the shqre. The opposite was true
for Bp < 0. As previously discussed, the'topggraphic beta
effect can act in (8) to affect the longshore pressure

S s ~wd thain ALLant+ +ha ctvanath Af the noleward under-

effect can act in (8) to affect the longshore pressure
~gradient - and thus affect the strength of the poleward under-

current. To summarize, regions of By > 0 would be expected
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to exhibit stronger poleward flow than regions for which
Br < 0. Hurlburt states that the fundamental scale of influ-
ence scems to be the barotropic radius Qf deformation.

Overlaying Fig. lla with the bottom topography, we
see general agreement with the predictions of the By effect.
It should also be noted that the undercurrent is more likely
to develop in areas where the shelf is wider. The equator-
ward barotropic mode is more effectively reduced by Jsvldx
in these areas with wider shelves.

Several interesting features of the flow are apparent
in Fig. 11b. A strong divergence occurs in the longshore
flow near the cape‘with an associated response in the onshore
flow dictated by continuity. There is a general tendency to
foilow the isobaths, but regions of cross-isobath flow do
cccur. Oregon observations (Huyer, 1974) indicate that the
orientation of the major axis of flow is determined by the
bathymetry, tending to be oriented along the local bottom
contours. However, mean cross-isobath flow has been observed
at all levels at the DB-7 current meter string (x = 18, y =
70), and the model results indicate cross—isobath flow there.
An anticyclonic gyre (axis at y =~ 100) with scale governed
by the barotropic radius seems to be associated with the main
canyon. A weaker gyre exists at x = 130, y = 240. Their po-

sitions remain quite stationary during spin-up.

~raLy ke 41 nvenviL gyl waAlLoLd av oA = Luu, y = LU iucirlL pu-~
sitions remain quite stationary during spin-up.

f. Net transports

Net E-W transport for the flat case and topography case
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at day 5 are cqmpared.in Fig. 12. Mass is fairly well
conserved in planes perpendicular tc the codst for the fiat
case - but the case with bottom topography displays a dras-
tic departure from mass balance in the x-z plane. Two-dimen-
sional (x-z) models of the Oregen coast conserve mass in an
E-W plane, but the observations do not agree. The X~y model
shows why. Fig. 12 conclusively shows that for the Oregon
region, a three-dimensional representation of the current
field is essential to explain the observed features.

The effects of topography are clearly seen in the
picture of zonal barotropic flow (Fig. 12). The following
pattern 1s always seen in Fig. 12b: offshore net transport
north of a ridge and onshore net transport south of a ridge.
The observed pattern agrees with the results of Hurlburt
(1974) who concluded that the dominant scale of influence
in the longshore variation of barotropic transport was the
ridge width. Variations in the barotropic transport per-
pendicular to the coast are in response to fluctuations in
the longshore flow caused by the topographic B effect.

Fig. 13a shows N-S mass transport in the lower layer
for the topography case at day 2.5. The corresponding net
N-S transport is shown in Fig. 13b. Overlaying Fig. 13b
with the topography transparency reveals several features of

the net flow. Strong equatorward transport is seen over

~ 1 . [N A 71 SR, IR [LJUR R S VRS U P E R N I A A

the net flow. Strong equatorward transport is seen over
areas of sharper E-W slope in regions where the isobaths

parallel the meridians. Note how Hecata Bank ''pushes'" the



61

*S9In8TF Y3o0qg UI posn ST TBAISI[BAISIUT
Inojuod swes 2yl *(d) UT III 9se) pue (B) UT ] ©SB) I0J S ABp 3B ﬁmoa x 7.2 x p.28s"
H-E 3)) 31xodsuexl ssew Jo jusuodwod M-J Po3eITIUT-ATTBOTIIIOA 72T  ST4 I

00¢ 00¢

-

(0)

00b-f=

| IR

oos-Ei

002-

111

0O0lI-

lllll
|AlllllllllLLLlIlll

|
lllllll‘lllllll

WA

1
1

00!}

002t

aadiaal
aadaaa g

00¢ (

ooplbeam e




62

o O @)
38838 ,888:¢8
+ ©» « © o T , \ \
NN NI A S AL I.hlu!”:[:f,,ll::'nrn: T @]
—\\x{)//,\\\ i :’ ::lllll:l|ll||lr
L ! \ oy = — —
~——— < 9 \ o e —
. v\ _/ | o
L — / = ' 40
™ -~ - /\ o "o- .—"-—-
' ) Fol
1
i ~ ‘ S
| ( 1 | +_
\ /
N\ =7 ]
[ 1o
. 10
E&_—\/\ / 4
r No— — =S
= 10
JLII[IIJIIIlLlIllIlIllLIllllllllllllIIIO
[V
O O
3 o ©
< R
T @]
- 19
[ 1o
B ©
N
i o
F /__:l(_7
| 7/ .
-~
L‘*——/ \_—O/-’ ’5-
ALAIAlll(lllA_L[ll‘LllllLAlllllIllllJ_LllllI8
A
P
= —_ - N _o— — g*
LLAI..a.l...1l||n.|..||l44||l:AlnlJ_LL|8
o

Note that dif-

transport (b) at day
103

2%

KM
sec

-1

N-S component of lower layer mass transport (a) for Case II at

day 2.lay 2.5 and the vertically-integrated N-S component_of ma
All contours are labeled in kg m

KM
13.

Fig.
ferentferent contour intervals are used in (a) and (b).

2.5 fo2.5 for Case II.




63
transport contour offshore. Comparison with Fig. 13a shows
that at day 2.5 variations in the net N-S transport mirror
those of the lower layer. Fig. l4a shows the net N-S
transport for the topography case at day 5. Net transport
vectors are shown in Fig. 14b. Note the strong similarity
to the lower layer vectors of Fig. 1lb. The intense baro-
tropic onshore transport just south of the cape is clearly
seen to be a consequence of a divergence in the net N-S flow.
Comparison of the baroclinic N-S transports for the flat and
topography cases show significant differences, indicating
that for longshore flow topography influences both the baro-
tropic and baroclinic modes. A time series of barotropic
vectors shows that streamlines generally follow the bottom
contours within the 70 km nearest the coast independent of
time during spin-up. Features of the flow further offshore,
however, develop with time. Notice that the center of the
gyre (axis at y = 100) corresponds to the closed contour of
free surface anomaly in Fig. 8b.

As mentioned earlier in this section, strong topo-
graphic Rossby waves can be excited by variations in bottom
height in the term curlzy[(T‘S - TB)/h] of Eq. (12). Such
Rossby waves are evidenced by the poleward {flow in Fig. 14.
These topographic Rossby waves were excited independent of
the initial state. In this B-plane model, the topographic
Rossby waves and consequent westward intensification appear

primarily responsible for the return flow of the topographi-

Rossby waves and consequent westward intensification appear
primarily responsible for the return flow of the topographi-
cally induced barotropic coastal current in the eastern ocean

(Hurlburt, personal communication).
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6. SPIN-DOWN

To investigate the relaxation phase of upwelling, the
winds have been varied in the simplest manner possible. In
Cases I and II, the wind stress of Fig. 5 has been shut off
at day 2.5 and the integration continued to day 5. The
emphasis of our analysis will be on the pattern of decay of
the longshore current and the upwelling, using comparisons
of the picture at day 2.5 to that at subsequent times.

a. Zonal flowv

Upper layer E-W flow during spin-down is strongly
dominated by inertial oscillations. Two features observed
during spin-up persist during relaxation: (1) a small
pocket of offshore flow just north of the cape, and (2) an
area of onshore flow south of the cape. Persistence during
spin-down of onshore flow in this area suggests a testable
hypothesis: the existence of an onshore jet during the up-
welling season just south of Cape Blanco. Greater upper
layer onshore transport in areas where the pycnocline 1is
relaxing faster would be expected, and the model is in
qualitative agreement.

In the lower layer at day 5, both the flat bcttom and

topography cases are characterized by weak u, flow, ~ 0.0l m
In the lower layer at day 5, both the flat bcttom and

topography cases are characterized by weak u, flow, ~ 0.01 m

2
sec = compared to ~ 0.03 m sec-l at day 2.5. The pattern
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of longshqre yariability has reversed (N-S lower layer flow .
has alsq reversed, now being generally pqleward). The gen-
eral rule is now: QnshQre'flow nqrth of ridges, and offshore
flow south of ridges. One area of onshqre transport corres-
ponds to the area of strongest upwelling in Fig. 18b.

b. Meridional flow

The meridional component of upper layer flow for Case
I, days 2.5 and 4.25, is shown in Fig. 15. By day 4.25 the
equatorward jet has decayed, most quickly in the northern
part of the basin. By comparison, in the flat bottom case
(not shown), the upper layer flow at day 4.25 is equatorward
everywhere and the jet has decayed uniformly longshore. A
time series of v, shows that the area of stronger southward
flow associated with the head of the main canyon diminishes
and moves northwara after the wind is shut off. The reasons
for this northward movement will be discussed in Section 6c.

Of particular interest are two areas of upper layer poleward

flow nearshore in Fig. 15b. Huyer (1974) has reported shal-
low poleward flow at the NH-3 site (x = 10, y = 45), which
coincided with a barotropic reversal in the currents. Al-
though the E-W sea surface slope in the upwelling zone is
still negative at day 4.25, the areas of poleward flow in
Fig. 15b coincide with two areas of relatively small E-W

slope. We believe inertial oscillations are the dominant

L N < “ v R R Vioal s RTINS —a v e - - R A ]

slope. We believe inertial oscillations are the dominant
mechanism acting here, for at day 5 (see Fig. 16c) one of

the regions is again showing equatorward, but relatively weak

equatorward, flow.
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Fig. 16 sths.thﬁthe'upper layer N-S transport is com-
posed of barotropic and barqclinic modes . Although'theré is
some minqr longshqre’variatiqn in the barotropic mode, most
of the 1ongshqre structure in the upper layer meridional flow
is seen to be due to the baroclinic mode. The pattern of N-S
flow in Fig. 16b is clearly ekplained by the baroclinic E-W
pressure gradient, as shown in Fig. 18b (contours in Fig. 16b
are labeled with signs appropriate for the upper layer)..
Notice that the baroclinic mode is poleward nearshore in the
region y = -200 to y = -280 in Fig. 10D.

Development of lower layer poleward flow during spin-
down is portrayed in Fig. 17. At day 2.5 a barotropic south-
ward jet exists in the northern and southern regions, with
two areas of poleward flow near the coast. During spin-down,
these two areas develop until, from day 3.75 on, there is
poleward flow nearshore everywhere from the cape northward.
This agrees with observations (Mooers and Allen, 1973) which
indicate the poleward undercurrent over the shelf occurs more
frequently after upwelling events relax. A time series of v,
shows that the equatorward jet in the northern boundary re-

~gion, with axis at x = 20 at day 2.5, shifts offshore as it
weakens. At day 5 its axis is at x = 40. During this time
a poleward jet has developed inshore of the equatorward jet.

The longshore variability of the poleward undercurrent

R L Y B S e R e s - e A = —mm e o e . - L . PR

The longshore variability of the poleward undercurrent
is interesting. During spin-up it is found only in certain

areas favored by topography. A y-t plot of free surface
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height at the coast (ngt shown) reveals that the barotropic
mode begins to relak‘immediately when the wind is shut off
at day 2.5. This, plus slower relaxation of the baroclinic
mode produces the deep poleward flow. As explained by
Hurlburt and Thompson (1973), as u;h, » 0 during spin down,

171

uzh2 + 0 also over an inertial period. Then, from Eq. (15),
avz/ét > 0 since the N-S pressure gradient decays more slowly.
Persistent equatorward flow south of the cape can be
explained by comparison of Figs. 16a and 1lla. Since the un-
dercurrent is a baroclinic flow, a sufficiently strong baro-
tropic mode can mask the poleward current. Fig. 1lla shows
that the area south of the cape is such an area. This
interesting contrast in the flow direction north and south
of the cape leads us to predict the following. If two cur-
rent meters were moored at the 100 m depth during upwelling
season, one north and one south of Cape Blaco, the southern
current meter would show a mean flow equatorward relative to
that north of the cape.
c. Upwelling
The behavior of coastal upwelling during spin-down is
represented in Figs. 18 and 19. In Fig. 18, the pattern of
pycnécline displacement at day 2.5 is compared to that at

day 5 for the topography case. Figs. 19a and 19b present

(for Cases I and II, respectively) y-t plots of pycnocline
IR T crmamalar a+r +hAa ~Aaact FfAav +ha antire B Adav enin-1n

(for Cases I and II, respectively) y-t plots of pycnocline
height anomaly at the coast for the entire 5 day spin-up,

spin-down cycle. Fig. 18 shows that the upwelling relaxes
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slightly during spin-down, but as noted by Huyer (1974):
", . . the effects of upwelling are easier to create than
to destrqy. . . . [they] do not disappear during several
day periods when the wind is unfavorable to upwelling."

Longshore variations in the pattern of decay are
relatively slight for the flat bottom case (see Fig. 19a).
Upwelling seems to '"hang on" longer south of the cape.
Hurlburt (1974) observed in numerical model results that
coastline variations can excite large amplitude internal
Kelvin waves. No such waves are noticeable in the flat
bottom case.

Northward propagation of the upwelling disturbance
is quite apparent in the case with topography. thice that
the area of 12 m + upwelling south of the cape in Fig. 18a
propagates northward, and at day S5 is located just north of
the cape (Fig. 18b). Also, the area of relatively strong
nearshore upwelling at the head qf the main canyon in Fig.
18a has propagated northward explaining the northward move-
ment of the region of relatively strong equatqrward flow in
Fig. 15. Poleward propagation of the upwelling appears in
Fig. 19b as positive slope in the y-t cqntqurs. This pole-
ward propagation of the disturbance is interpreted as a
baroclinic continental shef waye.

Gill and Clarke (1974), in discussing shelf waves in

baroclinic continental shef wave.

Gill and Clarke (1974), in discussing shelf waves in

terms of an analytical model, stated: " . . . the upwelling

R — S
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prqblem is also the shelf wave’prqblem.” For cases including
both stratification and shelf-like bottom topography, they
find the free modes have features Qf both shelf waves and
internal Kelvin waves. Allen (1975), in an analytic two-
layer quel with y-independent shelf-slope topography, has
investigated the nature of coupling between the barotropic
and baroclinic modes for coastal trapped waves caused by
bottom topography. He found that internal Kelvin waves can
force a barotropic motion which extends out over the conti-
nental slope.

An estimate of the phase speed for the wave observed
in Figs. 18 and 19b can be had by noting that the northern
terminus of the 12 m isoline moves approximately 50 km in
the 2.5 day spin-down period giving a phase speed of 0.25 m
sec—l. Slopes of the y-t contours in Fig. 19b yield the
same estimate. By comparison, the speed of an internal

~gravity wave (at the coast) is given by

For hl = 10 m, the internal wave phase speed is ~ 0.40 m
sec_l. Observations of baroclinic waves for Oregon are
sparse, although barotropic continental shelf waves have

been observed (e.g., Mooers and Smith, 1968; Cutchin and
Crmas +1h 1072

been observed (e.g., Mooers and Smith, 1968; Cutchin and
Smith, 1973).
An interesting feature of the solutions (visible in

both Figs. 6b and 19b) is the apparent longshore variability
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in shelf wave propagation during spin-up. Although no
northward propagation of the upwelling is noticeable during
spin-up south of y = 0, the pattern of upwelling near the
canyon is obviously propagating northward even under forced
conditions, at a speed of ~ 0.25 m sec-l. When the winds
are shut off, northward propagation is observed along the

entire N-S extent of the basin.



7. CRITIQUE

Certainly, our efforts in modeling the onset of
coastal upwelling suggest several ways in which significant
improvements can be made. Inclusion of a more realistic wind
stress, with time dependency in a three-dimensional model is
left for further work. The importance of the omission of
thermodynamics has been discussed. A careful treatment of
the problem of initialization is called for.

Even using the complex topography ofrFig. 4b, our -
model of Oregon upwelling is an idealization of the actual
underwater topography, as a glance at Fig. 4a will indicate.
Although the principal scales of variation have been preserv-
ed, bottom slopes are too gradual in comparison to actual
Oregon topography, and no realistic shelf break is included.
Finer resolution must be used in x and y to include the
shelf break and steep bottom slopes, requiring a larger usage
of computer core storage and a smaller time step. These eco-
nomic considerations begin to weigh heavily in an assessment
of the two-layer model's applicability to the problem under
study here. For instance, a case typical of those discussed
in Sections 5 and 6, with ~ 3200 grid points, used roughly

25 minutes of CDC 6600 CPU time per day of model run. However
in Sections 5 and 6, with ~ 3200 grid points, used roughly

25 minutes of CDC 6600 CPU time per day of model run. However
use of the y-stretching option (not exploited in this study)

78
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should result in substantial savings of core storage. Also,

a more efficient version of the quel, which makes use of
less expensive extended computer core storage, now exists
(Hurlburt, personal communicatiqn). These features, plus
careful case selection will, we believe, allow the two-layer
model to continue to be not only an effective but an economic

tool for understanding upwelling.




8. SUMMARY

The non-linear numerical model developed by Hurlburt
(1974) has been used to investigate the effects of Oregon-
like bottom topography on the onset and decay of the coastal
upwelling circulation. The model is a wind-driven X-y—t,
two—layer,.B—plane model which neglects thermodynamics.
The actual nearshore Oregon bathymetry was digitized and a
Fourier analysis done to determine the dominant longshore
scales of Variation. A smoothed version of the topography
was used; Cases were run with physical parameters typical
of the Oregon region, the model being forced by a simple
y-independent, time-independent wind stress. Economic
considerations for three-dimensional numerical models of
upwelling have been discussed. |

Cases with varying initial states, toppgraphies
and wind stresses were compared using synoptic contour and
vector plots of model solﬁtions. Variations in bqttom topo-
~graphy are found to play a very important role in explaining
observed mesoscale features of the Oregon upwelling circula-
tion. The region near Cape Kiwanda (y = 110 in Fig. 3) is
shown to be an area of favored upwelling due to presence of

an underwater mesoscale canyon. In general, for an equator-
shown to be an area of favored upwelling due to presence of

an underwater mesoscale canyon. In general, for an equator-
ward wind stress, the pattern of longshore variation in
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upwelling intensity is explained by the rule: greater up-
welling equatorward of (and lesser upwelling poleward of) a
canyon axis, consistent with the topographic B effect.
Topographic variations are found to dominate over coastline
irregularities in determining the longshore structure of
upwelling. Specifically, our study indicates that the
stronger upwelling observed near Cape Blanco is mainly due
to local bottom topography rather than the cape itself.

Topography is seen to exert little influence on the
pattern of upper layer offshore transport, but'does influ-
ence the longshore structure of upper layer meridional flow
by affecting the baroclinic mode. A great degree of variabil-
ity in the N-S lower layer flow, including two regions with
a nearshore poleward undercurrent, is explained by variations
in the longshore pressure gradient induced by the topographic
B effect. Irregularities in the barotropic onshore-offshore
flow, on scales exceeding that of the sloping topography,
respond to the topography induced variations in the longshore
fiow. Zonal mass balance is not seen for the Oregon upwelling
regime, with net zonal transports always seen to follow the
pattern: offshore transport north Qf a ridge and onshore
transport south of a ridge under forcing by squthward blowing
wind.

Topographic Rossby waves are seen in the model solutions

anAd +hai» imnartance in the return flow of the topographically

Topographic Rossby waves are seen in the model solutions
and their importance in the return flow of the topographically

induced barotropic eastern ocean is discussed. The existence
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Qf a relative onshore jet just south of Cape Blanco and rela-
tive northward deep flow north of Cape Blanco is predicted.
During spin-down (and for some regions during spin-up) baro-
clinic continental shelf waves are observed in the pattern
of the pycnocline height anomaly. |

We conclude that the inclusion of realistic bottom
topography is essential to an understanding of local up-
welling and the longshore current structure of the Oregon

region.




APPENDIX

LIST OF SYMBOLS

horizonatal eddy viscosity

drag coefficients for interfacial and bottom
friction

height of the bottom topography above a reference
level : '

Coriolis parameter

Coriolis parameter at y = 0

acceleration due to gravity
reduced_gravity,_g(p2 - pl)/p2

total depth

instantaneous local thickness of the layers
initial'thickness of the layers

width of the viscous boundary layer in the
y-momentum equation

width of the continental shelf

total extent of the model region in the x and y
directions

time

barotropic components of velocity in the x and y
directions

x-directed components of current velocity
y-directed components of current velocity

tangent plane Cartesian coordinates: X positive
y-directed components of current velocity

tangent plane Cartesian coordinates: Xx positive
eastward, y positive ncrthward, z positive upward .
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B value of B simulated by N-S sloping topography
At . time increment in the numerical integration
Ax, Ay horizontal grid increments in the x and y
directions
.AI baroclinic radius of deformation
AE barotropic radius of deformation
Py P15 Py densities of sea water
3 : .
Oy (ps,t,O 1) x10~, where ps,t,O.ls the sea
: water density corrected to atmospheric pressure
Tox? T1x’ TBx x-directed tangential stresses at the surface,
interface, and bottom
sy TIye T y-directed tangential stresses at the surface,
Y Y Y interface, and bottom
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