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ABSTRACT

An x-y-~t two-layer, primitive equation model on a
B--plane has been developed to study the effects of longshore
variability on the wind-driven eastern ocean circulation.

Of particular interest are the effects of various configura-
tions of bottom topography and coastline geometry on the
wind~-driven baroclinic coastal jet. The model is time-~
dependent and retains the free surface. It is integrated
using an efficient semi-implicit numerical scheme and a
variable resolution grid which allows both resolution of
mescscale boundary layers and longshore features, and a
model region with an LE-W extent great enough to permit
development of a Sverdrup interior. A unique feature of
the model is an open-~basin northern and southern boundary
condition which allows the development of a Sverdrup in-
terior even when the model is solved on regions with meso-
scale N-S extent.

The topographic B effect is found to play a funda--
mental role in the dynamics associated with mesoscale
longshore variations in topography. Due to tine combination
of the wind stress and sloping topography, potential vortic-
ity 1s not well conserved. The streamlines show only a

slight tendency to parallel the isobaths. Longshore varia-
ity is not well conserved. The streamlines show only a

slight tendency to parallel the isobaths. Longshore varia--
tions in topography also produce barotropic flows required
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for mass continulty extending far beyond the topographic
feature. These flows appear to respond on a scale governed
by the barotropic radius of deformation. Quite striking is
the lack of large amplitude wave phenomena assoclated with
mesoscale longsihore topographic perturbations.

For mesoscale variations in coastline geometry the
coastal currents and the pattern of vertical motion follow
the coastline, but not with uniform strength. Thus, it is
possible for strong upwelling to occur when not predicted
by the local wind stress. It is also found that variations
in coastline geometry may excite large amplitude internal

Kelvin waves.
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1. INTRODUCTION

An important feature of the eastern ocean circulation
is coastal upwelling. Associated with the upwelling is an
equatorward surface jet and a poleward undercurrent (HMooers
et al., 1972). The present investigation focuses attention
on the effects longshore variations in bottom topography
and coastline geometry have on these phenomena. To date the
effects of these longshore varlations have received little
attention. Hence, we begin with a brief review of the dynam-
ics of tne eastern ocean circulation as revealed by theo-
retical studies based on longshore-independent topograpiny
and coastline geometry.

The first important contribution to the theory of
coastal upwelling was Ekman (1905). He considered a balance
between vertical friction, B?/Bz, and the Coriolis force in
the surface layer of a wind-~driven ocean. For an equator-
ward wind stress in the eastern ocean such a balance predicts
offshore flow in a thin surface layer and one-sided divergence
at the coast. I[Mass continuity implies the occurrence of
coastal upwelling and a deep onshore flow (Thorade, 1909).

A convenlent aspect of this simple theory is the uncoupling

of the vertically-integrated horizontal momentum equations.
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of the vertically-integrated horizontal momentum equations.
As a result it is possible to understand the gross features
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2
of the circulation in a vertical cross-section normal to the
coast without considering the longshore flow at all.

Subsequently, many investigators have studied the
theory of the wind-driven eastern ocean circulation. Ekman
dynamics has been an important element of most of the theo-
ries. We will consider only a few which are particularly
relevant to the present study.

Hidaka (1954) and Yoshida (1955) attempted to under-
stand the coastal circulation in the vertical plane normal
to the coast. Hidaka's homogeneous, steady state model pre-
dicts upwelling confined to a viscous boundary layer of

thiclness (A/f)L/2

, Wwhere A 1s the horizontal eddy viscosity
and f is the Coriolis parameter. Using a time--dependent
model which includes stratification, Yoshida found a charac-
teristic width scale for coastal upwelling given by the
baroclinic radius of deformation. This i3 a more realistic
result in the light of observations (Mooers et al., 1972).
Yoshlda also argued that for an equatorward wind stress
parallel to the coast both an equatorward surface jet and
poleward undercurrent should exist, but presented no clear-
ly defined theory.

Charney (1955) made an important contribution to

the theory of the eastern ocean circulation when he applied

conservation of potential vorticity to a theory of wind-

- e - . - s s - rr . ~y = T PR D A VA,

conservation of potential vorticity to a theory of wind-
driven coastal jets. However, Charney intended his theory

for application to the Gulf Stream, and 1its relevance to
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the eastern ocean circulation was overlooked until O'Brien
and Hurlburt (1972) found a coastal jet with similar
dynamics in their numerical model.

The time--dependent model of O'Brien and Hurlburt
(1972) consists of two layers of finite depth, 1s on an
f-plane and neglects all longshore derivatives. Later
0'Brien (1973) solved a linear, inviscid version of this
model with a flat bottom analytically. He found that the
longshore flow consists of a barotropic mode governed by
the barotropic radius of deformation, and a baroclinic mode
governed by the baroclinic radius of deformation, both of
which grow linearly with time under steady wind stress
forcing parallel to the coast. Although the modes are
oppositely directed, they have the same amplitude at the
coast which precludes development of the observed under-
current.

Allen (1973) also found the surface jet in a continu-
ously stratified f-plane model which neglects all longshore
derivatives, but because he used the rigid 1lid approximation,
hls model does not contain a realistic treatment of the
‘barotropic mode. The rigid 1lid imposes an integral con-
straint which requires the net transport normal to the
coast to be zero at any point. This is a good approximation

for his f-plane model only if the width of the basin 1s much
coast to be zero at any point. This 1s a good approximation

for his f-plane model only if the width of the basin 1s much

less than the barotropic radius of deformation.
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These f-plane models which neglect all longshore
derivatives are missing a key dynamical ingredient, the long-
shore pressure gradient. Garvine (1971) investigated a
homogeneous , steady-state model and demonstrated the longshore
pressure gradient 1s an essential dynamical element of a homo-
geneous model of coastal upwelling. Without this longshore
pressure gradient the subsurface onshore flow required by
mass continuity must occur in a strong bottom Ekman layer in
his model, a feature not in accord with observations (ilooers
et al., 1972). 1Inclusion of this pressure gradient also yields
oppositely directed longshore coastal currents in the surface
and subsurface layers. However, their dynamics and associated
horizontal and vertical structure suffer defects which are
unavoidable when a homogeneous fluid is used to represent a
stratified ocean. No physical mechanism for the production
of a longshore pressure gradient of just the magnitude re-
quired to balance the onshore flow is included in Garvine's
model, but he suggested that the wind 'piles up' the water
in the direction of the stress.t

Yoshida (1967) found an equatorward surface current
and poleward undercurrent in a wind-driven steady state model
of the eastern ocean circulation on a B~plane. However, the
occurrence of these currents in his model depends on a par-
ticular parameterization of thermohaline mixing and the

existence of a Sverdrup balance within the upwelling zone.
ticular parameterization of thermohaline mixing and the

existence of a Sverdrup balance within the upwelling zone.
Scale analysis is sufficlent to show that such dynamics are

not operant in the coastal upwelling circulation.




5
Hurlburt and Thompson (1973) investigated a time-

dependent two-layer model on a vertical cross-section normal
to a meridional coast which neglects longshore derivatives
of the velocity field and the wind stress, but which retains
the N~S pressure gradient and the B effect. For an equator-
ward wind stress and flat topography the longshore flow 1s
characterized by a Sverdrup interior and geostrophically
balanced jets in the upwelling boundary layer consisting of
an equatorward surface jet and a poleward undercurrent. The
offshore flow in the upper layer is Ekman drift reduced by
the presence of the N-S sea surface slope. The compensating
onshore flow in the lower layer 1is geostrophic.

FFrom the point of view of vorticity dynamics the Jet
structure predicted by the model is most succinctly explained
as a Sverdrup interior matched to an upwelling boundary layer
in which potential vorticity is conserved. For the simple
case of flat topography and no wind stress curl in the up-
welling zone Hurlburt and Thompson were able to obtain a
stronger result even for a dynamically much more general case.
They demonstrated the vertically integrated longshore mass
transport must nearly vanish point by point across the up-
welling boundary layer.

Consideration of the momentum balance also led them

to expect the development of an equatorward surface jet and

A emaTl accnanad 2in A man Avraana s 4+ Tun A svvirmAar T awranm o AP fPorhAna

to expect the development of an equatorward surface jet and
‘a poleward undercurrent. In the upper layer the offsnhore

flow outside the upwelling zone is Ekman drift reduced by
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the N-S pressure gradient force. The onshore flow in the
lower layer is geostrophically balanced outside the upwelling
zone. Inside the upwelling zone this combination of geo-
gstropihy and Ekman drift breaks down to satisfy the kinematic
poundary condition. Thus, in this region there is equator-
ward acceleration in the upper layer and poleward in the
lower layer.

The momentum and vorticity dynamics can be linked by
noting that under the assumptions of the model the Sverdrup
flow 1is independent of latitude, but the E-W pressure gradi-
ent required for this flow to be geostrophically balanced is
not. Hence, the Hurlburt and Thompson model develops a N~S
sea surface slope which is 1lndependent of latitude for a N-S
independent wind stress. WNote that the appropriate N--S pres-
sure gradient develops in response to the vorticity constraint
of a Sverdrup interior and is not specified, and also that a
N-S pressure gradient will develop in this manner only in
basins large enough, 0(103 by 103 km), to admit a Sverdrup
interior.

In the present study an x-y-t two-layer, primitive
equation model on a B-plane is used to investigate three~di-
mensional aspects of the wind-driven eastern ocean circula-
tion. The model is time depéendent and retains the free

surface. It is integrated using an efficient semi~implicit

- ———— — e e e e e N o e o B R R A v vl L I

surface. It is integrated using an efficient semi~implicit
numerical scheme and a variable resolution grid which allows

resolution of mesoscale boundary layers and longshore features,
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and a model region with an E-1 extent great enough to permit
development of a Sverdrup interior. A unique feature of the
model 1s an open-basin northern and southern boundary condi-
tion which allows development of a Sverdrup interior even
when the model is solved on regions with mesoscale N-S
extent. Such a model is useful in studying the effects on
the eastern ocean circulation of northern and southern bound-
ary conditions, and longshore varilations in the wind stress,
bottom topography, and coastline geometry. Details of the
model formulation are discussed in Section 2, and some tests
of the boundary conditions in Section 3.

To date observational and theoretical studiles of the
three-dimensional eastern ocean circulation have been very
limited. The effects of a closed basin have been studied by
Pedlosky (1974), using a steady state model on an f~plane
driven by an arbitrary wind stress distribution. He has
also studied the effects of a closed baéin, positive wind
stress curl in the eastern ocean, and a continental slope
as three factors affecting tne direction and strength of
currents in the eastern boundary layers (Pedlosky, personal
communication).

Gill and Clarke (1973) and Suginohara (1973) have
studied the effects of longshore variations in an equator--
ward wind stress both with and without longsihore independent

shelf-slope topography. They found that Kelvin wave and
ward wind stress both with and without longshore independent

snelf-slope topography. They found that Kelvin wave and
continental shelf wave dynamics are important in understand-

ing thelr results. In particular, Suginohara found that
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when the wind is turned off the subsiding upwelled portion
of the pycnocline propagates poleward at the speed of an
internal Kelvin wave. He also found a poleward undercurrent
in the flat bottom case, but reported tiat none develops
until the wind is shut off in a case with a longshore inde-
pendent continental shelf -slope similar to that off Oregon.
It should be noted that Suginohara’s solutions are essential-
ly for a closed basin with a rigid 1lid on an f-plane, since
his basin (about 300 by 1500 km) is not large enough to
develop a Sverdrup interior. The N--S pressure gradient and
poleward undercurrent in his model are primarily the result
of the solid northern and southern boundaries and the exist-
ence of the wind stress. That 1s, the mass continuity con-
straint imposed by the closed basin and the distribution of
the wind reduces the amplitude of the barotropic mode for
the N-S flow from that which would occur in the absence of
N--S derivatives. Some additional effects of the wind stress
distribution are discussed in Section 3c.

Attention in this study 1s focussed on the effects of
various configurations of bottom topography (Section 4) and
coastline geometry (Section 5) on the eastern ocean circula-
tlon. Several theoretical studies have considered the
effects of topography without longshore variations (e.g.,

Hurlburt and Thompson, 1973). These studies show that for
~— mmeem Lmsnsrmand redind mbwmmaco mawmallal +A +he ernaat  anhanced

Hurlburt and Thompson, 1973). These studies show that for
an equatorward wind stress parallel to the coast, enhanced

upwelling should occur near the shelf break. However, the
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only other study known to the author which includes topo-
graphic longshore variations is the diagnostic model cur~
rently under investigation by Peng and Hsueh (personal
communication).

In the present study the topographic B effect is
found to play a fundamental role in the dynamics associated
with mesoscale, 0(100 km), longshore variations in topo-
graphy by affecting the strength of the longshore flow.
Thus, this influence and mass continuity require currents
normal to the coast which appear to respond on a scale
governed by the barotropic radius of deformation. Due to
the combination of the wind stress and sloping topography,
potential vorticity is not well conserved. The streamlines
show only a slight tendency to follow the isobaths. Quite
striking is the lack of wave phenomena associated with the
mesoscale topographlic perturbations.

Arthur (1965) and Yoshida (1967) have discussed the
effects of capes in terms of steady state flows, assuming
the strengtihh of the basic current is unaffected by the
presence of the cape. Arthur writes the relative vorticilty
in natural coordinates and bases his discussion on a scale
analysis of the vorticity equation. Yoshida considers capes
with amplitudes small compared to the width of the basic
longshore currents. Both conclude the strongest upwelling

should occur on tine south side of capes.
longshore currents. Both conclude the strongest upwelling

should occur on tine south side of capes.
In the present time dependent study the effects of

coastline variations with mesoscale, 0(100 km), amplitude
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and length scales are investigated. The wildth of the
coastal currents is less than the amplitude of the coastline
features. It 1s found that ccastal currents and the pattern
of vertical motion follow the coastline, but not with uniform
strength. Along some parts of the coastline the wind may be
normal to the coast. Thus, it is possible for strong upwelling
to occur when not predicted by the local wind stress. Pre-
ferred regions for upwelling are identified, but it is found
that when the winds are cut off the whole pattern of vertical
motion propagates poleward along the coast at the speed of
an internal Kelvin wave. Hence, significant upwelling may
occur along any part of coastline feature after the wind has
been cut off. In general it is found that variations in
coastline geometry may exclte large amplitude internal Kelvin

waves.



2. THE IMODEL

a. Model equations

The model equations are the vertically-integrated
primitive equations for a stably stratified, rotating ocean
on a p--plane. The origin is at the coast and a reference
level below the sea surface. The hydrostatic and Boussinesqg
approximations are used and the effects of atmospheric pres-
sure gradients and tidal potential are ignored. Thermodynamics
and thermonaline mixing are also neglected. Their omission is
discussed in Section 3.

Under the assumptions given, the momentum equations and
equations of continuity form the following closed set for an

x~-y~t two-layer model on a B-plane.

-> > >
Al + V, + & x £V, = (h. + n, + D) + 51
5% 1 0 YWy P x IV = - gy thy F oy ol +
+ AV? v, (1)
o
1 R
-tV (anl) = 0 (2)
->
AF] + ¥ V. + & x £V, = h, + h, + D) + g +
5 V2 ¢ VV2 k x V2 = - gV (11 5 g Vhl
To-T
+ LB + Av2§ (3)
ph2 2
oh
=2+ 7« (WV.) = 0 (4)
pll2 [
oh
2 > -
etV e (V) = 0 | ()

11
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where 1 denotes the upper layer, 2 the lower layer,

I TIPS R
vVoE gt 5y Y
> ~ raY
Vi = uy i + vy oJd
£ o= £yt 8 (y -~ yy)
8" = & {pp = p)/eg (5)
> 2 A
T, = Tsx i+ TSy J
> > -> > >
tp = eCplVy = Vol (Vg - )
<> >
5 = eIV,

and i = 1, 2. Symbols are defined in Appendix A, although
most of the notation used is common in oceanography. D(x)
represents the heigint of the bottom topography above a re-
ference level. The formulation of the interfacial and bottom
stresses follows O'Brien and Hurlburt (1972), but has been
modified slightly to be invariant under coordinate transforma-

tion.

b. Boundary conditions

The eastern and western boundary conditions are kine-
matic and no slip. These conditions may also be used at the
northern and southern boundaries to form a closed basin.

However, to investigate mesoscale phenomena it may for eco-
mAamt A maAancaAane ha Wi ahlesy adAsrambtamaninig A anlyra +ha madal Aan

However, to investigate mesoscale phenomena it may for eco--
nomic reasons be highly advantageous to solve the model on

limited portions of basins. Immediately two related problems
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arise., The first is the formulation of appropriate boundary
conditions. The second is the realistic representation of
large scale features of the circulation, such as a Sverdrup
interior, which may exert an important influence on the
mesoscale circulation. These two problems have been overcome
in tne present investigation by using a boundary condition
based on the x-z plane model of Ilurlburt and Thompson (1973)
wirich neglects longshore derivatives of the velocity field
and the wind stress, but which retains the N--S pressure gradi--
ent and the B effect. This condition permits development of
a Sverdrup interior even when the portion of the basin solved
has only a mesoscale N-S extent. iHowever, the E-W scale,
0(1000 km) or more, cannot be relaxed if the model is to
develop a Sverdrup interior without the imposition of some
additional constraint.

The formulation of the boundary Qondition is discussed
in Appendix B. Two crucial requirements for it to be applic-

able are that the longshore flow be nearly geostropnhic and

that
fx Bvi X
f —— dx| <« Bv. dx
Yy f‘ i
'Lx "Lx

near the northern and southern boundaries, where ‘Lx is at
the western boundary and 1 = 1, 2. Since f (Bvi/ay) may be

comparable to Bvi in the eastern boundary layers, the latter

S YO L2 VT ee Amvamea s T dlimds &lama AT CQ namp e anivia reaamAd

comparable to Bvi in the eastern boundary layers, the latter
requirement essentlally demands that the N-S pressure gradi-
ent exhibit only a second order change across these eastern

layers.
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In short, the boundary condition, which we will refer
to as quasi-symmetric because of its partial neglect of long-
shore derivatives, sets 3/9y = 0 in (1) through (4) except
for the N-S pressure gradient in the momentum equations and
ahivi/ay in the continuity equations. The N-S pressure

gradients are given by

)
g;s-i(h1+h2+D)

X
[m B8 (vl - VA) dx +

L
+ g g% (hl + hy +.D)|_Lx (6)
3 ' ahl X hl
g 3 (ny + 0, + D) - g b = J“LB(V2+H-Q—VA)dx+
X
3 . ohy
+ggg;(hl+n2+D)l__Lx-g'53,—__L
where (7)
8h
vy = vy o~ [vlh1 + [vz + f T ] ]//(n + h, (8)

Application of the Hurlburt and Thompson model as a boundary
condition has required two modifications which are discussed
in Appendix B. Some tests of the boundary condition are dis-
cussed in Section 3. These demonstrate that solutlons for a
closed basin on a B-plane, the quasi-symmetric boundary con-
ditions described here, and the x--z plane model of Hurlburt
and Thompson are essentially the same in the interior and

the eastern ocean. They may be different in the western

ocean, if the N-S pressure gradients at the western boundary

Nnf +tha Anaci aunmatwvics nanditinn are nnt Aeterminead hv an

ocean, if the N-S pressure gradients at the western boundary
of the quasi-symmetric condition are not determined by an
integral constraint on the total mass flux through the

northern and southern boundaries.
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Hurlburt and Thompson show that the N-S pressure
gradient which develops due to the vorticity constraint of a
Sverdrup interior responds primarily to the geostrophic N-S
flow. Due to (8) the inertial oscillations and Ekman drift
do not affect the N-S pressure gradient in the northern and
southern boundary condition. Several other techniques for
the removal of ageostrophic components from v in (6) and
(7) have been investigated, but the use of (8) is the only
one which has not led to instabilities such as amplification

of the fundamental barotropic E-W mode of the basin.

¢. Initial conditions

In most cases the model has been started from rest
with no horizontal pressure gradients. However, the cases
discussed in Section 5 have been integrated twice, once
starting from rest, and a second time starting from the

following quasi-balanced initial state with a Sverdrup

interior:
H T
2 [ sy ) ~r/A
u, = (1 - e ) (9)
1 Hl + H2 le f
Hy
u, = - ﬁ; uy (10)
v, = v, = 1 curl = (11)
1 2 pngl+H25 z 's
(12)
m = constant
(12)
Hl = constant

f

H (H,+D) - D+ [r -1 '_ ] (13)
2 2 an Bpg(Hl+H2) sy sy er

it
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where r is the distance from the boundary 'and A is the baro-

clinic radius of deformation,

A= (14)

For the two=-layer model the Brunt-Vaisala frequency, N, is
given by

.
g'H,

2
N =
Hl(Hl + H

(15)
5)

The flow normal to the coast is a combination of geostrophy
and Lkman drift which obeys the constraint., (10), required
by the Sverdrup interior. The internal mode for the flow
normal to the coast is brought to zero on a scale determined
by the baroclinic radius of deformation.

In all cases the wind stress has been applied impulsive--
ly at initial time. This results in inertial oscillations,
Rossby waves, and gravity waves which at times obscure aspects
of the low frequency dynamics. Use of the quasi-balanced
initial state reduces the amplitude of inertial oscillations,
Rossby waves, and Kelvin waves and other gravity waves up to
three orders of magnitude without significant alteration of
the low frequency dynamics of the solutions. This has been
verified by numerical experiment. In Section 5 solutions
driven from rest are compared with solutions driven from the
quasi-balanced initial state. It can be shouwn analytically

that a gradual increase in the magnitude of the wind stress
quasi-balanced initial state. Lt can be shown analytlcally

that a gradual increase in the magnitude of the wind stress
with a time constant of two days (a more expensive procedure)
would reduce the amplitude of the inertial oscillations by

only about one order of magnitude.
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d. Numerical formulation

The numerical model is specifically designed to exa-
mine boundary layer phenomena and to handle various configura-
tions of bottom topography and coastline geometry. However,
proper inclusion of B-plane dynamics, which Hurlburt and
Thompson (1973) have demonstrated exert a major influence on
the eastern ocean circulation, requires a minimum basin width
of about 1000 km, while proper resolution of the eastern
boundary layers requires AX < 5 km, where Ax is the grid in-
crement in the E~W direction. The appropriate Ay 1s deter--
mined by the longshore scales of wind stress, bottom topography,
and coastline geometry. In the case of a closed basin the
need to resolve boundary layers along the northern and southern
walls may be an important consideration.

The number of grid points required is greatly reduced by

using a variable resolution grid in both.-x and y directions.

A different technique to vary the resolution is employed in
each direction. In the x-direction the variation of Ax is
discontinuous, and Ax 1is changed by factors ranging typically
from 1.5 to 4. This technique allows flexible distribution

of the fine mesh and large changes in Ax over a small number

of grid points. It also allows the same value of Ax along

all parts of a variable coastline. In most cases to be dis-

cussed Ax varies from about 3 to 300 km and changes sgeveral

——— =~ —~ P e v v — _— . v ———— - - e — —— = - - - -~

cussed Ax varies from about 3 to 300 km and changes sgeveral
times across the basin. As an example, Ax versus x for a

case to be discussed in Section 5 is given in Table 1.
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Table 1. Ax versus X

Mesh boundaries in km Ax in km
from eastern boundary

0
120 4
150 6
180 10
300 30
£ 00 100

4500 300

4800 100

4920 40

5000 20

The y-coordinate is stretched analytically by a change
of independent variable. The stretched variable 1s defined

by

N a - ak
s(a) = ¢ |aa + J tanh P—~—% + bl , (16)
k=1 Yi

a functional form used for this purpose by Schulman (1970).

The constants b and ¢ are chosen such that

s(0) = 0 and s(l) = 1 (17)
Thus,

N ay,
b = )} tanh (—1] (18)

k=1 Y

N (1~ a -1
[ ) - [VEINR W] - - k) | /10
kél LYk) '
c =

N 1~ a T-1
o+ b+ )} tanh [——————] (19)
k=1 Y
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Since
qa = a(s(a(y))) (20)
where q 1s any dependent variable and
a = y/Ly, (21)

the first and second derivatives in y are given by

dg . _1 ds dq

dy Ly da ds (22)

a’q _ _ 1 (as)® a%q , _1 4% (aq)? (23)
2 2 {da 2 2 2 \ds

dy (Ly) ds (Ly) da

Hence, this technique is particularly simple to incorporate

in existing code without a stretched variable. In all cases

to be discussed N = 1 and a; = 0.5. The values of the stretch-
ing parameters, a and Y., vary from case to case. At most Ay
varies by a factor of 12, from 5 to 60 km, for some cases dis-
cussed in Section 5.

The finite difference scheme is explicit in the y-di-
rection and semi-implicit in the x~direction, so a time step
greater than allowed by the usual CPFL condition is possible,
In the x-direction the terms responsible for the fastest
propagating waves in the system, the internal and external
gravity waves, are treated implicitly using a scheme patterned
after Kwizak and Robert (1971), but which 1s sufficiently
different that 1t is explained in detail by 0’'Brien and

Hurlhurt (1072). The diffusive terms are also treated im-
different that 1t is explained in detail by 0'Brien and

Hurlburt (1972). The diffusive terms are also treated im-
plicitly in the x-direction using the Crank-Nicholson (1947)

scheme.
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To determine the velocity components in each row
(x--direction), a pair of coupled tridiagonal matrices must
be inverted. The tridiagonal property, which allows effici-
ent inversion of the matrices, may be retained despite the
discrete changes in Ax by computing derivatives in terms of
the fine grid increment rather than the coarse at points
where Ax changes. At these points an interpolative differ-

encing technique is employed such that

ou

ax = (uj+l - [l - €] u-j = Euj""l)/2Ax23 (21;)
U S ) /x5 (25)
72 Uy g el uy + euy )78,

and

Juv.
5% °© {(uj+uj+1)(vj+vj+l)~([2~e]uj+suj_l)([2—€]vj

+€VJ l)}/Msz (26)

where e = Ax2/Axl < 1l, and J 1s the grid'point index. Lxcept
for a practical upper bound on eml which varies from problem
to problem, there is no restriction on e or the spacing of
points at which Ax is changed. The model has proved very ef-
ficient in terms of core storage and for min Ay >> min Ax
in terms of computing time. Thus, it has been feasible to
compute a number of cases, 0(100).

Other properties of the finite difference scheme

include leap~frog time differencing and Scheme F from Grammel-
Other properties of the finite difference scheme

include leap~frog time differencing and Scheme F from Grammel-

tvedt (1969), which makes use of quadratic averaging, for the
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advective terms. The frictional terms are lagged in time
except for the impllcit treatment of horizontal friction in
the xédirection mentioned earlier. Since the order of the
leap-~frog time differencing scheme is greater than the order
of the differential equations, the first time step 1is a
forward difference. Differencing at the boundaries is one
sided. In particular

oh.u;
=== =~ [0;(0,y,t) + hy (-8x,y,t) Ju; (=8x,y,t)/28% (27)

X
i1s used over flat topography where i = 1, 2, and ui(O,y,t) = 0.

over sloplng topography

ahiui

F S hi(nAx,ygt)ui(nAx,y,t)/Ax (28)

was found to yield superior results. A continuous check
showed mass conservation 0(10"3 per cent) or better for the

cases to be discussed.

e, Model parameters

We need only specify the model parameters to complete
the formulation of the model. Parameter values given in
Table 2 are those used in Section 5, and unless otherwise
noted, are used in the other cases as well. The cases dis-
cussed in Section 5 are driven by the steady wind stress
distribution shown in Fig. 1. Hinor variations depending on

the width of the basin are used in other cases. Unless

B . - LY » .~ . - N, . S - LY

the width of the basin are used in other cases. Unless
otherwise noted, the stress distribution is independent of

the y-coordinate. In some cases the wind has been shut off
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Fig. 1. E~W profiles of the wind stress components:
ng is <1 dyn cm™“c in the eastern ocean; Tgy is zero every-
wnere.
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Table 2. 1llodel parameters

e

Parameter Value Parameter Value
A 10% em? sec? H, 50 m
Cq 1073 H, 150 m
e 5
CI 10 LX 5000 km
£, 4x10"7 sec’t L, 800 to 1000 km
g 103 cm sec @ B 2x10 " 3enlsec™t
g 2 cm sec”? 0 1 gm em”3

at day 5 to examine the spin-down process. For the wind
stress in Fig. 1 curlZ ?S ranges from 0 to w6.7x10"9 dyn
cm 3,

An interfacial stress coefficient of C; = 1077 is
used as suggested by Thompson and 0'Brien (1973). A bottom
stress coefficient of CB = lO"3 is prescribed after Proudman
(1953). Hurlburt and Thompson (1973) have shown that the
value of the N-S pressure gradient at the western boundary
should have little effect on the eastern circulation of an
ocean with a Sverdrup interior. Hence, in the northern and
southern boundary conditions the N-S pressure gradients at
the western boundaries are arbitrarily set to zero. The

solution in the eastern ocean is also nearly independent of

the wind stress distribution outside the eastern boundary
solution in the eastern ocean is also nearly independent of

the wind stress distribution outside the eastern boundary
layers, provided a Sverdrup balance exists just west of

these layers.
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An attempt nas been made to choose parameter values
which are realistic for tne eastern ocean. In particular
the stratification and the layer thicknesses are based on
observations in this region. Tor example, observations show
that the upwelling circulation is confined to the upper few
nundred meters (e.g., see Mooers et al., 1972). Fortunately,
the qualitative results of the model solutions are quite in-
sensitive to the less certain frictional parameters: A, CB,
and CI’ at least within the range of physically plausible
values. However, the value of A is quantitatively signifi-

6

cant, e.g., see the comparison of solutions using A = 10

-1

and 107 em? sec by Hurlburt and Thompson (1973). Tiae

observational literature for the Oregon coastal region alone

suggests a wide range of values for A. Stevenson et al.

4 to 107 em® sec“l. Mooers

oY ..
et al. (1972) calculate values from (2 to 5)x10° cm2 sec L

(1973) find values from about 10

for low passed data with a half power point at 40 hr.



3. PRELIMINARY ANALYSIS OF THE MODEL

a. Review of basic model dynamics

The dynamics of the eastern ocean circulation on a
B-plane for a long, straight meridional coast are discussed
in detail by Hurlburt and Thompson (1973) and have been sum-
marized in the introduction. Suffice i1t to note here that
the longshore flow is nearly geostrophic. A Sverdrup
balance is a characteristic feature of the interior solution
for an ocean scale vasin. For an interior solution which
nearly eliminates the barotropic mode (e.g., a Sverdrup in--
terior) the interior flow normal to the eastern boundary
consists of Lkman drift reduced by the N-S pressure gradient
in the upper layer, and is geostrophic in the lower layer.
As explained in the introduction, the breakdown of this com-
vination of geostrophy and Lkman drift in the eastern
boundary layers leads to tiae development of coastal jets.

Fig. 2 shows a solution at day 5 for a flat bottom
case driven from rest by a y-independent equatorward wind
stress with an E--1] distribution similar to that of Fig. 1.
Thne half amplitude point is 1500 km from both eastern and
western boundaries. The wind stress curl ranges from 0 to

-~10”8 dyn em 3. Ax ranges from 1 to 200 km, Ay = 200 km,
western boundaries. The wind stress curl ranges from U TO

-~10”8 dyn em 3. Ax ranges from 1 to 200 km, Ay = 200 km,

and At = 30 min. The other parameters are given in Table 2

25
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Fig. 2. Solution at day 5 for a flat bottom case
on a B-plane with a y-independent wind stress and gquasi-
symmetrlc northern and southern boundary conditions. The
model region is 3000x4000 km, but only the eastern 200 km
of greatest interest are shown. The N-S velocilty compo—
nents (cm sec—1l) show an equatorward surface jet (a),
poleward undercurrent (b), and weak interior flow. The
pycnocline height anomaly (c¢) in m shows upwelling near
the eastern boundary. The free surface anomaly (d) in
e¢m shows the N-S pressure gradient and indicates the geo-—

MPWVYALATYIQL U UlIMULL L Ll L vl v \NM/ s CLLLVA VY V" (LIh LA U s e a e - aae

pycnocline height anomaly (c¢) in m shows upwelllng near
the eastern boundary. The free surface anomaly (d) in
cm shows the N-S pressure gradient and indicates the geo-

strophic nature of the equatorward surface Jet.
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except that L = 3000 km and Ly = 4000 km. PFig. 2a,b shows
the equatorward surface jet, poleward undercurrent, and weak
interior flow. The N~S waves, which are especilally prominent
in Fig. 20, decrease in wavelength with time, and occur be-
cause the inertial period is a function of latitude. Fig. 2c¢,d
shows the pyclocline neigint anomaly and tne free surface
anomaly. ‘Whe heignt anomaly is defined as the departure of a
surface from its initial position. The widtin scale for the
upwelling is governed approximately by tae baroclinic radius
of deformation, (14). The N-S pressure gradient and tne east:-
ern onoundary layer are clearly evident in the free surface.
Note that the coastal jets and tne upwelling markedly decrease
in amplitude witi latitude, altaough linear inviscid theory
(0'Brien, 1Y73) predicts their awplitude to be independent of
latitude. The decrease with latitude occurs because the
radius of deformation « f'l3 wynereas the width of thne viscous
boundary layer is nearly independent of latitude, i.e., in
the y -monientum equation the width of the viscous boundary

layer is given by

(29)

. N Av 1/2
v fu

where u « f“l. Since v/u = 0(10), the longsnore flow may be
nearly geostrophic even into the hydrostatic viscous voundary

layer.

Miaa PATT Ardnnee onvh cantiAane Adcriice hwniaflyay anrma adAd ..
layer.
The following sub-sections discuss briefly some addi--

tional fundamental characteristics of the model in terms of



28
simple case studies. Topics include the neglect of thermo-
dynamics and thermohaline mixing, open basin versus closed
basin, f-plane versus $-plane, the western ocean solution,
and the effects of N-S sloping topography and coastline
orientation.

b. wNeglect of thermodynamics
and tnermonaline mixing

As mentioned in Section 2., thermodynamics and thermo-
haline mixing have been neglected in the x--y-t two-layer
model under investigation. However, Thompson (1974) nas in--
cluded tinem in a two-layer x -z plane model wiilcn incorpo-
rates B--plane dynamics in the same manner as Hurlburt and
Thompson (1973). His model demonstrates that the inclusion
of thermodynamics and thermohaline mixing Dbecomes important
when the interface between the two layers exnibits large
departures from 1ts initial position, but for small depar-
tures his solutions are in essential agreement with the
Hurlburt and Thompson model in wnich density is constant
within a given layer.

In tihe present model the interface between the
layers surfaces in slightly over § days at low latitudes
(approximately 15°) for the parameters in Table 2, when
driven from rest by the steady wind stress snown in Fig. 1.

Beyond day 5 most of the solutions discussed in Sections 3,
h and B yvaved ha ArAaneddarad ananant at+ 1TAawr 1TatSs+ndea aveoant

Beyond day 5 most of the solutions discussed in Sections 3,
4, and 5 wust be considered suspect at low latitudes except

in tne cases wnere the wind has been shut off at day 5.
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Open basin versus closed basin

Before we discuss tne effects of coastline geometry

and longshore variations in the bottom topography, it is

necessary to assess the role of tihe northern and southern

boundary conditions and p-plane dynamics in the model.

The seven case studies listed below are quite helpful in

determining these roles.

1. f-plane, closed basin, f = 10" sec 'L,

2. pg-plane, closed bacgin, £ = (4 to lll)xlO"5 sec"l,
8 = 2x10713 eml sec L.

3. Linear variation in B8, closed basin, f = (4 to 12)
1072 sec"l, B = (2.2 to 1.6)><1O“13 em L sec™lL.

4. p-plane, quasi-symmetric northern and southern
boundary conditions, £ = (4 to lLl)xlO"5 sec“l,

8 = 2x107%3 em L sec .

5. Same as U, but with y-independent wind stress.

6. Quasi-symmetric x--z plane model of Hurlburt and
Thompson (1973) which neglects longshore derivatives
of the velocity field, but includes the N-S pressure
gradient and the B effect (see also Introduction and
Section 2b), f = lOmu sec"l, B = 2x10 13 el sect,

7. x-z, f-plane model of O0iBrien and Hdurlburt (1972),

f = 1074 sec’t.
Sone of the salient results are summarized in Table 3 at a
Takd+vids wvihana £ = '|r\“"’4 Trv a1l racas +he hattam toanncranhy

Some of the salient results are summarized in Table 3 at a

4

latitude where £ = 107 '. 1In all cases the bottom topography

is flat and LX = 3000 km. In the x-y-t cases Ly = 5000 km
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Table 3. Open basin versus closed basin at day 6

v, at v, at v, .  Pycno- B y

j%t max Jjet max 58a§ft§°plc cline (cm"l coord

case (cm/sec) or 8 km coasg PO height  sec-l) (lm)

from (em/sec) anomaly x10-13 -2500

coast at coast <y <

(cm/sec) (m) 2500

1 ~39.4 2.7 -5.9 35.5 500
2 -34.9 7.5 5 36.4 500
3 34,8 7.0 ~.5 36.0 1.8 900
l -34.0 7.5 1.1 36.6 2 500
5 -33.8 8.9 2.1 36.4 2 500
6 "32.7” 80}4 1-5 3541 2 -
7 51,2 ~11.4 -19.8 35.2 0 -
and Yo = -2500 km. The E--W distribution of the wind stress

is the same as for the case discussed in Section 3a. In
Cases 1, 2, and 3 the N-S distribution of TSy is y-independ-
ent between y = +1500 km, but is gradually brought to zero
near tne northern and southern boundaries to avoid the
necessity of resolving strong boundary layers near these

boundaries. The N-S distribution of Tsy for Case 4 is

y-independent between y = *1000 kmn, but is gradually brought

to zero at y = ¥2000 km. In all the cases At = 30 min,
Ax = 2.5 to 200 km, and in the x-y-t cases Ay = 100 km,

Other parameter values are those given in Table 2.

Nnte +he reaunlts in Table 3 are essentially the same

Other parameter values are those given in Table 2.
Note the results in Table 3 are essentially the same

for the cases winich retain planetary vorticity advection



31

(Cases 2 through 6), but the f-plane cases (1 and 7) differ
from these substantially. These are the expected results,
if the Sverdrup inferior exerts an important influence on
the eastern ocean circulation. <The similarity of Cases 2
through 6 is necessary if the x-y-~t two-layer model with
quasi-symmetric northern and southern boundary conditions
is to be a useful model of the eastern ocean circulation.

Several additional aspects of these solutions are
worthy of note. TIFirst, it is clear that under the assump--

tions of the model avi/ay = 0 or at least

at initial time and after the establishment of a Sverdrup
interior (cf.Section 2b). However, if this is not true
during tile adjustment process, 1t is conceivable that the
effect of ¢ (avi/ay) on the N--3 pressure.gradient might
systematically compensate for that of Bvi through Rossby
waves witih y variations. In that case the development of
a Sverdrup interior might occur on a longér time scale
than that predicted by the Hurlburt and Thompson (1973)
model. Tnis should not occur., since the excitation and
properties of the Rossi 7 waves are independent of latitude
in the model (except for Case 3), although the geostrophic

adjustment process is not. The similarity of Cases 2
in the model (except for Case 3), although the geostrophic

adjustment process is not. The similarity of Cases 2
through 6 also demonstrates that the approximations made

by Hurlburt and Thompson do not artifically reduce the
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time scale for the development of a Sverdrup interior. In
all the cases (except Case 7) a poleward undercurrent appears
in less than one day.

Case 3 (linear variation in B) shows that physically
realistic variations in B do not significantly alter the
solutions, althqugh the time scale for the development of the
Sverdrup interior is slightly increased in the poleward por-
tlon of the basin where B is smaller. Substitution of the
Sverdrup relation

vihy + voh, = é% curl ?S (30)
into (6) or (7) (vl ~ v2) demonstrates that, to within the
approximations made in deriving the qﬁasi-symmetric boundary
condition, tne N-S pressure gradient is independent of the
value of B in a Sverdrup interior.

Only Cases 2, 3, and 4 begin to develop a western
boundary current. Cases 5 and 6 would aiso develop a west-
ern boundary current if a non-zero N-S pressure gradient was
specified at the western boundary of the quasi -symmetric
condition. This would best be done by imposing an integral
constraint on the total mass flux through the cross-section
at which the quasi-gymmetric condition 1s applied. However,
the Sverdrup interior and consequently the eastern ocean
circulation are essentially independent of the western ocean

solution as verified by Cases 2 through 6. See Hurlburt and
circulation are essentially independent of the western ocean

solution as verified by Cases 2 through 6. See Hurlburt and

Thompson (1973) for additional discussion of this topic.
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In the B-plane case the barotropic mode may be nearly
eliminated by the vorticity constraint expressed by the
Sverdrup balance, (30). In the f plane case this constraint
no longer exists, but constraints due to mass continuity may
still exert a controlling influence on the development of
the barotropic mode.

To investigate this problem numerical experiments on
an f-plane (not included in Table 3) were conducted using
three different sets of boundary conditions at y = +2500 km:
closed basin, ani/ay = 0 in the mnomentum equations, and
Bvi/ay = 0 in the continuity equations. Ilote application
of the second and third boundary conditions simultaneously
over specifies the problei. In all the experiments the wind
stress is longshore and exhibits a y-dependence like Case 4
with Ly = 5000 km. Both x-dependent and x-independent dis-
tributions are used, and LX = 200 km or 3000 km.

The experiments show that the magnitude of the N--S
pressure gradient and consequently the magnitude of the
barotropic mode for the f--plane case are affected by the dis-
tribution of the wind stress, the proximity of boundariés;
and the type of boundary conditions used. In all the cases
the barotropic mode is weaker than in Case 7, and in most
cases at least a weak poleward undercurrent develops in the

upwelling zone. The barotropic mode for a closed basin on

—m 2 NN AanmA de aTldmdinotad ramnTetralvy nnlv i the denth and

upvelling zone. The barotropic mode for a closed basin on
an f-plane is eliminated completely only if the depth and

the wind stress are uniform across the basin in the direction

.-
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normal to the wind stress. This mode is also eliminated in
a similar case with Bhi/ay = 0 at the boundaries, y = 72500
km.

The following vertically integrated barotropic equa-
tions on an f-plane plus geostrophy in the longshore flow
yield some additional insight into the f-plane dynamics,
especlally the manner in which the pattern of the wind

stress may affect the N--5 pressure gradient:

X

. 9L _ oV AL

52 = f 2% dx + g 2=
g 2 J_L oo ve gl (31)

X
T .

Vo L 3Ly Sy
3 &5yt on fu (32)

r is the free surface anomaly and h.is the total depth.
Eq. (31) is obtalned by assuming geostrophy for the long-
shore flow, integrating the vorticity equation in x and
comparing the result with the y--momentum equation.
Especially in the absence of a Sverdrup interior, f 23v/dy
is not a small term in the vorticity equation in sone
regions. This may result in large variations of the N~S
pressure gradient in the x-direction. For the f-plane
cases these variations are accurately described by (31).
Note in (32) there are three competing mechanisms
for the longshore acceleration. In the Sverdrup interior

of a B-plane solution the Coriolis term nearly vanishes,
Ior the Longshore acceleration. 1In the Sverdrup interior

of a B-plane solution the Coriolis term nearly vanishes,
the N-S pressure gradient approximately balances the wind

stress, and little or no varotropic mode develops. In
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the f-plane case (32) suggests the initial development of

v < 0 in the region forced by T

sy < 0, but v = 0 north and

south of this region. (Directional terminology is used for
convenience in this f-plane discussion by assuming the

same orientation as the B-plane cases.) Mass continuity
then demands u > 0 in the northern part of the forced region
and u < 0 in the southern part. Thus, (32) shows 3v/3y < 0
in both the region forced by the wind stress and in the
region of compensating northward flow west of the forced
region. In the absence of a N-S pressure gradient at the
western boundary (31) shows this leads to 9h/dy < 0, and
from (32) retardation in the development of the barotropic
mode. The N-S pressure gradient at the western boundary
develops in response to the demands of mass continuity
imposed by the boundary conditions.

Mucih more could be sald about these solutions, but
our interest here is limited to tihe f-plane, B-plane com-
parison, noting that mechanisms exist in an f-plane model
which may reduce the barotropic mode. However, only in a
few special cases do they match or exceed the effectiveness
of a Sverdrup interior. TFor a given solution using an ocean
Scale basin and a longshore wind stress, the relative im-
portance of the f-plane and B-~plane mechanisms to the under-

current would depend primarily on the scale of the wind

portance Ol TNE I-pPLldle dllu pP—pLldlif UTULAIILOUD VU Vilv  wiiuos -
current would depend primarily on the scale of the wind
stress distribution and the direction of the coastline.

Yoshida (1973) also discusses the effect of the wind stress
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distribution on the barotropic mode, and hence the prospects
for the development of a counter-undercurrent in the eastern
boundary layer.

The amplitude of the Rossby waves in the closed basin
i3 less than in the open basin because part of the N-S pres--
sure gradient required by a Sverdrup interior develops to
satlsfy mass continuity on a slightly shorter time scale
assoclated with barotropic gravity waves. This accounts for
much of the slight differences in the barotropic mode and
the strength of the coastal jets between Case 2 and Cases 4,
5, and 6. These slight discrepancies should be reduced if
the N-S pressure gradients at the western boundary of the
quasi-symmetric condition are determined by an integral
constraint on the total mass flux through the cross-section
at which the quasi-symmetric condition is applied.

At this point it seems clear that the solutions using
quasi-~symmetric northern and southern boundary conditions
with the N--S pressure gradients at the western boundary
arbitrarily set to zero provide satisfactory interior and
eastern ocean solutions for the simple case of flat topo-
graphy and no wind stress curl in the eastern ocean, at least
on the several day time scale of the integrations. This 1s
not surprising, because for a solution with an eastern bound-

ary layer which conserves potential vorticity matched to a
not surprising, because for a SOluTlon W1Til dnl €adLEill vuuLuw-

ary layer which conserves potential vorticity matched to a
Sverdrup interior, all the dependent variables except 1In the

western ocean are determined by dynamical constraints which
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are internal, linked to the wind stress forcing or to the
eastern boundary, but which are independent of the western,
northern and southern boundaries. This is also true for a
dynamically more general case with a flat bottom and no wind
stress curl in the upwelling zone as demonstrated by Hurlburt
and Thompson (1973). They show that the net longshore trans-
port must nearly vanish point by point where curlZ ?3 = 0,
even inside the upwelling boundary layers.

The preceding theorems no longer hold in the upwelling
zone when there is sloping topography or wind stress curl in
the eastern ecean, or when a breakdown in the Sverdrup
interlior occurs just outside the eastern voundary layers.

In such cases the northern and southern boundaries may. play-:
a significant role in the determination of the barotropic
component of the longshore flow. This suggests the impor-
tance of determining the N-S pressure gradients at the
western boundaries of the quasi-symmetric boundary conditions
by an integral constraint on the total mass flux through the
boundary. This has not been done for any of the solutions
to be discussed and may be a deficiency in the solutions
discussed in Section 4. This should not be a serious defi-
ciency, since cldosed basin solutions on an f-plane with
sloping topography in the eastern ocean (but no closed con-

tours of topography) found by the author and by Suginohara

£3N72Y . mlAanr 12447 A Av nAa nAalswarAd mderenrrant when driven

tours of topography) found by the author and by Suginohara
(1973) show little or no poleward undercurrent when driven

from rest by a steady equatorward wind stress. A similar
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result is obtained in most of the solutions discussed in
section 4. Suginohara does report that an undercurrent
develops when the wind is shut off. (Recall Suginohara has
found essentially an f-plane solution because the size of
his basin is only 250x1550 km, not wide enough to develop a
Sverdrup interior.)

It should e noted tihat when Us is subgeostrophic,
av2/at > 0; when Uy is supergeostrophic, avg/at < 0 until
a frictional balance develops. From (10) the onshore flow
may become supergeostrophic in the presence of sloping
topography, indicating that a bottom Lkman layer may be
important in these regions. This suggests the possibility
of a triple jet structure in the lower layer: a poleward
undercurrent along the continental slope, equatorward flow
closer to shore and possibly a narrow and weak poleward flow
very near the coast as found by Hurlburt.and Thompson (1973)
in their sharp shelf case. A continuously stratified model
could reveal this complicated structure better than a two
layer model. As suggested by McNider and O0'Brien (1973),
it would be highly advantageous to allow the interfaces of

layered models to intersect the sloping topography in order

to reveal a poleward undercurrent along the continental slope.

Positive wind stress curl in the upwelling zone would

enhance the poleward flow next to the coast as revealed in

I el S L T e - hem — AL s a - FaArmo N\ Mev

enhance the poleward flow next to the coast as revealed in
an experiment done by Hurlburt and Thompson (1973). Two

experiments with positive wind stress curl in the upwelling
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zone have been performed using the x-~y--t two layer model in
a closed basin on an f~plane. One experiment uses a flat
bottom, the other y-independent sloping topography along the
eastern boundary. In the flat bottom case the flow in the
upwelling zone develops a strong, 0(10 cm/sec) barotropic
poleward component. The case with sloping topography de--
velops a narrower and weaker barotropic poleward component.
These results can be understood by re—-examination of the
barotropic y-momentum equation,(32). The Coriolis term is
weak near the coast in regions where the wind stress is
y-independent, and as discussed earlier, tine N-S pressure
gradient exhibits only a second order change across the
upwelling zone (whether f--plane or g-plane). Thus, positive
wind stress curl in tne eastern boundary regions favors
poleward acceleration for the barotroplc mode and negative
wind stress curl and sloping topography favor equatorward
acceleration. ©Note in a B~-plane solutioﬁ this wind stress
curl itself would cause a second order change in tne N-S
pressure gradient across the eastern boundary layers.

d. Effect of N-S sloping
topography

The effect of N-S sloping topography in conjunction
with an equatorward wind stress has been investigated in one
experiment. The topography is x-independent, flat in the

southern 1000 km, exhibits a slope of 5><10"5 in the central
experiment. The topography is x-independent, flat in the

southern 1000 ki, exhibits a slope of 5x10 > in the central

2000 km, and is flat again in the northern 1000 km. The
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model uses an open basin on an f-plane with f = llxlO"5 sec-l,
and is driven from rest by the y-independent wind stress used
for the case in Section 3a. The value of B simulated by the
topography is given by

) (33)

SII
g

BT
where h is the total depth. Over the sloping portion of the

13 cm—l sec_l at the southern limit

of the slope to 2x10"13 em™! sec™t at the northern limit.

basin, it ranges from 10~

Lx = 3000 km and Ly = 4000 km. Parameters not defined above
are given in Table 2.

In six days of model time a well defined Sverdrup-like
interior does not develop, but the barotropic mode is suffi-
clently reduced over the sloping topography that a poleward
undercurrent with a maximum of 9 cm/sec develops in the
upwelling zone by day 5. The poleward flow does not extend
beyond the sloping region. Accounting for a difference in
depth, a barotropic mode identical to that of Case 7 in
Section 3¢ develops in the flat regions.

In this and in the preceding sub-section several dif-
ferent means for reducing or eliminating the barotropic mode
with varying degrees of realism have been noted. This elimi-
nation could also be .accemplished by using an open basin on an
f-plane and specifying appropriate values for the N-S pressure

gradients at the western boundaries of the quasi-symmetric
hAantmAanr aanAdd+4 Aane Alan the width nf the hasin reaulred

gradients at the western boundaries of the quasi-symmetric
boundary conditions. Also, the width of the basin required
could be reduced by using a large value of 8. All the

techniques mentioned which eliminate the barotropic mode in
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the eastern ocean would yield similar solutions in the
upwelling zone. Those which allow the use of smaller basin
widths might reduce the computing cost. However, the use
of artificial devices to eliminate the barotropic mode was
not considered necessary or desirable in the present study,
since they uight tend to obscure soime of the physics of the
ocean problem.

e. Bffects of coastline
orientation

Solutions were obtained for three experiments identi--
cal to the one described in Section 3a except for the
orientation of the coaétline. The orientation of the coast-
lines parallel to the direction of the wind stress are NE-SW,
SE~NW, and E-W. Except for the details of the wave solutions,
the results for the NE-SW and SE-NW coastline are almost
identical to the solution with a N~S coastline described in
Section 3a. Provided a Sverdrup interiof is able to develop,
this is to be expected, since the primary effect of rotating
the coastline (plus the coordinate system and the direction
of the wind stress with it), is to change the value of By

acting to produce a pressure gradient in the direction of

the wind stress. In the rotated coordinate system By = %5:
B, = %gg and both may be non-zero. As noted earlier for a

yind stress parallel to a meridional coast the magnitude of

the nressure gradient in the direction of the wind stress
yind stress parallel to a meridional coast the magnitude of

the pressure gradient in the direction of the wind stress
associated with a Sverdrup interior is essentially inde--

pendent of the value of 8.
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For a longshore-independent wind stress parallel to
a zonal (y-coordinate) coastline, the Sverdrup vorticity
constraint, (30), acts on the barotropic flow normal to the
coast and the value of By acting to produce a longshore
pressure gradient is zero. Hence, except for some of the
oscillations, the coastal solution is similar to the f-plane
solution of Case 7 in Section 3c. It is also in agreement
with the two-dimensional solution for a zonal wind along a
zonal coastline found by Kindle and O'Brien (1974), using
a two~layer model. From their study Kindle and O‘Brien
concluded that a counter-undercurrent is unlikely along a
zonal coast, but as noted earllier, the distribution of the
wind stress and the proximity of boundaries may reduce the
longshore barotropic mode sufficiently to permit the de-

velopment of at least a weak counter--undercurrent.




4, EFFECTS OF LONGSHORE VARIATIONS IN BOTTOM TOPOGRAPHY

In this section we investigate. the effects of long-
shore variations in bottom topography on the time-dependent
wind-~-driven eastern ocean circulation. Of special interest
are the effects of the topography on the pattern of vertical
motion and the associated baroclinic coastal jet. To the
author's knowledge this particular time--dependent problem
has not been subject to previous theoretical investigation.
However, we may obtain some theoretical guidance from effects
of topography on large scale uniform flows in the atmosphere
and ocean. A priori, three dynamical concepts would appear
to be especially helpful: conservation of potential vorti-
city, the equivalent B effect produced by sloping topography,
and the joint effect of baroclinicity and bottom topography.
The first suggests we should expect the flow to follow the
isobaths. Recently, the third has been shown important in
the steady state large scale ocean circulation by Sarkisyan
(1969) and Sarkisyan and Ivanov (1971).

Rather than perform a detailed analysis of one solu-
tion where undue emphasis might be placed on dynamics rele-
vant to a small class of problems, we will survey a number

of solutions in Sections 4 and 5, attempting to identify
vant to a small class of problems, we will survey a numper

of solutions in Sections 4 and 5, attempting to identify

common characteristics and the important dynamical principles

43
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involved in the time--dependent problem. This approach seems
particularly appropriate in view of the meager literature
(especially on time-dependent flows) from which we are able
to draw support.

a. DLffects of a wedge-shaped
continental slope

The simplest interesting longshore topographic varia-
tion 1s a wedge-shaped continental slope. The effects of such
topography have been investigated by means of two case studiles
with topography shown in Fig. 3. The wind stress 1s llke that
shown in Fig. 1, but with the half amplitude point 3150 km
from the eastern boundary. f, = 8.2x107° sec"lD Ax = 2.5 to
300 km, Ay = 20 km, and At = 5 min. Other parameters are
given in the caption of Fig. 3 and in Table 2. The topogra-

phic value of B determined from (33), is (2.2 to 7.7)><10"l2

emd sec™ ! for Case a and -(2.3 to 7.3)><10"12 em™ Y sec™!

for
Case b, an order of magnitude greater than that due to the
earth's spherlcity.

The salient features of the solutions are shown in
Figs. 4 and 5. Fig. U shows v, at day 6 for Cases a and b.
Note that the poleward undercurrent is well developed over
the sloping topography where BT > 0, but does not exist over

the sloping topography where Bp < 0. Fig. 5 shows the verti-

cally integrated x and y transport components for Cases a

e e = - -y - —1 "o F— ?_'l. - LIS . ISR DR, — e

cally integrated x and y transport components for Cases a
and b. This figure dramatically demonstrates that stream-

lines of the flow do not parallel the isobaths. Note also
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that the combination of Tsy < 0 and &-W sloping topography

causes potential vorticity to decrease following a fluid
column, predicting a fluid column over the slope should move
toward deeper water. In Case a, flow following the isobaths
would give an onshore transport over the N-S sloping topo-

graphy with a maximum of about 20000 gm em L Secml; in Case Db

it would give offshore flow about -50000 gm em™t sec™t.  Fur-
‘thermore, the character of the x-component differs greatly
between the two cases. 1In Case b there is an onshore com-
ponent with a maximum of about 35000 gm et see™ (1.7 em
sec™d) with an E-W and N-S extent well beyond the limits of
the sloping topography. The scale in both directions appears

to be governed by the barotropic radius of deformation:

1/2
[g(hl + he)]

\g = 7 (34)

The effect of the topography on the baroclinic mode
(not shown) is less dramatic. The longshore component of
this mode is weaker over the higher topography and stronger
over tine lower. The reason for this is explained in detail
by Hurlburt and Thompson (1973). Because the baroclinic
longshore flow is nearly geostrophic, its horizontal struc-
fture can be explained by the pattern of vertical motion.
In brief, the upwelling at the coast over the lower topography

is stronger than over the higher topography because in the
Ll Drigl , LUE UPWELLLIE dU Lilc LCuddbl OVeLD Lilc 1uwel vopouglraplly

is stronger than over the higher topography because in the
latter case greater upwelling occurs farther off shore in-

duced by the sloping topography. This pattern of vertical
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motion can be explained by conservation of potential vorti-
city in the upper layer. As required by mass continuity,
the total vertical transport in the upwelling region is
independent of the topography.
We will investigate the dynamics of the vertically

integrated transports by means of the following barotropic

equations:

2 9T T

3%V _ 3u , v . L %%sy sy on

5%t T T (ax * By] * BV R P A (35)
1 |dh dh dh au oV

Note that the vorticity equation, (35), has been derived by
assuming geostrophy for the longshore flow, and by neglect-
ing advection and friction, except for the wind stress in the
y-momentum equation. The advective terms in the continuity
equation, (36), must be retained because.of the sloping topo-
graphy. Substitution of (36) into (35) shows that the N-S
sloping topography yields a term analogous to the planetary
gorticity advection with B, given by (33). Before we examine
the implications of this analogy more closely, let us assume
the analogy is exact and see what it implies about the
solution.

We noted earlier, (6), that B has an important effect

on the N-S pressure gradient, but that for planetary values

~ B A - - B AT IE - 20 WL B 4 S - - - —— ——— R — — S lwde e e B e

on the N-S pressure gradient, but that for planetary values
of B large scales, 0(1000 km), are necessary for this effect

to be important. However, the much larger values of BT may



- |

50

be important on the mesoscale, 0(100 km). We also noted
that E-W sloplng topography normally leads to supergeostro-
phic onshore flow in the lower layer and a barotropic accele-
ration in the direction of the wind stress. Thus, with BT> 0
we might expect v, to exhibit equatorward flow over the
western portion of the E-W and N-S sloping topography, but a
poleward current might be expected closer to shore as observed
in Fig. 4a. For BT < 0 we would expect Vs to exhibit stronger
equatorward flow over the E-~W and N-S sloping topography than
if there were no N-S slope. Again this is observed in Filg.
Lb. VWe would also expect the v-component of the vertically-
integrated flow to exhibit similar characteristics, although
perhaps not the nearshore poleward flow. This 1s verified
in Figs. 5a,y; b,y. The patterns for the u-component (Figs.
ba,x; b,x) are consistent with the requirements of mass con-
tinuity for the longshore flow. Not surprisingly, the funda-
mental scale governing this time--dependent flow appears to
be the barotropic radius of deformation. Effects of the topo-
graphy on the baroclinic u-component (not shown) are obscured
by inertial oscillations, and in this case no attempt has
been made to filter out these osclllations.

The concept of the topographically-induced B effect
has proved very successful at explaining the observed

features of the flow, but before continuing to more compli-

SAVATST Qe - Al 4 — - - B R I E . SR, N U S P T R TR

features of the flow; but before continuing to more compli-~
cated topography, let us re-examlne the implications of this

analogy in terms of (35) and (36). Recall that derivation
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of the relation between planetary vorticity advection and the
N-S pressure gradient requires integration of (35) with re-
spect to x. This tells us that for the topographic B analogy
to be complete, we nust have

v oh oV (37)

hdy 9y

Eq. (37) is a constraint on the longshore horizontal diver-
gence by N-S sloping topography. As we nave seen from (31),
f(av/3y) is potentially an important contributing factor to
the N-S pressure gradient in some situations, and it is in
this way that the topographic f analogy may be completed.

By converting to velocities, taking into account the local
depth, we can see that the longshore components in Fig. 5

are in good agreement with (37).

b. LEffects of a mesoscale canyon

To investigate additional effects of topography.
a case witnh topography resembling a mesoscale canyon-like
feature off the Oregon coast (Fig. 6), was driven by an
equatorward wind stress like that used for the cases dis-
cussed in Section 4a. The wind was shut off at day 5.
Hy = 30 m, ax = 2.5 to 300 km, ay = 10.7 to 56 km and At =
3 min. Other parameters are given in the caption of Fig. 6
and in Table 2. The topographic depression exhibits a sig-

nificant and complex effect on the flow, the salient
and in Table 2. The topographic depression exhibits a sig-

nificant and complex effect on the flow, the salient
characteristics of which will bLe described in comparison to

a solution for a y-independent continental slope, i.e., in
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Fig. 6. Height of the bottom topography above a
reference level in m for a case with topography resembling
a canyon-like feature off the Oregon coast. The E-W con-
tinental slope is 2x10-3. The N-S and E-W profiles of the
canyon are governed by a normal probability density function.
The standard deviation for the N-S profile i1s 35 km with a
maximum amplitude of 55 m 40 km off shore and zero amplitude
at the coast. The total model region is 6000x1000 km.
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at the coast. The total model region is 6000x1000 km.
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terms of canyon minus no canyon. The subtraction of these
two solutions not only clearly defines the effects of the
depression, but also filters out most inertial oscillations,
Rossby waves, and gravity waves which might otherwlse obscure
some effects of the canyon.

The solution in terms of canyon minus no canyon 1s
shown in Figs. 7-9. The baroclinic transports are the de-
parture from the barotropic transport in each layer. Both
the maximum residual barotropic and baroclinic transports
correspond to maximum speeds of about 1 cm secm1 for the flow
normal to the coast and 4 cm sec™d for the longshore flow.
Thus, the velocity normal to the coast induced by the canyon
is the same order as the subsurface flow required to compen-~
sate the Ekman drift. At day 5 the total longshore flow
consists of a baroclinic component with a maximum speed of
approximately 30 cm secw1 and an equatorward barotropic
component with a maximum speed of 12.5 em sec’t. No pole--
ward undercurrent formed in the course of the integration.

At both days 5 and 10 the lower layer transports look
much like the barotroplc transport. Thus, only the upper
layer transports are shown in Fig. 8. At day 5 the residual
(i.e., canyon minus no canyon) circulation (Fig. T7a) exhibits
a highly asymmetric two-cell pattern divided along the axis

of the canyon in both the barotropic and lower layer trans-

A LAy R R -t e e — T T ~ e

of the canyon in both the barotropic and lower layer trans-
ports. The larger scale upwind cyclonic cell (centered at

95, 60) is barotropic and its scale appears to be influenced



[I0) - . .
X Wl g oG 52} n w0
(=] M (=] W W o W (=4 o “ o «y (%) «» [ %4 <> © (>3 <2 (=d <> o ortee
FEERRE 2838 ¢8 3 EEEEETEEE Y B sluEg" "
r.-..c._q_.n..uau-uﬂq.v..' -v.*ﬁd-s-ljl_._.:....... T ,11.-..4.L° .q.q-.«.l.. »...nﬁn:-—..o..h:!“ﬂq?.\ﬂl. -..- ARRREAARLE AL o o] O — OO y O
s e s, ctaaaa : ., o ~ Q00 EpO y O
S s e ¢« v v ...-\ \aq...v-. d hh e 3 O ) d
L4 a a a a & & a « N ﬁ. ..... ...-.qc.ns\/ —.-...u thteee/ v/
.-.-.-»..:/ \...-v ..... ...-..-4A*-//. t evv v ] bo gmrvo Ye)
|.->-.--v//‘vvvv.- 4me ...u'....-.-/l. Y e v ovoa g ~ NP I ) (&)
ncvpvhrrrv.t#/.t;. s a9 SR A A A T T U A BT . Nnoovynmyo 1O
Lew oo oo saoo ot dbov «nn aa v » v e e AP oo « s s s r v b ) Cmflf [0 Y
L t (3
L4+ s re v noyve,, AN ,.444A.v'vc-.-v-A<- . . — Y (O™ :
SOW OSSP > ) >
4 4 v > p r r P TPV ErY 4 oo 2 a v v v .n.-.-v-cqa. N - .ltWhC.lOb vb
RSO ROOORORERDERIM. |- Lt MDRILRE -1+ 4L 0B 8w i,
P e e et i Sl 0O O )
.v--..v-.v- -. q-.qu LY » * ¥ ¥ v v voveor e av v 4, qa .; vo.lr dhe “e
L « e oa a - - v v a v PSS v xc<<¢-<-<¢.4-pnqqngm. L < a -n e~ 3o
L* » ¢« s aa - TYYr VY g4y L' "™ " T v v e v av e, g, v v o Q@ ~~ ros — —
R R IR R P . R R A QT oo =z g0, 5 0,
I R PRI IRY L S b "l E O O *
LY " " a aar" 4 v v v T a4y vy vl [ & 4 & a4 a av ? ¢ ¢ 9 4 v v vy dCtaorat ut
P I ) v~ | -;-.,-vc.4&...~<. -XIIL [eg—g — & Sy — —
v b s s p et vt aaes . e LT 8 o S w3 13
[ s . i s s]e et 1 CcoN® A E i E
WILVELIN TR IW PSP LT 35 05 I TR NCR VI SE PRRT B 1 N TN I NTLA N N AT WAL ~— () oc M
N

o C P Spn > wn

“C 0O QW e o

_— nonnm.lum_wo ol :
’ - ~ + o . 142
% =3 o o (=] o o o o o o o .: PeY « It OEOVWO 3 o o I Cen z n ..n
§ERRETZEREE FERRETEEE GG AR AR A BT -
T T T T IS T T T T T T S oo LOED e o
ftd et~ 4 aaa L, r O >
L ﬂAl.'..-_.-v | e e e oo ec e e s AN s N ocTdog )y £
r.v.-u\”uh\nl ./.“ « e« oo > = o n o n s o ﬁ/ A s a2 a8 > » mn.l_t mo > O
Lle e 2 8w s -~ - A 4 4 & & 4 v e st enneanyn A4 aae s s 05 S O 4 O
Lo oo 0 d oo’ /’\.-.A..Aaalm rAlQ’f!ffo.I, <vv'..-vv|% o Tsya._l__ i1
T..::\\\///»...44..... ......:o::;,/:\..A.....,.‘ B 0 T § =

.v.-“gkk\\/ /a--qqavoq. .-qvv.alvvlgq Jta e o s v m > Gy

.'-.‘*.~hhu1#/-¢v--..a..a Le « ¢ e« v a e v o kﬁ*.-a-v-‘v. @ P T O 10
EEEEEEEREE T. e e v naas ul .dmwhomm Wum
e s s o b d b 1Lt n........{mm EEREREREER) .\....J...IWM D= 4o By O @ 40 o i
I I S S S U O t ¢ s v v v v e« o s s % c v s as v .a-..‘v-....K anSCUh « 1A
e v » e v 4 4 )L L2 [ AR Ls o «as s LI AR B N - T .S Q. Y .
[»» v e s 0 L) )2 1 ¢ s s 0 e vy v R IR Y] -s‘.v--.v. an O 1 @ O 3 ©
L* > v e e s b b}y t e e v s v Le e e v v e aasoe el v envnas ] o [ )] Ly . 4«
S AR S S O teossenee el e sa vt eaaae Leleosssveanla S O P b0 0 -
R R [ T e e ¢t v e aaane Lot oeenaaas]- o g mmO D)
L I S N I} L B R A L I .A....-r.avAw I A I AR joR O3z O P
Le®> v e o 08 43 b t 20 50 b p vy |4+ ¢ ¢ ¢ 8 ¢aaaa oa».<-.-d-. mmmwags _Dm
L R N O N ] _-v”vvm. L ¢ ® 2 ¢ qaaoe ..‘..-.-»(. anirnt.._nlw > 0O
UK FRELNI L...:...w.-.n.n-b..._?.m AT K NN P ONA -.}._..?.a.._.???urm Slod — o4 O Y~
PEOCEC P o)




G Lep 4® JJO AnyUs SBM DUTHM 9UJL *sqaod

—-sueas ofdoajodrq 8yj3 SNTT yonu aJr sjaodsuedi JoABT J9MOT

8y °Seanl3TJ J9Y40 puB STU3 UT SwWBIJ YOEd U0 MOJIJIE 1s383uoT

ays £q peTeos ST sMoJar ayjg Jo ya3usT ayL °(Q)0T pue ()&
sfep 2e sqaodsueas aafel-Jaddn Tenplsayd g *3Ta

S o e

o
o
w
(=
[eed
-

o
[
w
o
o
ot

LTI N I I Y B L B R B
>
>
£y
L)
4

d >
k4
7
k4
»
kd
>
>
>
>
>
>

0G} 002

0S4 054 002
—r—— 00S- 3 mT

T T 1 T T T T | L
v

Ooml T T T T T T T T T

-

»
<
4
a
4
4
a
<
<

»
4
&
&+
.
.
a
a
a
4
4

>
>

>

>

»

>

»

>

>

>

>

>

>

2

a

-

£y

o)
8

l‘ 1 ‘L‘L

00p-

<
<
<
<«
<
<
<
<
<
<

00p-

<
<4
N

EY

3
»
»
*
[
>
*
»
-
*
»*

»
»
»
*
L4
»
»
'S
»
»

00¢- 00¢-

55
) > >
[
»
v
x
x
hd
v
A d
*
A4

002~ 00¢2-

A
A
A
A
&
[
»
[
»
»

»
4
4
L

e 0 @ @ o &+ o

004~

s
L]
L
’
3
L]
4
[
’
+
.
,
N
.
LY L T T T W

OOrlll\l\lL/ildlvlv.vv,q771114
H//‘l“v\.\\v\!\vlln'!j!vl" - +» > >

0//\».\
/1.;;&4&

/14.vvva.:.<,
/l\cbhb;..,“,

Aasui{.’//\\e/j\-<4t<'<<<

§§{\ v
\%: ' ]

\ N

1i i

t '

t ,

1 N

1: N

1 .

T’!brvr><4<

t .

1 »

I -

Pt »

1

~
2 l’xn? |11f‘| ALA A ity

LONC S S S B SN0 S S L N I O NN O A O SO AU BN O N A L Y O

1
a
A
N
IS
[N
-
<
»
«—
“
-
-’
v
*
B
)
hd
hd
»

L * v\\ a4 @ & @ <« v « « ¥ v v v v -
4oL [N ™N+—e—" ¥ +# > *+ 2 7 4 + + 1 v 1 a 00} v v\\\ K PR R e e A e e I I
[a < 8 5 # ¢ &« 4 5 » » 2 o v v v = « 7] owhw A O s A g e I P P P I I I
Ca ¥ ¥ %+ % % 4 4 & >» o & v v 4 2 12 PR + ﬁ P f A R T I I e -]
OON Ly Y ¢ ¥ ¥ 4 N 4 a2 > ¥ Y YT T ¥ ¥ y > OON + ” W / N T T T e e . . e .',..h“
Cv v & 4% &+ 4 8 4 » » v » v v 2 v 9 I ¢« ¢ Y N D . T I S S S Y T ’“
Oom v ¢ ¢+ + v 9 * A » ¥ 9 ¥ ¥ v T 7T 2 T OOM A\ 13 y % L U Y TR I T T T I I » & = » & » i
ry + ¢ + $4 ¥ <4 2 > ¥ v v e I T T 7T r v L) ¥y n L S I T T T S ) e & » » » » »
Cy ¢ & 4+ & « <2 > % 3 9 v » v 7 7 v y ] v ¢« a4 3 T A & A > > A > > > > > > > » » » vm
00y 7 00y .
FYy # 4 ¢ ¢ 9 9 > 7 ¢ ¢ v .9 v 7 v v v 7] v e e 8 4 a4 > a2 a2 A a2 a2 a2 a a A a2 a b x a 2
Ly ¢ & ¢ 9 o % » 4 4« 9 1 1 9 1 2 4« , v L v 4 4 4 4 4 4 A4 A A A2 A 2 a 2 A a4 A & a a2 a
OOm 1 i I i 1 I 1 1 P 1 1 PR T | 1 1 I 1 Oom 1 Il i A | T 1 4 | S S T i 1 L ' 1 1 s A n




cuotssaadep ayj3 JO STXEB 9Uyj UO 3SBOO dYj JESU pu®B apTSs

yanos oys UO PoOUBYUS ST pUB uUoAurd Y3l JO SPTS Ydou 8Uj

uo paseegdep st Juplremdn 8yj3 930N “(q)0T DPUE (8)§ sfep
12 w uf ATBWOUR 3U3Feoy SufToouakd TenpIssy ‘6 *3T4

W : WA

205- 0 05 00} - 0Gh 002 005~ 0 05 00} et} 0G1 002

L7 T ¥ T T T T T T T T T T T T T RN T ' T T T T T T v r T 1 T LI § T T T T T
N i 3 AN T~ e _ ]
00b- F I\ an oop- £~/ T T T T AN
L ~N b Ok 7\ AUV 7
. rﬁ / \ ] - VAN 4
00g- [ / \ J 00g- [ N m
2 - ] E \ T ——————3
00z- & i 002- F \ S 3
004- F s - ——0~ T —
20 : =
001 ] F e 3
- ) n ”N ln |||||||||| .Ll
002 -~ wz 3
00g 3 oo B ‘]
00v 7 0wy pd T
1 N { E
Oom ] Oom 1 n PUR T SN SN TN S B U | PR W W TR UPUNE SHN U SRR U SRR SR T R




57

primarily by the barotroplc radius of deformation and second-~
arlly by the scale of the canyon. The smaller scale downwind
cell is cyclonic in the upper layer (Fig. 8a) and anticyclonic
in the lower layer (Fig. 7a). Its scale appears to be govern-
ed by Lthe scale of the canyon. The barotropic contribution
is centered at ~-x = 30 km, y = ~30 km (Fig. 7a). The baro-
clinic contribution (centered at 15, ~50) dominates in the
upper layer and 1s cyclonic there (Fig. 7b). There is also
a weaker baroclinic cell anticyclonic in the upper layer
north of tne canyon axis centered at 45, 50.

By day 10 (after the winds have been shut off for
5 days) the large scale, barotropic, cyclonic cell (now
centered at 85, 220) has propagated northward at a speed of
40 cm sec“l and become much weaker. The strength of the
smaller scale barotropic anticyclonic cell (now centered at
45, -25) is virtually unchanged (Fig. 7c). The southern
baroclinic cell (now centered at 20, -60) has intensified
(Fig. 7d4) and combined with the barotropic cell produces
the remarkable two-cell pattern in the upper layer (Fig.
8b) with a col centered over the single anticyclonic cell
in the lower layer (Fig. 7c¢).

Fig. 9 shows the residual pycnocline height anomaly
after 5 (Fig. 9a) and 10 (Fig. 9b) days. The upwelling is

decreased on the north side of the canyon and enhanced on

e - - - R e = -~ ————— ==t = — - - i—g - - — . e e - - -

decreased on the north side of the canyon and enhanced on
the south side and near the coast on the axis of the canyon.

The pattern for the baroclinic component in the upper layer
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ig similar to the pattern for §l e Vz, Note that the resi-
dual patterns for the baroclinic component (Fig. 7b,d) are
in general geostrophic agreement with the residual patterns
of the pycnocline height anomaly. The enhanced upwelling
near the coast can be explained by the steeper E- W slope in
this reglon and conservation of potential vorticity in the
upper layer (e.g., see Hurlburt and Thompson, 1973 and Sec-
tion l4a). Tne N-S pattern of the upwelling is inconsistent
wilth conservation of potential vorticity in the upper layer:

v ou h, - H
1 1 . . S
5% "3y - f ( iy } (38)

Howrever, it is consistent with the topographic B effect
discussed in Section Y4a, which requires a stronger N-S
pressure gradient north and a weaker N-S pressure gradient
south of the canyon axis. The barotropic poleward residual
nortih and equatorward residual south of the canyon axis
(FPig. T7a) are also consistent with the topographic B effect.
The divergent nature of these two components and mass con-
tinuity require the barotropic onshore floiwr on the axis of
the canyon. The broad outflow for both branches occurs to
tine NW of the canyon. The residual circulatldon centered
30 km SSE of the center of the canyon appears to be a dis-
torted attempt by tne flow to follow contours of canyon

winus no canyon. This attempt improves by day 10 (after

e m— o . - AL e . -

Ve v e v v oweeae —-v ———— — = - -

wwinus no canyon. This attempt improves by day 10 (after
the winds have been shut off for 5 days) when the large

circulation cell has propagated north and decreased in



59
gtrength, and the smaller cell is centered 25 km SSW of the
center of the canyon. The residual cellular structure
appears wvave -like in the total barotropic flow shown in Fig.
10, and the distortion in the attempt of the nearshore
flow to follow the contours of topography by the larger

scale wave 1s clearly evident.

c. Lffects of a mesoscale ridge

A case with the ridge topography shown in Fig. 11
was integrated for comvarison with the effects of the
canyon. DIxcept for the topograpny all the model parameters
are the same as for the canyon. Except in the western part,
contours of canyon minus no canyon are the negative of
ridge minus no ridge. Since the dynamical principles in-
volved are similar to those applicable in the cases dis-
cussed in Sections la and 4b, only a brief description of
the solution for a ridge will be given.

Fiz. 12 shows the barotropic residual (ridge minus
no ridge) transport at day 5. In this case the cell (cen-
tered at 40, ~-15) following contours of rildge minus no
ridge dominates the flow. A circulation with an E -W scale
which appears to be governed by the barotropic radius of
deformation, (34), still exists, but the dominant N--S scale

is the scale of the ridge, a characteristic which occurred

AnTr ot Adaxv 10 (aftrav +he wrinda had heen shnt off 5 davs)

is the scale of the ridge, a characteristic which occurred
only at day 10 (after the winds had been shut off % days)

in the case of the canyon. An anticyclonic cell with a N--S
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"Fig. 11. Height of the bottom topography above a
reference level in m for a case with a ridge superimposed
on a gontinental slope. The E-W continental slope is
2x107?. The N-S and E-W profiles of the ridge are governed
by a normal probability density function. The standard de-
viation for the N-S profile is 35 km with a maximum amplil-

tude of 55 m 40 km off shore and zero amplitude at the coast.

Contours of canyon minus no canyon are the negative of ridge
minus no ridge except in the western portion.

tude of 55 m 40 km off shore and zero amplitude at. the coast.

Contours of canyon minus no canyon are the negative of ridge
minus no ridge except in the western portion.
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barotropic transport at day 5.

transport at day 2.25.

(b) Total barotropic

Day 2.25 was chosen because

1t 1s least contaminated by Rossby waves.

(a)

e~ e —
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extent which appears to be governed by the barotropic
radius of deformation does exist, but it is very weak.

For comparison, Fig. 12b shows the total barotropic
transport. This time the part of the wave north of the
ridge is weak and the part at the latitude of the ridge is
strong and extends well beyond the ridge. This 1s opposite
the canyon case. Quite striking in all the solutions with
longshore variations in topography is the lack of noticeable
wave phenomena associated with the topographic perturbations
except for the single cycle wave~like feature shown in Figs.
10 and 12b, and the northward propagation, after the wind
has been turned off, of the large scale barotropic cell in
the residual flow north of the canyon.

Fig. 13a shows the residual pycnocline height anomaly

at day 5 with enhanced upwelling north and decreased upwelling

gouth of the ridge. The regions of greatest pycnocline
anomaly are confined to the region of the barotropic equator-
ward current., although the ridge extends well Dbeyond the
current. The dynamics of the anomalies are consistent with
those of the cases discussed in Sections h4a and 4b. Hote
that the residual of vl - Vz (Fig. 13b) is in excellent geo-
strophic agreement with the residual pycnocline height
anomaly.

The basic flows are the same as for tane canyon, but
anomaly.

The basic flows are the same as for tne canyon, but
the residual flows are stronger, up to 4 cm sec"1 normal to

the coast and 7 cm sec"'l longshore. No poleward undercurrent
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forms in the course of the integration except in a region
within 10 km of the coast with a longshore extent of 100
km on the south side of the ridge. The maximum poleward

flow is about 3 cm sec”t at day 5.




5. EFFECTS OF COASTLINE GEOMETRY

The effects of coastline geometry have been investi-
gated by means of case studies utilizing the coastline
configurations shown in Fig. 14. The model was driven from
rest or from the quasi~-balanced initial state described in
Section 2¢ by the equatorward, y-independent wind stress
shown in Fig. 1. All six cases were integrated twice,
once from each initial state. In Cases a and b Ax = 4 to
300 km; in Cases c¢ through f Ax = 3 to 300 km. AX versus X
for Cases a and b is given in Table 1. 1In Cases d, e, and
f Ay = 5 to 60 km, and Ly = 1000 km. The E-W dashed lines
over the land in Fig. 14 and other figures in this section
indicate grid rows in y. In all six cases At = 1.5 min.
The other model parameters are given in Table 2 except that

in Case f, H, = 30 m.

1

a. BEffects of a corner

Since it was feasible to resolve the baroclinic
radius of deformation along a section of zonal coastline by
using stretch coordinates in the y-direction, Cases a and D
were chosen as best able to clearly depict the effects of
coastline geometry. Some interesting very small scale

(< 10 km) nonlinear effects are not resolved by the 4 by 5 km

CUQL U Ldlle Bevsne v g e ~aate— f e e — e e A, -, P

(< 10 km) nonlinear effects are not resolved by the 4 by 5 km
grid mesh used in the vicinity of the corner, but the geo-
strophically balanced phenomena are adequately represented.
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Of principal interest are the patterns of horizontal
and vertical motion near the corners and along the section
of zonal coastline where the wind stress is normal to the
coast. The two~dimensional (longshore-independent) problem
demonstrates that a steady wind stress normal to the coast
drives vertical motion_on the f—l time scale, and thus pro-
duces little vertical transport. The associated longshore
currents are more than an order of magnitude weaker than
those assoclated with longshore winds. Hence, the manner
in which the barotropic and baroclinic modes of the coastal
currents conserve mass is of key interest. If the baro-
clinic mode conserved mass in a vertical plane, then for
Case a and an equatorward wind stress we should expect
enhanced upwelling near the eastern end of the zonal segment
and decreased upwelling near the western end. If the baro-
clinic mode conserves mass in a horizontal plane, then
geostrophic balance of this component iﬁplies strong up-
welling not driven directly by the wind along the E-W
segment of the coastline. That is, horizontal conservation
means currents along the two meridional segments of coast-
line are connected by currents along the zonal segment;
conservation in a vertical plane implies the absence of
connecting currents along the zonal segment. Other items
of interest include possible formation of flow instabili-

ties and eddies, possible boundary layer separation of
of interest include possible formation of flow instabili-

tles and eddies, possible boundary layer separation of

zonal current segments, and the occurrence of large
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amplitude wave phenomena. The latter were notably absent in
the presence of longshore variatlons in bottom topography.

Fig. 15a,b shows the pycnocline height anomaly for
Case a at day 5. The solution in Fig. 1l5a was driven from
rest, the one in Fig. 15b from the quasi-balanced initial
state. The low frequency part of the solutions from the two
initial states are virtually identical, but the numerical
solutions demonstrate that the quasi-balanced initial state
reduces the amplitude of the inertial oscillations, Rossby
waves, and gravity waves by up to three orders of magnitude.

More important, however, Fig. 15 shows that strong
upwelling occurs along the zonal sectlon of the coast. This
upwelling cannot be driven directly by the wind, which is
offshore along this segment. Fig. 15 also shows that the
upwelling 1s greater at the eastern end of the segment
than at the western end. Fig. 16 shows that the equatorward
surface jet and poleward undercurrent follow the coastline
consistent with Fig. 15 and geostrophic balance.

The basic dynamics of the baroclinic mode can be

understood by examination of the following reduced gravity

model:
;.ji_fvl - _grz_zi (39)
;;l + fu;, = - g g;l + %%% | (4o)
_g_z_l ¥ fulh; et %l s pflﬁl’ | (40)
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(o34
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Fig. 15. Pycnocline height anomaly in m at day 5
for a solution driven from rest (a) and from a quasi-
balanced state (b). The pycnocline anomaly at day 10 (c)
was driven from the quasi-balanced state, but the wind
was shut off at day 5. (d) is the pycnocline height
anomaly at day 10 minus that at day 5.




*pa300afp KTe3Tsoddo sae pue 3SBOO dY3 MOTTOJ
squadJano a3yl 3'Y3 930N °G fep g9® ® ase) J0J (Q) £3T00TBA
JakeT Je9mOT puB (B) KL3To0TaA J94BT aaddpn ‘9T *ITd

. . : .
05 004 0St 002 0 08 001 gk - 06k 002

OO—. T T T T 7 T T T T T T T 7 v 17T Ly OOP‘ YL
] K ‘ . . . . . . . . . . . . . . . N s- -— ¥ L Il L] Vo LI L v d‘v*‘n —11111-‘ La
4 - .
| u v\ f & a & & « & 4 4 o a a =« QALVI N A « 2 » >» >» >» >» » >» > > > > » » ﬁcy » ]
i a
r | VDDA S 1 L “ » » > » » » b » > » » > » » | v..,
A ] | “ : » » » > » » » » » > » > » » » » vL
, L a
- 1 k 4 2 & 4 a4 4 4 a4 4 4 & s s a & a] ~ % [ IS T e
Do Oml i k ¢ P2 b B+ 4 4 4 4 a4 & a 2 a a a &£ Oml -~ ﬂ t » terrrr nr
- ;. O T T R e S S S R R 5 oty SONaa
L h r / N N % % 2 2 6 4 r s s s s s s a a N N T
3 - W " e e eV 3
i //v/v’vlv‘o/- - A 1 » > > > > > » »>» » »]
w////y N. N ” 4 4 a4 a2 a a i / NN W % 2 a7 > > > > > » » » >»
- rK. lvl"ljll!llvln'lv/ / N ” s & & s 4 ..J NN X t & 2 » > > » » » » > v..
» > L3 ~ rl .
WO |||||| J ﬁw S d HO /x’ ‘I'rfllnolol’l//a 8 <« ¥ > > » > > > > >
||||||||||||||||||| rl
e R A I R s N I LR
.......................... ] . e B B
s SRR o SRR
llllllllllllllllllllllllllllllllllllllllllllllllllll L]
LT T UH k d 4 ¢ & & a of  [TTTTToTSTSSoSScssossssseses 7 “ I RGN
R L
R ] \ ke s s oa -- cmema- «r «z
" I \ AR | S cmcctmcce——a] P 2 e > > *+ v > > > >
] 200 |leeecaccmecccacaaaa - - - 3 N
..................... S T A AR
"""""" - - - - - - - - - - -] \ \ P M P a a ‘L o A - - - - ﬁ ﬂ ‘ v v g N v ’ > > ]
T e P 1 e > > « v > > > ]
- . - & & = [mTTessssssssesTeseeT e e
\ { & # .4 . - r
T llllllllll ] N A { P e 2 > « v > » > >
. s o lecccea [FORpRP —e———
| s T mieieieiiet ittty ()
S e J 4 £ 5 4 & o b._ L I “ Pl . MO
. =s===9 )
OOF L T I — i A 1 n 1 " A P £, £ 2, 8, 8,456~ N T o i rs e ]
OOF 7 SR T WA A NN U S S T i -Lbrn NIRRT I I T




[

72

5 = 0, and h2 = o, The necessity for the zonal

current segment can be demonstrated by considering mass

where u2 = v

continuity of the coastal jets in a y-z plane. Since vy * 0
near the eastern end of the zonal segment to satisfy the
kinematic boundary condition, mass continuity in a y-z plane
would require Bvl/ay > 0 and aul/ax > 0 near this corner.
Thus, both (40) and (41) would demand greatly enhanced up-
welling near the eastern end of the zonal segment. However,
geostrophic balance in (39) is not possible in this region.
Hence, aul/at > 0 and a zonal current segment must be present.
Note that if TSy +~ 0 at the zonal segment on a scale greater
than the baroclinic radius of deformation, the zonal current
segment 1s no longer required.

Although we have demonstrated the necessity for a
zonal current segment, the enhanced upwelling at the eastern
end of the segment and reduced upwelling at the western end
show that a vertical circulation is present. Thus, the flow
required by mass continuity is partitioned between the hori-
zontal and vertical circulations. The westward decrease of
the upwelling along the zonal segment also shows that the
E-W extent of any zonal current must be limited, and would
not extend the length of a long, O(iOOO km) or more, zonal
coastline segment.

Fig. 15c,d and Fig. 17 demonstrate the importance of

¥alwin wawe dvnamics 1n the presence of coastline irregu-
Fig. 15c¢,d and Fig. 17 demonstrate the 1lmportance of

Kelvin wave dynamics 1n the presence of coastline irregu-

larities. Fig. 17a,b shows the northwatrd propagation (at
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Fig. 17. Pycnocline height anomaly in m for the
entire N-S extent of the model region at day 3 (a), 5 (b),
and 10 (¢). The wind was shut off at day 5. (d) is the
pycnocline anomaly at day 10 minus that at day 5. This
figure clearly i1llustrates the importance of Kelvin wave
dynamics in the solution.
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T4
about 55 cm sec_l) of the region of reduced upwelling near
the western end of the zonal segment. This occurs whether
the model 1s started from rest or from the quasi-~balanced
initial state. However, the weak waves which trail the
maln front when the model is driven from rest are absent

when it is driven from the quasi-balanced state. Fig. 17c

clearly shows a weak spurious Kelvin wave near y = = 300 km
exclted by the southern boundary conditions at f = 4x10™°
sec™t. Southern boundaries at higher latitudes would gene-

rate weaker Kelvin waves.

The wind was shut off at day 5, thus removing the con-
straint positioning the enhanced upwelling at the eastern
end of the zonal segment and the reduced upwelling at the
western end. Tig. 15c¢,d and Fig. 17c,d show that these
regions have propagated along the coast. This has actually
lead to significant upwelling at the western end of the
zonal section of coastline after the wind was shut off
(Figs. 15d and 17d). Fig. 18 shows that the baroclinic
mode tends to separate from the coast after the wind has
been shut off.

Fig. 19a shows the pycnocline height anomaly at day 5
for Case b. The pattern can be explained in a manner simi-
lar to that for Case a, but this time the enhanced upwelling

occurs at the western end of the zonal segment and reduced

U B B A At +ha anctarn anAd The 7 m Addfference in

occurs at the western end of the zonal segment and reduced
upwelling occurs at the eastern end. The 7 m difference in

the height anomaly between Cases a and b at the center of
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7
the zonal segment reflects the direct (3.5 m) effect of the
wind stress normal to the coast. In the case of a cape and
an equatorward wind stress this would lead to only slightly
enhanced upwelling on the south side of the cape and must
not be considered a significant factor. The propagating
Kelvin waves produce greater effects,

The pattern of the free surface anomaly for Case b at
day 5 (Fig. 19b) is almost the same as for the pycnocline
anomaly, indicating the overwhelming dominance of the baro-
clinic mode in the solution. Fig. 20a,b shows the barotropic
mode for Cases a and b. The most notable features are the
cyclonic eddles adjacent to the zonal segments. Note also
the double current structure parallel to the meridional
segments and the westward currents which extend beyond the
zonal coastline. The maximum veloclty associated with the
barotropic mode in Fig. 20 is 3 cm sec—lu_ Recall Hurlburt
and Thompson (1973) have shown that for the case with a
Sverdrup interior, a meridional coastline, flat topography,
and no wind stress curl 1n the upwelling zone, the net long-
shore transport must nearly vanish point by point across the
upwelling zone. They also explain the nonlinear dynamics of
the weak barotropic equatorward current observed about 25 km
off shore in Fig. 20. Bottom friction and nonlinearities,

especially the nonlinearity due to the denominator of the

wrivA advace PArndineae fiimetinn avre vreanonsihle for the baro-

especilally the nonlinearity due to the denominator of the
wind stress forcing function, are responsible for the baro-

tropic mode in the case just described.
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Fig. 21 shows contours of potential vorticity in the
lower layer at days 5 and 10 for Case a and day 5 for Case b.
Since conservation of potential vorticity is a good approxi-
mation for these solutions outside the viscous boundary layers,
Fig. 21 and slow time variation of the contours of potential
vorticity show that the fluid particles in the upwelling
boundary layer should follow the coastline and remain in the
boundary layer for great distances,0(1000 km), along the
coast, a point with important implications for biologists
and environmentalists. However, recall from (35) that poten-
tial vorticity may not be well conserved in the presence of
wind stress curl or sloping topography. The wave-like fea-
ture on the 325 contour in Fig. 2lc 1s consistent with the
pattern of relative vorticity for the barotropic mode (Fig.
20b). Note the -4 cm contour of the free surface anomaly
(Fig. 19b) also shows a slight spike in this region. A simi-
lar but much weaker feature (not shown ih Fig. 2la,b) occurs
in Case a south of the western end of the zonal section.

b. Effects of mesoscale
capes and bays

The effects of coastline geometry are further illus-
trated by Cases ¢ through f. Fig. éZa,b depicts the solu~-
tion at day 5 for a rectangular cape, 51%x30.7 km. Fig. 22a
demonstrates that, as before, the longshore currents follow

the coastline with only a slight tendency to separate from
demonstrates that, as before, the longshore currents follow

the coastline with only a slight tendency to separate from

the zonal segments. The coastal current is oppositely
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Case b at day 5 (c). The wind was shut off at day 5.
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directed in the lower layer. The pycnocline height anomaly
(Fig. 22b) shows a pattern which is a combination of the
effects found in Cases a and b. Strong upwelling occurs
along all parts of the zonal segments of the coastline, but
is weaker at the eastern end of the northern segment and
stronger at the western end. Oppositely along the southern
segment, it is weaker near the western end and stronger near
the eastern end. The upwelling at the center of the southern
segment 1is slightly stronger than at the center of the north-
ern segment. The weaker upwelling along the northern meri-
dlonal segment reflects the northward propagation of the
weaker upwelling near the eastern end of the northern zonal
segment (cf. Fig. 17).

Fig. 23 1llustrates the solution at day 5 near a cape
resembling the coastline in the wviclnility of Point Concepcion,
Callfornlia. Fig. 23a shows again that the equatorward sur-
face jet follows the coast. The weak cufrent overshooting
the end of the cape indicates the présence of a weak cyclonic
eddy 1n the barotroplc mode off the point of the cape. The
coastal current is oppositely directed in the lower layer.
Fig. 23b shows that the upwelling follows the coastline, but
otherwise this cape exhibits no dramatic effect on the pat-
tern of vertical motion. Upwelling is greatest near the
point of the cape and slightly greater on the southern side

then on the northern side. The strength of the upwelling
point of the cape and slightly greater on the southern side

then on the northern side. The strength of the upwelling

varles by about 35 per cent along the cape.
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Fig. 24 depicts the solution in the vicinlty of a bay
at day 5. As before, the equatorward surface jet (Fig. 24a)

and the poleward undercurrent follow the coastline. The pat-

tern of vertical motion also follows the coast. The upwelling

at the coast exhiblts a distinct minimum at the center of the
bay, nearly 20 per cent less than along the meridional seg-
ments. The E-W amplitude of the 5 m contour is 42 km compar-
ed to the 51 km amplitude of the bay.

The final case to be discussed (Case ) is the only
one to incorporate both coastline variations and sloping
topography (see Fig. 14). Thus, it is also the only case
with coastline variations to be discussed which has a sig-
nificant barotropic mode. The same bay geometry as Case e
is employed. The bottom topography follows the coastline
with a uniform E-W slope of ZX1O—3, the same basic slope
used in Section 4. The initial upper layer thickness (30 m),
and the height of the topography above the reference level
at the coast (155 m) are also the same. Fig. 25a,b shows
the upper and lower layer velocities at day 5. As in Cases
a through e, the coastal currents follow the coastline and
as in the cases with similar basic topography discussed in
Section 4 there is no poleward undercurrent along the meri-
dional sections of the coastline. However, there is a weak

and narrow poleward undercurrent along almost all of the
R A I SO I B S i At hanvaluy chnwse in in Rige. 28b.

and narrow poleward undercurrent along almost all of the
non-meridional coastline, which barely shows up in Fig. 25D.

The width of the current is < 10 km and the maximum velocity
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1s about 3 cm sec_l. The maximum width and strength of the
current occurs at y = 0. Fig. 25c shows that the upwelling
follows the coast. As in Case e the upwelling at the coast
exhibits a disftinct minimum near y = 0.

Fig. 25d shows the barotropic mode at day 5. The
maximum speed is about 15 cm sec'l. The velocities associ-
ated with the eddy are approximately 1 cm sec_l, about the
same as the general onshore return flow in the lower layer
as demonstrated by Fig. 25b. It i1s also similar in strength
to the barotropic flows which occurred in the flat bottom

case due to nonlinear effects and bottom stress.




6. SUMMARY AND CONCLUSIONS

In the present study an x-y-t two-layer, primitive
equation model cn a B-plane has been used to investigate
three-dimensional aspects of the wind-driven eastern ocean
circulation, emphasizing the effects of various configura-
tions of bottom topography and coastline geometry on coastal
currents and the pattern of vertical motion. The model is
time~dependent and retains the free surface. It is integra-
ted using an efficient semi-implicit numerical scheme and a
variable resolutlion grid which allows resolution of meso-
scale boundary layers and longshore features, and a model
region witn an E-W extent great enough to permit development
of a Sverdrup interior. A unique feature of the model is a
quasi-symmetric open-basin northern and southern boundary
condition which allows development of a Sverdrup interior
even when the model is solved on reglons with mesoscale
N-S extent.

Several case studies which demonstrate the role of
the northern and southern boundary conditions have been com-
pared in Section 3. They show that solutions for a closed
basin on a B-plane, an open basin on a B-plane using quasi-~

symmetric northern and southern boundary conditions, and
basin on a B-plane, an open basin on a B-plane using gquasi-~

symmetric northern and southern boundary conditions, and
the quasi-symmetric x-2z plane model of Hurlburt and Thompson

(1973) are in close agreement. The influence on the

88
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barotropic mode of coastline orientation, wind stress dis-
tribution, wind stress curl in the upwelling zone, and
bottom topography have also been discussed in Section 3.
In particular, B-plane solutions with longshore winds were
found insensitive to the coastline orientation for large de-
partures from the meridional. The manner in which the dis-
tribution of the wind stress may affect the N-S pressure
gradient in an f-plane solution is also demonstrated.

In Section 4 the effects of longshore variations in
topography were discussed. The topographic B effect was
found to be an important aspect of the dynamilcs even for
mesoscale features, 0(100 km). For an equatorward wind
stress, BT> 0 (cf. Eq. (33)) contributes a poleward com-
ponent to the flow, BT < 0 an equatorward component. Due
to the E-W slope in the topography potential vorticity is
not conserved. The streamlines make only distorted attempts
to follow the i1sobaths. The longshore variations in topo-
graphy also produce barotropic flows well beyond their
physical extent, both longshore and offshore, 1ln response
to requirements of mass continuity. These flows appear to
respond on a scale governed by the barotropic radius of
deformation. Quifte striking in all the solutions with long-
shore variations in topography is the lack of noticeable

wave phenomena associated with the topographic perturbations,

WAL L S VCOLL L QLY LA il UVIJUB.L ayllJ e VILT L CL K AW llvviuvocaw.Lco
wave phenomena associated with the topographic perturbations,
except for the northward propagatlion of one barotropic

feature after the wind 1s shut off.
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Section 5 discussed the effects of mesoscale, 0(100
km), coastline variations. The salient results will be sum-
marized in terms of a 51x30.7 km rectangular cape (cf. Fig.
22). The coastal currents and the upwelling were found to
follow the coastline. Thus, strong upwelling not driven
directly by the wind occurs along the zonal segments of the
coastline. However, it is weaker at the eastern end of the
northern segment and stronger at the western end. Opposite-
ly, it 1s weaker near the western end of the southern segment
and stronger near the eastern end. This demonstrates that
the continuity of the baroclinic coastal jet is partitioned
between a vertical circulation and a circulation in the hori-
zontal plane. (See Section 5a for a more detailed discussion.)
The upwelling at the center of the southern E-W segment of
the cape is only slightly stronger than at the center of
the northern segment due to the direct effect of winds
normal to the coast.

When the wind is turned off the distribution of up-
welling is no longer constrained to the coastal positions
described, but instead, propagates along the coast near the
speed of an internal Kelvin wave. Thus, significant upwel-
ling can occur at some regions along the coast even after
the winds have been shut off. The region of weak upwelling
at the eastern end of the northern E-W segment propagates

northward as a large amplitude Kelvin wave while the wind
at the eastern end of the northern E-W segment propagates

northward as a large amplitude Kelvin wave while the wind

stress is still acting. Thus, regions north of the cape may
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experience depressed upwelling and temporary downward verti-
cal motion under equatorward wind stress forcing. The work
of Suginohara (1973) and Gill and Clarke (1973) on the
effects of the wind stress distribution, and the present
work on the effects of coastline geometry have identified
Kelvin wave dynamics as an element of fundamental importance

to the coastal upwelling problem.
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Xy, Vs

Z

APPENDIX A
LIST OF SYMBOLS

horlzontal eddy viscosity

drag coefficients for interfacial and bottom
friction

height of the bottom topography above a
reference level

Coriolis parameter

acceleration due to gravity

reduced gravity, g(p, - py)/p,

total depth

instantaneous local thickness of the layers
initial thickness of the layers

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

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

Brunt-Vaisidld frequency
time

barotroplc components of velocity in the
X and y directions

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

x positive eastward, y positive northward,
z posltive upward

T T < 3 YU

poslitive upward

N
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At

Ax, Ay

94
df/dy

value of B simulated by N-S slopilng
topography

time increment in the numerical integration

horizontal grid increments in the x and y
directions

free surface anomaly

baroclinic radius of deformation
barotropic radius of deformation
densities of sea water

x-directed tangential stresses &t the
surface, interface, and bottom

y—-directed tangentlal stresses at the
surface, interface, and bottom




APPENDIX B
AN OPEN-BASIN BOUNDARY CONDITION FOR OCEAN MODELS

Consider a stably-stratified rotating ocean model on
a B-plane with solid eastern and western boundaries, but
open-basin northern and southern boundaries. We will dis-
cuss a northern and southern boundary condition which
permits development of a Sverdrup interior even when the
portion of the basin solved has only a mesoscale N-S extent.
However, the E-W scale, 0(1000 km) or more, cannot be relaxed
if the model is to develop a Sverdrup interior without the
imposition of some additional constraint.

OQur discussion will be in terms of a two-layer, verti-
cally-integrated primitive equation model which is hydrostatic
and Boussinesq and which neglects thermodynamics and thermo-
haline mixing. A similar condition could'be developed for
other model formulations. Under the assumptions given, the

momentum equations and equations of continuity form the

following closed set for an x-y-t two-layer model on a

B-plane:
3V T_-T
1, o _ s” I 27

et Vl VVl +kox £V, o= - gV(hl+h2+D) + hl + AV Vl
(1)

dh N

Efi + ¢ o (hlvl) = 0 (2)
(1)

dh N

st Ve (V) = 0 (2)
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>
o2 + ¥ W, + & x £V, = +h, +D) + g'Vh. +
5% 2 2 o = = gV(h +th,4D) + g'Vhy
T-1
I™'B 23
o + AVTY, (3)
EEQ + v = 0 4

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

- _3_ & _3_ 2

v = 7% i+ 5y J

-> _ ~ A
V1 = uil + vlj

£ o= £+ By - vy
g' = &lpy, - py)/0y
> PN ~

Tg = Tgxt T Tgyd
> > > - >
Tp = eC|Vy = Vo[ (Vg - V)
-+ > >

and 1 = 1, 2. Symbols are defined in Appendix A, although
most of the notation used 1s common in oceanography. D(x)
represents the height of the bottom topography above a re-
ference level. The formulation of the interfacial and
bottom stresses follows O'Brien and Hurlburt (1972), but
has been modifiled slightly to be invariant under coordinate

transformation.

Mha nanthann and enanthern houndarv conditions are

transformation.
The northern and southern boundary condlitions are

based on the x-z plane model of Hurlburt and Thompson (1973)
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which neglects longshore derivatives of the velocity field
and the wind stress, but retains the N-S pressure gradlent
and the B effect. Hurlburt and Thompson discuss in detail
the derivation of their model, which we will refer to as
quasi-symmetric because of its partial neglect of lohgshor
derivatives. Two cruclal requirements for this boundary
condition to be applicable are that the longshore flow be
nearly geostrophic and that

X v
J f 1 dx
-1, y

X

X
<< J Bvi dax

...Lx

near the northern and southern boundaries, where —Lx is at
the western boundary. Since f (3v1/ay) may be comparable
to Bvi in the eastern boundary layers, the latter requilre-
ment essentially demands that the N-S pressure gradlent
exhibit only a second order change across these eastern
layers. The longshore flow may be nearly geostrophic even
into the hydrostatic viscous boundary layer. Geostrophy
holds in thls layer because the veloclity component aspect
ratio, u;/v;, 18 0(1071).

In summary, the quasi-symmetric boundary condition

e

sets 3/3y = 0 in (1) through (4) except for the N-S pressure

gradient in the momentum equations and ahvi/ay in the conti-

nulty eqguations. The N-S pressure gradients are given by

3 % 9
g -+ (h.+h.+D) f B8 (vo=-v,) dx + g =% (h,+h_4D)

T -

X
d 9.
g 3y (hl+h2+D) [ B (vl-vA) dx + g v (h1+h2+D)’—LX

-L d
X

(6)

(6)



oh

g 2 (h,+h,+D) - g' —1 = i 8 v, + =+ v, |dx
3y (Dpthy v > TR, Va
-L o A
X

5 ony

- |
T8 3y (hl+h2+D)‘mL & %y -L (7)

where

Vp T Vy - [Vlhl * [Vz T Sx—] hz}/(hl”lz) (8)

Note that application of the Hurlburt and Thompson model as
a boundary condition has required two significant modifica-
tions. First, the term ahiv/ay is retained in the continuity
equations. The second difference is the manner in which the
ageostrophic part of the departure from a modified depth
average of v given by (8) is removed in (6) and (7).
Hurlburt and Thompson show that the N-S pressure gradient
which develops due to the vorticity constraint of a Sverdrup
interior responds primarily to the geostrophic N-S flow.
Note that nelther the barotropic nor the‘baroclinic compon-
ent of the geostrophic flow is affected by Vo The most
gignificant ageostrophic components of the N-S flow are
inertial oscillations and Ekman drift, both of which are
effectively removed from (6) and (7) by (8). Were these

not removed, (6) and (7) show they would result in spurious
contributions to the N-S pressure gradient at the northern
and southern boundaries. This effect would propagate into

the interior as gravity waves which are observed in numeri-
and southern boundaries. This effect would propagate into

the interior as gravity waves which are observed in numeri-

cal solutions when we set Vo T 0. Since the N-S pressure
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gradient may affect the strength of the circulation in the
plane normal to the coast, inertial oscillations in this
pressure gradient could also excite Kelvin waves. Again

these have been found in numerical solutions when we set

Several other techniques for the removal of ageo-
strophic components from v in (6) and (7) have been investil-
gated, but the use of (8) is the only one which has not led
to instabilities such as amplification of the fundamental
barotropic E-W mode of the basin.

The value of the N-S pressure gradient at the western
boundary should be determined by an integral constraint on
the mass flux through the boundary, but for some applica-
tions it may be sufficient to arbitrarily set it to zero.
This has been done in both applicatilons considered by the
author thus far.

The northern and southern boundary conditions described
here have been tested on two quite different problems. The
first is a study of the eastern ocean circulation driven by
an equatorward wind stress. Several different cases which
demonstrate the role of the northern and southern boundary
conditions are compared in Section. 3. It is important to
note that solutions for a closed basin on a B-plane, the
quasi-symmetric boundary conditions described here, and the

x-2 plane model of Hurlburt and Thompson are essentially the
quasi-symmetric boundary conditions described here, and the

-2 plane model of Hurlburt and Thompson are essentially the
same 1in the interior and the eastern ocean. They may be

different in the western ocean, if the N-S pressure gradlents
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at the western boundary of the quasi-symmetric condition
are not determined by an integral constraint on the total
mass flux through the northern and southern boundaries.

The second study was a simulation of the narrow
seasonal equatorial jet driven by a west wlind in the
"Indlan Ocean (results to be discussed elsewhere). In this
case open basin boundary conditions whilch set avi/ay = 0 1in
the continuity equation or alternatively set ahi/ay = 0 1in
the y-momentum equation produce amplification of the funda-
mental barotroplc E-W mode of the basin which renders the
solutions useless after 3 or U4 days of model time, but the
one described here has ylelded excellent results for a 75

day integration.
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