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ABSTRACT

To investigate the role of wnd forcing, bottom
topography and thernohaline gradients in the Leeuwin
Current System (LCS), several experinents are conducted
wWith a sigma coordinate primtive equation nodel on a beta-
pl ane. Results show that the LCS is an anonml ous eastern
boundary current (EBC) that generates a coastal poleward
current, an equatorward undercurrent, and highly energetic
mesoscal e features such as meander s and eddi es.
Thernohal i ne gradient effects were shown to be the primary
mechanism in the generation of a poleward (equatorward)
current (undercurrent), eddies and neanders in the LCS.
I nshore of the poleward surface flow, next to the coast,
wind forcing plays an inportant role in generating an
equatorward coastal current and upwel | i ng. Bott om
t opography is shown to be an inportant mechanism for
intensifying and trapping «currents near the coast,
weakeni ng subsurface currents and intensifying eddies off
capes. Overall, the results of the study conpare well wth

avail abl e observations in the LCS.
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. 1 NTRODUCTI ON

Subt r opi cal eastern boundary currents (EBC) are
usually equatorward at the surface, with pol eward
undercurrents, which are forced by prevailing equatorward
Wi nds. The major EBCs such as Peru, California, Benguela
and Canary are distinguished by surface dynamc height
fields which decrease toward the coast and near-surface
i sopycnals that slope upward (Woster and Reid, 1963;
McCreary et al., 1986). These systens are characterized by
climatologically weak (<10 cnis), broad (~1000 km w de)
surface flow toward the equator, cold upwelled water at the
surface, shallow (<30 m depth) thernoclines, and high
bi ol ogi cal production (Parrish et al., 1983) due to regions
of significant upwelling. They are one conponent of the
subtropical anticyclonic gyres, which are driven primarily

by anticyclonic wind fields.

Along the coast of Western Australia, the prevailing
winds are predomnantly equatorward (Thonpson, 1984,
Godfrey and Ri dgeway, 1985); however, unique to the region,
is a poleward surface current known as the Leeuwin Current.
Cbservational studies along the western coast of Australia
have shown that this current is characterized by a strong
(>150 cms at tines), narrow (<100 km wi de), poleward
surface current that flows opposite the prevailing w nd
direction (Cresswell and Golding, 1980; GCodfrey et al.,
1986), anomal ous warm water at the surface, a deep (>50 m
depth) thernocline (Thonpson, 1984) and |ower biol ogical
production due to vast regions of downwelling (Batteen et
al ., 1992).



An anonal ous EBC, the Leeuwin Current is driven by the
uncharacteristically large thernohaline gradient along the
western Australian coast. The current originates near
Shark Bay and flows poleward along the continental shelf
(~200 m depth) off the coast of western Australia to Cape
Leeuwi n (see Figure 1 for geographical |ocations) and then
eastward into the Geat Australian Bight (Cresswell and
Gol di ng, 1980). Associated with the system are near-
surface 1isopycnals that slope downward, surface dynamc
height fields that increase toward the coast, and an
equat orward undercurrent (Thonpson, 1984; MCreary et al.,
1986) . The equatorward wind stress is overwhelnmed by the
nmeri di onal pressure gradient created from excessive heating
in the equatorial region and large anobunts of cooling in
the poleward region (Godfrey and Ri dgway, 1985), generating
the Leeuwin Current. The source for the Leeuwin Current is
predomi nantly an alongshore steric height gradient due to
tropical Pacific water from the |ndonesian throughflow
(Godfrey and Ridgway, 1985; Hrst and Godfrey, 1993),
augnented by geostrophic inflow from the west (MCreary et
al ., 1986; Thonpson, 1987). The poleward flow of the
Leeuwin Current intensifies due to the strong inflow of the

subtropical waters toward the coast (Batteen et al., 1992).

Below the Leeuwin Current, there is an anonalous
equatorward current off western Australia (Church et al.,
1989). This undercurrent is centered near 450 m depth and
can attain speeds conparable to the surface flow, exceeding
on average 10 cm's (Smith et al., 1991). Smith et al.
(1991) observed core speeds of the narrow undercurrent up
to 30 cn's between ~250 and 350 m depth and found that the

current was usually confined to the continental shelf slope
2



bet ween ~250 and 450 m depth. Al t hough there is evidence
of a westward flow of ~20 cm's centered between ~400 and
700 m depth off the southern coast at 116° E (Cresswel |l and
Pet erson, 1993), no studies to date have clearly resol ved
whether there is a westward undercurrent off Southern
Australia.

Previ ous nunerical nodeling studies by Batteen et al.
(1992) investigated the effects of annual climatol ogical
wind forcing and initialized thernohaline gradients on the
Leeuwi n Current System (LCS), but the study was limted to
the coast off western Australia and did not include the
i nfluence of topography. Batteen and Huang (1998) studied
the effects of salinity on the density of the LCS. Batteen
and Butler (1998) examned the effects of continuously
forced annual Indian Ocean thernohaline gradients on the
LCS and extended the domain to include both the western and
sout hwestern coasts of Australia. Batteen et al. (2000)
investigated the effects of seasonal forcing on the LCS
with a full primtive equation ocean nodel but again only

consi dered fl at bottom cases.

This study seeks to extend prior efforts in this area
by including the addition of realistic topography, allow ng
a better understanding of the LCS by including the
i nfl uences of topography. The Princeton Ccean Mdel (POM,
a bottom follow ng, sigma coordinate nodel, was chosen for
this study because it has been widely used to simulate
coastal processes associated with continental shelf flows
and bottom boundary |ayer dynamics. The results of several
nunerical experinents (Table 1) are explored. Each

experinent is run on a beta plane. In Experinent 1 the

3



hori zontally averaged annual <climtology is wused wth
annual wind forcing on a flat bottom Experinment 2
investigates the effect of thernohaline gradient forcing by
using full annual climatology and no wind forcing on a flat
bott om The final flat bottom experinment, Experinent 3
includes both wnd and thernohaline gradient forcing
mechani snms to gain an understanding of the conbined effect
of the forcing nmechanisnms on the dynamics of the LCS. In
Experiment 4, velocity errors produced by the pressure
gradient force error (an error inherent in all three-
di rensional, signa coordinate nodels) in the presence of
bottom topography are determned wusing  horizontally
averaged annual climtology with bottom topography and no
wi nd forcing. Experinents 1 through 3 are repeated as
experinments 5, 6 and 7, respectively, but with the addition
of bottom t opography.

Note that the results from experinents with wnd
forcing only, experinents 1 and 5, are nore typical of
classical EBCs than of the LCS. They are presented to
highlight to effect of wind forcing in the absence of a
t her nohal i ne gradient. In contrast the final experinent,
whi ch includes bottom topography w th annual thernohaline
gradient and w nd forcing, provides the npbst accurate

representation of the LCS

This study is organized as follows. 1In section Il the
nunerical nodel is described along wth the specific
experinmental conditions. The results of the nunerical
experinents are presented in section IIl, along with a
di scussion conparing the results to observations. A

summary of the study is provided in section |V.

4



1. MODEL DESCRI PTI ON

A. DATA SETS

The nodel domain (Figure 1) enconpasses the western
and sout hwestern coasts of Australia, from 24.5°S to 39°S
and from 109°W to 121°W The topographic data was obtai ned
from the Institute of Geophysics and Planetary Physics,
University of California San Diego (Sandwell and Smth,
1996). The bottom topography data set, conpiled from over
30-years of bottom echo sounding by ships, has a resolution
of 2 mnutes (1/30 of a degree). Altinetry data was used

to interpolate soundings in data sparse regions.

Annual tenperature and salinity values were obtained
from Levitus and Boyer (1994) and Levitus et al. (1994).
These data sets incorporate a 1 by 1 degree horizontal
resolution at the thirty-three vertical Ilevels shown in
Tabl e 2.

B. PRE- PROCESSI NG

The original topography (Figures 2a and 2b) was
interpolated to the resolution used in the POM Mdel, i.e.
10 km by 10 km of fshore, 3 km by 10 km al ongshore and 3 km
by 3 km around the southwest corner of Australia with a
total of 252 by 226 grid points (Figure 3). The hi ghest

resol uti on was used where the values of the slope paraneter

dH _
(defined by Mellor et al., 1998, as | l, where H is the

2/

average depth and dH is the difference in depth between two

adj acent cells), were the largest in both the latitude and

5



| ongi tude directions. The higher resolution bands near the
sout hwest corner of Australia were used to mnimze the
sl ope paraneter (Figure 3). Since over nuch of the area
the slope paraneter was greater than 0.2, which is the
suggested maxi num value to be used in a signma coordinate
nodels (Mellor et al., 1998), the topography was first
snmoothed with a Gaussian filter. The new depth of each
point calculated with this filter is a GGussian-shaped,
wei ghted average of 25 by 25 points wth a standard
devi ation of 8. Subsequent depths greater than 2500 m were
reassigned to depths of 2500m wth |land assigned a depth
of 20 m (to avoid divisions by zero in the nodel). The

resulting topography is shown in Figures 4a and 4b.

The annual tenperature and salinity values were
interpolated for the horizontal spatial resolution of the
nodel and for the 21 vertical sigm levels (Table 3 and
Fi gure 5) wi th a t hr ee- di nensi onal (3D) l'i near
i nterpol ati on schene. This had to be done separately for
snoot hed topography and for flat bottom topography due to
the change in vertical |evels between the two data sets.
Plots of annual tenperature and salinity fields for the
surface (sigma level one) are shown in Figures 6 and 7,

respectively.

To obtain an annual non-weighted average w nd vector
field (Figure 8), ten years of daily seasonal w nds were
averaged. To be conpatible with the other data fields, the
wind vectors were interpolated to the sane horizontal
spati al resolution of the nodel with a 2D Ilinear

i nterpol ati on schene.



C. BRI EF MODEL DESCRI PTI ON

The POM a well docunented nodel (e.g., Blunberg and
Mel lor, 1987; Mellor, 1996), was used in the nodel studies.
POM is a primtive equation, free surface nodel with a
second- nonent turbul ence closure schenme (Mellor and Yanada,
1982) that, through the wuse of bottomfollowng sigm
levels, can realistically sinulate processes associated
with continental shelf flows and bottom boundary |ayer
dynamics in Jlocal domins (e.g., bays, estuaries and
coastal regions). Recently, the nodel has been used
successfully to sinulate decadal processes in entire ocean
basins (see Ezer and Mellor, 1994, 1997).

As described earlier, the resolution of the horizontal
orthogonal grid varies between 3 kmby 3 kmand 10 km by 10
km (Figure 3). The variable grid allows the use of nore

(less) points in regions of large (snmall) gradients.

The 21 vertical sigma |levels used are shown in Figure
5 and Table 3. The sigma values range from zero at the
surface to mnus one at the bottomwith the vertical grid
spacing proportional to the ocean depth. The vertical
resolution has been chosen to be higher near the surface
and the bottom in order to resolve both the surface
boundary |ayer and the bottom boundary |ayer, which are
inmportant in coastal regions. To elimnate the tine
constraints for the vertical grid related to higher
resolution near surface, bottom and shallow water, an

inplicit vertical time differencing schene is used.

The prognostic variables of the nodel are potenti al
t enper at ur e, salinity, density, t he t hree vel ocity

conmponents, surface elevation, turbulent kinetic energy and
7



| ength scale. The nodel has a split time step interval for
external and internal nodes. The external node solves the
equations for the vertically integrated nonentum equati ons.

It also provides the sea surface and barotropic velocity
conponents, and has a tine step of 6 seconds. The interna

node solves the conplete 3D equations and has a tinme step
of 300 seconds.

A Smagorinsky formulation (Snagorinsky et al., 1965)
is wused for the horizontal diffusion in which the
hori zontal viscosity coefficients depend on the grid size,
the velocity gradient and a coefficient. In this study a
value of 0.2 was assigned to this coefficient, consistent
with other POM studies (e.g., Ezer and Mellor, 1997).

D. I NI TI ALI ZATI ON, FORCI NG AND BOUNDARY CONDI Tl ONS

The nodel was initialized with annual tenperature and
salinity values obtained from Levitus and Boyer (1994) and
Levitus et al. (1994). Since the nodel runs reached a
guasi -equilibrium state in a relatively short time (~60
days), zero salinity and tenperature fluxes were prescribed
at the ocean surface. The annual climtol ogical surface
tenperature (Figure 6) shows a strong north-south gradient

with a nmaximum tenperature near Shark Bay of ~24°C and a

m ni nrum of 14°C at the southern edge of the nodel domain.

The climatological surface salinity (Figure 7) shows a
maxi mum of ~38.9 at the center of the western edge of the
nmodel domain and a mnimum of ~35.3 along the northern
Australian coast. Model s wusing horizontally averaged
climatol ogy use the sane initial tenperature and salinity
over the entire nodel domain (e.g, 19.8°C and 35.39 are the

8



tenperature and salinity values, respectively, for the

surface).

The nodel was forced from rest wth the annual
European Center for Medi um range  \Weat her For ecasti ng
(ECMAF) wind fields, which were interpolated for the nodel
grid. As seen in Figure 8, westerly w nds dom nate the
southern portion of the nodel domain. Al ong the west coast
of Australia the wind are southerly to south-southeasterly

and generally increase in strength away fromthe coast.

Correct specification of the open boundary conditions
(BC) is inportant to achieve realistic results, with no
reflections, clanping, spurious «currents or nunerical
alteration of the total volune of water in the nodel. The
problemis that there is not a general criterion that can
give the answer to what boundary conditions are the best
for a specific nodel or study. For nmodels with a free
surface, such as used here, one of the inportant criteria
is that the BCs should be transparent to the waves. In
this nodel, a gradient boundary condition (Chapnan, 1985),
which allows geostrophic flow normal to the boundary,
wor ked best for the elevation. For baroclinic velocity
components normal to the Dboundary, an explicit wave
radiation schene based on the Somrerfield radiation
conditions was used. For inflow situations, the nodel was
forced with annual tenperature and salinity val ues obtained
from Levitus and Boyer (1994) and Levitus et al. (1994),
while in outflow situations an advection schene was used.
An inprovenent on previous nodels, is the introduction of
an advanced volunme constraint subroutine based on research

performed by Mrchesiello et al., 2001, which drastically



reduced t he | oss of vol une at the boundaries to

insignificant |evels.

For the barotropic velocity conponents, a Flather
radi ation plus Roed |ocal solution (FRO was used. Pal na
and Mat ano (2000) showed good results with the FRO sol ution
during BC tests to determine the BCs response to an
al ongshelf w nd stress. Palma and Matano (1998) also
showed that the FRO BC denonstrated good reflection
properties and results in a test that determned the BC
response to the conmbined action of wind forcing and wave
radi ati on. Their tests were executed with the barotropic
version of POM and conpared wth the benchmark results (no

boundary conditions).
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I11. RESULTS FROM MODEL SI MULATI ONS

A. W ND FORCI NG ON A FLAT BOTTOM

In Experinment 1 (see Table 1), the nodel was
initialized wth t he hori zontal |y aver aged annual
climatol ogical tenperature and salinity. A realistic
coastline and flat bottom (constant depth of 2500 m) were
used, and the nodel was forced with annual climatol ogical
W nds. The goal of this experinent was to highlight the

role of wind forcing alone in the LCS.

As expected, the southerly w nds along the coast have
generated a weak equatorward current of ~20 cm's (Figure
9a) . By day 20, the equatorward w nds induce net offshore
surface Ekman transport, which generates regions of
upwel i ng evidenced by the cool water along the coast near
Shar k Bay. The nost intense upwelling is associated with
the stronger winds in the north, but the upwelling effect
is apparent all along the western coast of Australia. A
typical cross-section of neridional velocity (Figure 9b),
shows the core of the poleward undercurrent at ~600 m depth
with a speed of ~2 cnms underlying the equatorward surface

current with a core speed of ~16 cnis.

By day 40 (Figure 9c), the coastal upwelling has
intensified bringing 18°C water to the surface near Shark
Bay. In addition, the offshore extent of the coastal
upwel ling is much wider than at day 20. As expected, capes
and pronontories enhance the wupwelling regions to the
nort h. A cold core, cyclonic eddy has formed near Shark
Bay. The velocity of the equatorward surface current
remains at ~20 cm's, inplying that the w nd has already

11



inmparted its maxi mum anmount of energy into the current.
The width of the surface current has increased to ~50 km
Si mul t aneously, as the undercurrent intensifies to ~5 cnm's,
it shallows and displaces the equatorward current offshore
(e.g., see Figure 9d).

By day 60 (Figure 9e), the effects of upwelling are
evident along the entire western coast and extend south
around Cape Leeuw n. Meanders, eddies and filanments are
much nore apparent in the northern end of the domain where
the upwelling is the nost intense. I nside Shark Bay the
wat er tenperature has decreased about 2°C from the initial
value at the start of the nodel run. The north-south
velocity profile (Figure 9f), shows an eddy formng at
34.3°S, evidenced by the reversal in surface current

di rection.

The continued wi dening of the equatorward coastal jet
(e.g., see Figures 9b, 9d and 9f) is consistent with the
results of MCreary et al. (1987) and Batteen et al
(1989). They showed that, due to the beta (RB) effect, the
surface coastal et does not necessarily have to be

confined to within a Rossby radius of deformation of the

coast. The [ effect also allows the existence of freely
propagating planetary waves, i.e., Rossby waves (GII,
1982). The offshore propagation of these waves contri butes

to the generation of an alongshore pressure gradient field,
whi ch can aid the devel opnent of subsurface currents al ong
the eastern boundary. As a result, the R effect changes
both the vertical and horizontal structure of the surface
and subsurface currents. As the undercurrent intensifies

and shoals, strong vertical and horizontal shear occurs in
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t he upper layers creating baroclinically and barotropically
unstabl e coastal currents. This unstable condition |eads
to the devel opnent of the neanders, eddies and filaments

evident in the northern end of the nodel domain.

The results from this experinment resenble the dynanc
characteristics associated with classical EBCs, where w nd
forcing is the predom nant forcing nechani sm Upwel |1 ng
was produced due to favorable w nds; however, these results
were not representative of the LCS. Additional experinents
will study other factors that distinguish the LCS from
ot her EBC regi ons.

B. THERMOHALI NE GRADI ENT FORCI NG ON A FLAT BOTTOM

Experinent 2 (see Table 1) focuses on the thernohaline
gradi ent . The experinment is initialized wth annua
climatol ogy that has not been horizontally averaged but
wi thout wind forcing. It uses the sanme realistic coastline
and flat bottom as in Experinment 1. Thi s experinment

i ntroduces the conditions unique to the LCS.

In stark contrast to Experinent 1, by day 20 (Figure
10a) an energetic and dynamic poleward current has
developed with a maxinmum velocity of ~120 cms. The
poleward flow is evident along the entire western coast of
Australia and extends around Cape Leeuwin into the G eat
Australian Bight. As the current rounds Cape Leeuwin it is
steered eastward due to the Coriolis effect. As the
current travels south, it advects warm subtropical water
with tenperatures off the coast of Cape Leeuwi n reaching
21°C. The strength of the surface current is created by the

| arge north-south thernohaline gradient. The thernohal i ne
13



gradi ent generates a strong onshore geostrophic inflow As
the inflow nears the coast, it is deflected southward
creating a narrow core of warm water along the entire coast

of Western Australi a. Conti nual onshore flow augnents the

pol eward fl ow t hroughout the nodel’s duration. In addition
to a strong surface current, an intense equatorward
undercurrent is established (e.g., see Figure 10b). The

undercurrent is centered near 600 m depth with a nmaxi mum
velocity of ~20 cnis, and underlies the equatorward surface
current with a core speed of ~ 80 cm's.

By day 40 (Figure 10c), the poleward surface current
has increased to ~140 cm's. As was seen in Experinment 1,
the width of the current increases due to the b effect.
Warm subtropical water has been advected farther around
Cape Leeuwin, wth surface tenperatures off the Cape
reaching 25°C. The barotropic instability of the current is
enhanced by the horizontal tenperature gradient and the
increased strength of the current producing |arge
hori zontal shear. In addition, the undercurrent (Figure
10d) is intensifying, ~25 cm's, and shoaling, increasing
the baroclinic instability. Large neanders form south of
Perth and around the coast to the east due to coastline
irregularities and the instability of the current. Near
Cape Leeuwin cold, sub-polar water is being entrained west
of the main flow generating dipole eddy pairs, which
subsequent |y propagate eastward al ong the southern coast of

Australi a.

By day 60 (Figure 10e), the dynamics of the current
resenble those at day 40. Of of Perth the current

continues to broaden due to b effects. The entrai nnent of
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cold, subpolar water is evident in the l|large eddy dipole
pairs. The dipole pairs are relatively flat and broad due
to the b effect stretching them westward as they propagate
eastward along the southern coast. The current has
advected warm 25°C water well south of Cape Leeuw n. A
north-south cross section (Figure 10f) dissects the eddy

formng off Cape Leeuwin. The eddy is centered near 34.3°S

113.5°W wth the broad, poleward surface current present

al ong the coast.

The results of this experinment are nore characteristic
of the LCS, generating a strong poleward surface current
with an equatorward undercurrent. It denonstrates the
inmportance of the strong clinmatol ogical t her nohal i ne
gradient. However, the nodel currents were too broad al ong

t he coast and the eddies were not very well defined.

C. WND AND THERMOHALINE GRADIENT FORCING ON A FLAT

BOTTOM

The final flat bottom experinent, Experinment 3 (see
Tabl e 1), nost closely sinmulates the LCS by using both w nd
and thernohaline forcing. The nodel was initialized with
full annual tenperature and salinity clinatology. In
addi tion, annual wind forcing was added to determ ne the
net result of both forcing nmechanisns.

Simlar to the no wind case, by day 20 (Figure 1lla), a
warm pol eward surface current has formed al ong the coast;
however, because the wind and thernohaline forcing oppose
each other, the current is not as strong as in Experinent 2
and has a maximm velocity of ~90 cnis. Overall the

dynam cs and tenperature advection of the current are very
15



simlar to the results found at day 20 of Experinent 2
(Figure 10a). Additionally, a realistic equatorward
undercurrent has fornmed off Cape Leeuwin, Lat 34.3°S
centered near 500 m depth with a speed of 20 cm's (Figure
11b).

By day 40 (Figure 11c), the ~current speed has
increased to 120 cnis, consistent wth the speed in
Experinent 2. Again, conpared to the no wind experinent
(Experinment 2), the neanders and eddy formation regions are
simlar, with the exception of a decrease in the speed of
the surface current. A typical cross-section (Figure 11d)
al so shows that the current does not have as w de a coastal
extent as before. This can be attributed to the addition
of wind forcing that opposes the thernohaline forced

current and reduces its of fshore extent.

Day 60 (Figure 1le) shows that although the velocity
has not increased, the current broadens north of Perth,
while also continuing to nmeander and create |arge eddies
of f Cape Leeuw n. The addition of wind forcing helps to
drive equatorward flow in dipole eddy pairs naking them
nore defined than in Experinment 2. A neridional cross-
section (Figure 11f) shows generation of an eddy off Cape
Leeuwin. The core of the current has noved off the coast
and defines the outer edge of the eddy, with the pol eward
(blue shading) flow inshore of the min current. A
meridional cross-section farther equatorward (Figure 11Q)
shows that as the main surface current |eaves the coast off
Perth (due to neanders or coastline irregularities), wnd
forcing dom nates and creates an equatorward current. As

expect ed, the equatorward flow generates regions of
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upwel ling which are distinguished by the slightly cooler
surface tenperatures off Perth and to the north of

pronontories, such as at ~28°S.

D. PRESSURE GRADI ENT FORCE ERROR DETERM NATI ON

In Experinent 4, the nodel was initialized at rest
W th hori zontal |y aver aged annual cl i mat ol ogi cal
tenperatures and salinities. A realistic coastline and
bottom topography were used but no wind or thernohaline

forcing was permtted.

Wth horizontally averaged climtology and no forcing
mechani sms, we woul d expect that nothing will happen, i.e.
the initial state of rest should be maintained. Due to
pressure gradient force errors (explained below), however,
this will not be the case and there will be velocities that

result fromthese errors.

Vel ocity errors induced by the pressure gradient force
are unavoi dable in 3D sigma-coordi nate nodels. Two types
of sigma-coordinate errors exist, the sigma error of the
first kind (SEFK) and of the second kind (SESK), as defined
by Mellor et al. (1998). The first one goes to zero
prognostically by advecting the density field to a new
state of equilibrium The second one, a vorticity error
is the nost inportant because it does not vanish with tine,

and is present in both 2D and 3D cases.

There are several techniques to reduce the pressure

gradi ent errors:
1. Snoot hing the topography can reduce both SEFK and

SESK. In particular, the slope paraneter should not
17



be greater than 0.2 (Mellor et al., 1998). G eater
val ues can artificially induce currents over 1 nis.
2. Using the highest possible resolution can reduce
the errors, since the pressure gradient error
decreases with the square of the horizontal and
vertical grid size.

3. Subtracting the horizontally averaged density
before the conputation of the baroclinic integral
reduces the SESK

4. Using a curvilinear grid that follows the

bat hynetry reduces the SESK.

This study used the first three techniques. The use
of a curvilinear grid was not enployed since the first
three techniques successfully reduced the error to an

acceptable level (to ~1 cm's or |ess).

To show where the remaining velocity errors (induced
by the pressure gradient force error) are present in the
nodel domain, the velocity field for day 60 at sigma |evel
1 (surface) is shown in Figure 12. Maxi mum vel ocities of
up to ~1 cnms are found along the coast where the slope
paranmeter is the greatest. These results are simlar to
those obtained by Martinho (2001) and indicate that wth
the use of the three error reduction techniques, the
pressure gradient force error has been considerably reduced

fromvalues over ~1 mls to values less than 1 cnis.
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E. W ND FORCI NG OVER TOPOGRAPHY

Experinment 5 (see Table 1) mimcs Experinent 1, except
instead of a flat bottom topography was added with the

sane nodel forcing nmechani sns. The nodel was initialized
W th hori zontal |y aver aged annual cl i mat ol ogi cal
tenperature and salinity. The sane coastline and annual
climatological wind field were used. The results of

Experinment 5 were run to isolate the effects of topographic

beta and denonstrate its role in a wi nd-forced nodel .

By day 20 (Figure 13a), an equatorward current has
devel oped with a maxinmum speed of ~40 cms. Weak
| ocalized coastal wupwelling is evident near pronontories
north of Perth. The upwelling is not as extensive or
wi despread as in the flat-bottom case (Experinent 1). A
typical cross-section (Figure 13b) shows that the core of
the surface current is situated above the shelf break
instead of being directly at the coast. The undercurrent
has a speed of ~2 cmls and has deepened to greater than
1500 m dept h.

Most obvi ous at day 40 (Figure 13c) is the

intensification of wupwelling south of Shark Bay and at
~29°S.  Although it remains very localized, relatively cold

wat er of 16.5°C has been upwelled to the surface. The nmain
factor in increasing the upwelling is the strengthening of
the equatorward surface current to ~80 cm's. Although the
current is present along the entire western and southern
coast of Australia it is strongest in the northern end of
t he nodel domain, as expected due to the stronger winds in

this region. As the surface current increases, the core
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becomes nore devel oped but continues to be centered over
t he shel f break (Figure 13d).

By day 60 (Figure 13e), the southerly wnds have
conti nued to enhance the equatorward surface current, which
has reached a maxi num velocity of ~120 cnis. The areas of

| ocalized upwelling, off Shark Bay and at 29°S, have becone

relatively intense bringing -~14°C water to the surface.
Tenperature cross-sections for the sanme l|atitudes, (Figure
13h and 13i), respectively, show that the wi de shelf to the
north enhances the upwel ling.

In addition to being much colder than the water
of fshore, the surface elevation in the upwelling regions is
al so | ower. The al ongshore pressure gradient induces an
equat orward, geostrophic current which hel ps to enhance the
wi nd-forced equatorward surface current. A relatively
deep, poleward undercurrent of ~10 cm's is trapped by the
t opography at ~1000 m depth from 26°S (Figure 13f) south to
Cape Leeuwin (Figure 13g), where it becones extrenely
narr ow.

Based on these results, the addition of topography
traps and enhances the equatorward surface current.
Si nul t aneously, the topography hinders the devel opnent of

sone upwelling regions (e.g., coastal enbay