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ABSTRACT

A high-resolution numerical model is used to study the mean wintertime shelf-slope circulation between the
Gulfs of South Australia and the west coast of Tasmania. The mean downwelling-favorable winds for the region
result in a continuous eastward coastal current (CC) extending from Cape Leeuwin to the eastern coast of
Tasmania. The magnitude of the CC is generally largest over the shelf break, has speeds of more than 40 cm
s~1 [transport 2.4 Sv (Sv = 10° m® s7%)], and is generally in good agreement with observations. The relative
importance of the Leeuwin Current, zonal winds, and density gradients to the shelf circulation is established.
Within Bass Strait, the eastward circulation is in good agreement with observations and simple models show
that about 30% of the transport arises from local winds and the remainder from the CC. The total transport
through the strait (0.95 Sv) is shown to be controlled by sea level on the east coast of Tasmania. A current of
up to 10 cm st is also found to flow from Tasmania to Esperance in the far west (transport 6.8 Sv) and to be
centered within the permanent thermocline (depth 600 m) and near the shelf slope. This Flinders Current arises
from the equatorward Sverdrup transport but is also fed by the ** Tasman outflow” that enters the region off of
the southern tip of Tasmania. A sensitivity study shows that dense water formation occurs off of Spencer Gulf
and the cascade to depths of 250 m is in qualitative agreement with observations. Dense water formed near the
coast can enhance the CC by up to 5 cm s~*. Suggestions for future modeling and observational studies are
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Aspects of the Mean Wintertime Circulation along Australia’s Southern Shelves:

made.

1. Introduction

The aim of this work is to provide a first-order de-
scription of the mean wintertime downwelling-favorable
shelf and slope currents between the gulfs of South Aus-
tralia and the west coast of Tasmania (Fig. 1). To this
end, a high-resolution numerical model of the region
will be nested inside the results from a global ocean
model and forced with wintertime averaged winds. A
study has also been made of the summertime circulation
and a comparison with the winter results is made there
(Middleton and Platov 2003).

During winter, the wind stress for the region is char-
acterized by an eastward mean (0.07 Pa) and by a var-
iability (0.12 Pa) that arises from the passage of storms
and cold fronts (e.g., Schahinger 1987). Time-varying
winds lead to coastal-trapped wave (CTW) generation
(Middleton and Black 1994), and observations for the
region indicate the rms variability can be on the order

Corresponding author address: Dr. John F Middleton, School of
Mathematics, University of New South Wales, 2052 Sydney, New
South Wales, Austraia.

E-mail: john.middleton@unsw.edu.au

© 2004 American Meteorological Society

of or larger than the mean (see Table 1 below). Tidal
currents can also be large in the gulfs and Bass Strait,
although the study by Platov and Middleton (2000) in-
dicates that the rectified currents are small (<5cms2).
In this study, the effects of tides, weather-band forcing,
and CTW generation will not be considered. Our aim
is to focus on the (possibly) steady circulation that can
arise from forcing by wintertime averaged winds.

A number of observational studies have been made
and point to the existence of a wintertime shelf current
that flows from Cape Leeuwin to the southern tip of
Tasmania (a schematic of the currents for the region is
shownin Fig. 1). At the western most part of the domain
it is known as the Leeuwin Current and off Albany, the
acoustic Doppler current profiler (ADCP) observations
of Cresswell and Peterson (1993) show that it entersthe
Great Australian Bight (GAB) region with speeds of up
to 80 cm s~! over the shelf break (the 200-m isobath).
The analyses of Herzfeld (1997) suggest that the influ-
ence of the Leeuwin Current warm water mass dimin-
ishes near the middle of the GAB (~130°E). Moreover,
the coastal currents (CC) east of 130°E are likely driven
by the onshore Ekman transport of the predominantly
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Fic. 1. A schematic of the wintertime circulation of the region. Solid lines are the surface
currents: Leeuwin Current (LC), coastal current (CC), Zeehan Current (ZC), and East Australian
Current (EAC). Dashed and dotted lines are the (largely) subsurface currents: Flinders Current
(FC), Leeuwin Undercurrent (LU), and Tasman outflow (TO). The small islands from left to right
are Kangaroo Island, King Island, and the Fourneaux group.

zonal winds, which act to set up coastal sealevel (e.g.,
Church and Freeland 1987). In addition, the return flow
of this onshore transport, coupled with intense cooling,
is thought to be the cause of the deep surface mixed
layer and downwelling (200—400 m) found throughout
the region. Such downwelling is illustrated by surveys
of Rochford (1986) and Godfrey et al. (1986) and the
CSIRO Atlas of Regional Seas (CARS; Ridgway et al.
2002). The cooling and evaporation also leads to the
development of dense water within the coastal waters
of Spencer Gulf and Robe.

Off South Australia, current-meter data (Provis and
Lennon 1981; Hahn 1986; Schahinger 1987) indicate
mean alongshore currents to the southeast with speeds
of 15-30 cm s~*. Within Bass Strait, the data of Baines
et a. (1991) indicates a generally eastward flow and a
northward jet near the northeast corner of Tasmania

Off the west coast of Tasmania, the CC is named the
Zeehan Current (Baines et al. 1983), and observations
(Lyne and Thresher 1994) indicate a southward shelf
current with mean speeds of up to 30 cm s—*. In deeper
water, a northward current was found. We show below
that the northward current forms part of the Flinders
Current (FC) and that it flows from the southern tip of
Tasmania to Cape Leeuwin. Middleton and Cirano
(2002) have shown that to the west of Robe, an FC
should arise from the equatorward Sverdrup transport
within the southern ocean. Upon reaching Australia’s
southern shelves, this transport is deflected to the west
in adeep (600 m) upwelling favorable bottom boundary
layer.

The purpose of this study is to determine the cause
and extent of the CC and FC with particular focus on
the region between Cape Eyre and Tasmania. Does the
East Australian Current affect the circulation within
Bass Strait and on the west coast of Tasmania? The
observations of Rintoul and Sokolov (2001) indicate a

deep westward-flowing current at the southern tip of
Tasmania. Does this current affect the FC? In addition,
what is the relative influence of winds, the Leeuwin
Current, density, and dense water formation on the cir-
culation? The results will be used to make suggestions
for future modeling efforts and observational studies.

The numerical model is described in section 2 along
with the spinup and a brief overview of the results. In
section 3, details of the circulation for the South Aus-
tralian region are discussed along with the role of the
Leeuwin Current and density field. An examination of
the global Ocean Circulation and Climate Advanced
Model (OCCAM) results is made in the appendix. In
section 4, the circulation in and around Bass Strait is
explained using simple models of CTW propagation and
wind forcing. Where possible model results are evalu-
ated against observations. In section 5, a summary and
discussion are presented along with suggestions for fu-
ture studies.

2. The ocean model and spinup

The model consists of a high-resolution version of
Princeton Ocean Model (POM; Blumberg and Mellor
1987; Mellor 1998) nested inside the “°-resolution OC-
CAM (Webb et al. 1998). The latter isto provide depth-
integrated transports at the boundaries of the high-res-
olution regional model as well astheinitial temperature
and salinity fields. The model domain (Fig. 2) will allow
for the influence of the Leeuwin Current in the west and
the East Australian Current in the east.

a. The model grid and initial thermohaline field

The curvilinear grid adopted (Fig. 2) has 63 X 173
cells in the offshore (x) and aongshore (y) directions
and highest resolution over the shelf-slope region. The
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Fic. 2. The horizontal curvilinear grid with 63 cells offshore (the x or | direction) and 173
cells alongshore (the y or J direction).

alongshore grid cells vary between 10 and 20 km while
the offshore grid cells vary between 2 and 7 km. The
vertical grid has 32 o layers. The topography was based
on the 1/120° dataset from the Australian Geological
Survey Organisation (AGSO) and minimum depths are
20 and 5400 m.

The model was initialized using the wintertime ther-
mohaline field obtained from OCCAM. The OCCAM
field itself was initialized with Levitus et a. (1994) and
Levitus and Boyer (1994) data and surface fluxes were
determined by relaxing the top model layer to the sea-
sonal Levitus climatology. Meteorological fluxesof heat
and freshwater were not used. The wintertime density
field from OCCAM and the CARS atlas is illustrated
for a meridional section near Kangaroo Island (Fig. 3).
The observations indicate the water nearest the coast to
be up to ~0.5 kg m~3 denser than in OCCAM. This

26.6

6 | !

-2001

depth(m)

-400F

-600
~40

-39 -35

latitude ('S)

dense water arises from the loss of heat and evaporation
expected for the near coastal regions (Nunes-Vaz et al.
1990; da Silva et al. 1994; Josey et a. 1996; such dense
water formation was not modeled in OCCAM but will
be modeled here through an exploratory sensitivity
study in section 4). Encouragingly, both the CARS and
OCCAM density fields indicate the existence of down-
ward sloping isopycnals near the shelf slope, a result
attributed to wind-forced downwelling (e.g., Rochford
1986).

An attempt was made to initialize the nested model
using hydrostatically adjusted CARS temperature and
salinity fields and OCCAM boundary transports (see
below). However, the model was found to become nu-
mericaly unstable in deep water. No such instabilities
were found using the OCCAM thermohaline fields and
these were therefore adopted.

-2001
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Fic. 3. A meridional transect (136°E) of the density field for wintertime averages based on the (a) CARS (o) and (b) OCCAM (o)
datasets. The interval is 0.1 kg m~3. Over the 600-m depths shown, the differences in o, and o, are less than 2%.
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Fic. 4. Monthly averaged wind stress field for Aug based on ECMWF from Trenberth et al.
(1989) climatology. Contour lines represent the magnitude of the wind stress in intervals of 0.025

Pa. A vector of magnitude 0.1 Pais indicated.

Interpolation errors can arise in POM from the esti-
mation of the horizontal component of the buoyancy
gradient BG, in the o coordinate system. In essence,
vertical density gradients can be aliased into horizontal
gradients and the problem is exacerbated next to steep
topography (e.g., Haney 1991; Chu and Fan 1997; Mel-
lor et al. 1998; Song 1998). With BG the buoyancy
gradient computed in the Cartesian system, the error in
the o coordinate system may be defined by e = BG,
— BG. Two strategies were adopted to minimize this
error. First, to improve the vertical resolution, the ratio
of the change in adjacent cell depths (r value), was
restricted to be less than 0.2 as recommended by Mellor
et al. (1994).

Second, a correction for the error is made. Mellor et
al. (1994) assumed that the error e would not change
in time, calculated it once, and corrected the buoyancy
gradient to be BG,(t) — e. In our model the density
field and buoyancy gradient change slowly until an equi-
librium is reached at around 40 days (see below). The
error €(t) will also be a function of time. Here, using
the method of Fortunato and Baptista (1996), we cal-
culate the error €(t,) at 10-day intervalst, = nl10 days
wheren = 0, 1, 2, .... The error estimate is then as-
sumed to not change during each 10-day interval. The
corrected buoyancy gradient is then given by BG_(t) —
€e(t,), where t, < t < t,,,. Our choice of 10-day cor-
rectionsis alittle ad hoc but at least recognizes that the
error does change in time: a more frequent correction
led to unacceptably long computational overhead.

b. The boundary conditions

For the depth-averaged velocities and sea level, the
set of boundary conditions adopted were based on Flath-
er (1988) and Palma and Matano (1998). For the normal
component of the depth-averaged velocity (V), the dis-
crete form of the scheme, at the eastern boundary may
be written as

+ G n+
Vet =V, + ﬁ(ns—i — o), @)

where V, and 7, are the prescribed depth-averaged ve-
locity and sea level interpolated from OCCAM winter-
time output, ¢, = V'gH, B is a boundary point number,
and n is the time step. Further details of the boundary
conditions can be found in Middleton and Platov (2003).

Results for the basic experiment were obtained by
forcing the model with August average wind stress data
(Trenberth et al. 1989; Fig. 4). Heat and freshwater flux-
es were not applied in this experiment, although a sen-
sitivity study using them is made in section 4. To avoid
the generation of spurious inertial oscillations, the
boundary forcings, wind field, and gradients of tem-
perature and salinity were ramped in from zero over a
period of about 5 inertial days. In addition, the results
were averaged over 2 days prior to presentation.

Last, we note that no changes in the circulation were
found by halving the time step. In addition, the results
obtained below using a constant horizontal diffusivity
(100 m2 s—1) were found to be almost identical to those
obtained using a Smagorinsky formulation (Smagorin-
sky 1963).

¢. Model spinup and overview

The spinup of coastal circulation of the nested model
occurs over the first 20 days or so through the rapid
propagation of Kelvin and CTWSs. The spinup of the
deep ocean Sverdrup transport occurs over a short baro-
tropic time scale of about 10 days (Middleton and Cir-
ano 2002). The baroclinic setup can take several years,
although here it is largely set up through the adopted
OCCAM density field. This field is averaged over four
austral winters, and after eight years of model evolution.

For the basic case (no surface cooling), results were
obtained over 86 days and show the slope and eddy
fields to become quasi stationary after 36 days or so.
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Fic. 5. The volume-averaged kinetic energy. The dotted line rep-
resents the total kinetic energy for the whole domain, and the scale
is on the left. The solid line represents the kinetic energy calculated
only for regions with depths shallower than 1500 m and adjacent to
the coast. The scale is on the right.

Indeed, the volume-averaged kinetic energy of water
shoreward of 1500 m (Fig. 5; solid curve) indicatesonly
adglight increase after thistime. Thereisaslight increase
in the total kinetic energy after 36 days (Fig. 5, dotted
curve).

As an overview of results for the entire region, con-
sider the sea level field at day 56 shown in Fig. 6. A
well-defined Leeuwin Current is found in the west and
East Australian Current along the eastern Australian sea-
board. In the eastern part of the domain (the focus of
this study), the onshore Ekman transport leads to arise
in coastal sea level that changes little after day 26. The
absolute value of coastal sealevel is close to 50 cm for
the gulfs and Robe region, while values of 26 cm are
found in a similarly configured summertime model of
the region (Middleton and Platov 2003). The seasonal
change of ~25 cm is broadly consistent with the 20-
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cm seasonal variation estimated from coastal observa-
tions for the region (Pariwono et a. 1986).

A 400-km diameter cyclonic depression in sealevel,
here named the **Victorian low,” is aso found in the
eastern domain. Evidence for this extensive feature (am-
plitude 5 cm) is given in the June and July maps of sea
level determined from altimeter and hydrographic data
by Ridgway and Condie (2003, manuscript submitted
to J. Geophys. Res.). The low is shown below to result
from an anomal ously dense patch of water that sitslower
in the water column.

Over the shelf slope, a pattern of weak eddiesis also
apparent between the gulfs region and the west coast of
Tasmania. These eddies are discussed in the appendix
where it is shown that their locations are set by eddies
found in the OCCAM density field. The eddies in OC-
CAM appear to be triggered by cross-shelf variations
in the CC. However, aspects of the OCCAM shelf cir-
culation are poorly modeled and for this reason, little
more will be said about the eddy field.

3. The South Australian region

Details of the shelf and slope circulation are first pre-
sented and the former shown to be in good agreement
with current meter observations. The relative impor-
tance of the Leeuwin Current, winds, and density field
in driving the circulation is determined. A sensitivity
study is then made to determine the role of dense water
formation within Spencer Gulf and off Robe. Uncer-
tainties in the surface fluxes and the relatively crude
coastal topography adopted preclude a definitive study.
Last, the transports of the CC and FC are determined.

a. The coastal and Flinders currents

Details of the horizontal circulation at day 56 and
depths of 30 and 600 m are presented in Figs. 7 and 8
(as noted, the circulation changes little between days 36

og’
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FiG. 6. The sea level field n (cm) at day 56. Contour intervals of 2 cm for n < 36 and 4 cm
for » = 36. The dotted line represents the 1000 isobath. The circulation of the Victorian low
(VL) isindicated by the arrow. The locations of several cross-shelf transects are also indicated.
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Fic. 7. The velocity field at a depth of 30 m and day 56 for the
South Australian region. A vector of length 15 cm s~ is indicated.
The solid line denotes the 200-m isobath. The solid arrows indicate
the mean currents estimated from the current-meter data for the sites
G1-G4 and A and B. The locations of several high (H) and low (L)
pressure eddies are indicated.

and 86). Over the shelf, the 30-m-depth currents are to
the southeast and maximal inshore of the shelf break
(200 m). The current amplitudes peak at around 50 cm
st off the Eyre Peninsula, Kangaroo Island, and Robe
wherethe shelf is narrowest. The weak eddy field farther
offshore leads to a more complicated flow, but a surface
component of the northwestward flowing FC is appar-
ent.

At the 600-m depth, the amplitude of the FC is about
5-10 cm s~* (Fig. 8) and is bounded in offshore extent
by the 4000-m isobath. A cross-shelf transect of the
current and density field to the immediate west of Kan-
garoo Island (J = 38 in Fig. 6) isillustrated in Fig. 9.

-35
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Fic. 8. The velocity field at a depth of 600 m and day 56 for the
South Australian region. A vector of length 10 cm s~ is indicated.
The solid lines denote the 600- and 4000-m isobaths. The solid arrow
indicates a region of abrupt change in the width of the slope.

At this cross section (and elsewhere), the water is well
mixed in the top 150 m. On the shelf, the alongshore
current decreases with depth because of frictional ef-
fects. As shown in Fig. 7, the cross-shelf section here
is directed along the axis of the offshore flow that is
driven by the blocking effect of Kangaroo Island. At a
depth of 200 m, the cross-shelf and vertical (down-
welling) velocities are of order 5 cm s=*and 5 mm s—*
and lead to the evident downwelling of the isopycnals
at this depth.

For water depths of 100-200 m, both model and ob-
served alongshore currents change little with depth (Fig.
9; Table 1). The mean currents estimated from obser-
vations may thus be compared with the model results
at the 30-m depth (Fig. 7). A more precise comparison
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Fic. 9. Results for the Kangaroo Island transect (J = 38 in Fig. 6) at day 56. (a) Alongshore velocity: the contour intervals are 5 cm s—*
for negative velocities (north westward) and 10 cm s~ for positive velocities (south eastward). The contour for zero velocity is represented

by a thick line. (b) Density (interval 0.1 kg m~3).
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TaBLE 1. Wintertime current-meter statistics obtained from available and published data. The First record and Days indicate the start time
(dd: day, mm: month, yy: year — 1900) and number of days used to compute the statistics. The position of the instruments is in latitude
(°S) and longitude (°E). The local depth and the depth of each instrument are also indicated. Results are presented for the mean component
(U, V) and its standard deviation (o, o,) in the east and north directions, respectively. Where the principal axis has been computed, results
are presented for the mgjor and minor directions. These are determined from the low-pass filtered data and the major axis is determined to
be that with the largest standard deviation with the angle determined to lie in the direction of the mean current for that axis. The y axis is
taken to be the principal axis and the angle (6,) is in degrees anticlockwise of east. The magnitude of the vector mean |U| is given along
with its direction (6) in degrees anticlockwise from east. These statistics may be compared with the model results that are presented in the

last two columns. Units for velocity are centimeters per second.

Site First record | Days Position Depth (m) U ou 14 oy 6, | |U| [ [Ulpom | 8pom
(dd/mm/yy) Lat (°S) [ Lon (°E) | Local | Instr.

Inner U 26/04/80 40 34°007 134°00 100 30] 64 ] na. | -40 ] na. - 7.6 | -32 14.5 -18

Gl L 80 | 51 [ na. | -41 ] na. - 65 ] -39 16.0 -56

X-ray 08/04/81 69 34°087 133°57 85 65 2.8 | n.a. -5.1 | n.a. 5.8 -61 18.1 -48

P&L U 26/04/80 40 140 42 [ 148 | n.a. [ -12.0 | n.a. -119.0 [ -39 16.9 -43

L 112 | 10.2 | n.a. | -12.1 | n.a. - | 15.8 -50 18.0 -53

G2 [ Yankee | U 08/04/81 69 34°39 133°12/ 138 45 [ 16.7 | n.a. | -14.0 | na. - 218 -40 16.8 -43

L 117 | 14.1 | n.a. | -11.8 | n.a. - | 184 -40 17.3 -54

[G3 ] Whisky [ U 07/04/81 | 73 35°08' 134°22" [ 145 ] 451289 [ na. [-105 [ na. -[308] 20 240 -22

Victor U 06/04/81 78 137 42 { 17.5 | n.a. | -10.1 | n.a. -1 20.2 -30 32.5 -61

L 115 | 11.3 | n.a. | -15.5 | n.a. - | 19.2 -54 34.8 -60

G4 | Gamma | L 01/06/82 81 35°46' 135045/ 142 122 8.6 [ n.a. -8.3 | n.a. - | 11.9 -44 34.5 -60

Delta U 26/08/82 97 144 31| -0.4 | na. -1.3 | n.a. - 1.4 [ -108 32.4 -60

L 124 2.5 | na. -3.9 | n.a. - 4.6 -57 34.5 -60

R | A8 | U | 08/08/82 59 37°32 | 139°31 143 9] 22| 86 ] 04234 54| 22 ] -134 31.0 | -40

(o) L | 111 | 0.6 | 4.4 74 | 222 | -54 | 7.4 | -60 38.0 -49

B A 83 L 07/07/83 57 37°32 139°317 143 112 | -2.7 5.0 28.3 | 24.6 | -54 | 28.5 -49 38.0 -49

E B 83 07/07/83 57 37°26 139°43" 50 24 ] 20| 40| 258 [ 25.7 | -54 | 25.9 | -50 28.5 -39

10 18/04/84 70 39°02/ 143°38/ 89 76 4.3 7.8 2 4.3 2 5.9 -20

B 8 18/04/84 70 390247 143°517 97 84 2.7 5.2 -7 2.7 -7 3.1 -43

S 7 18/04/84 70 40°127 144°117 60 47 11.2 | 10.2 62 [ 11.2 62 7.4 80

1 15/04/91 96 40°50” 144°087 95 65 | -3.3 | 33 211 63 -5 40| -17 5.7 -49

T | Sii&1 01/07/88 90 42°397 | 145°06 93 72| 04] 23| 40| 86| 67| 40] -72 7.7 | -68
A R 01/07/97 90 12°26' | 145°01 T00 | 4090 | 05 | 3.4 | 2.0 | 113 | 83 | 2.1 | 97

S [SIi7-1 | U | 01/07/88 30 12°45 | 144955 200 125 | 0.9 | 3.3 | 20.0 | 17.1 | -85 | 29.0 | -83 89| -68

M S117-2 L 190 | -1.8 3.8 26.4 | 12.6 | -84 | 26.4 -80 16.7 -68
A R2 01/07/97 90 42°33 144°547 188 | 80-180 0.0 2.4 10.0 | 10.8 | -89 | 10.0 -89

N S116-2 M 01/07/88 90 42°487 144°517 1000 323 0.1 4.5 39 [ 123 | -70 3.9 -69 3.9 [ -136

I S115-1 U 167 7.1 [ 12.8 1.7 | 14.8 22 7.3 -54 3.0 -72

A S115-2 M 01/07/88 90 42°57 144°45' 2040 320 | -3.7 9.5 3.8 | 128 | -63 5.3 -18 0.5 -60

S115-3 L 995 [ -2.1 4.7 -3.1 9.3 | -39 3.7 107 4.6 101

ismadein Table 1 where the details of the current-meter
deployments are also given (Provis and Lennon 1981;
Hahn 1986; Schahinger 1987). Where mean currentsare
available at more than one depth an averageis presented
inFig. 7. It should be noted that the mooring sites shown
in Fig. 7 and used in the Table 1 are approximate since
the topography has been smoothed to minimize two-
gridpoint instabilities.

Beginning with the westernmost site, the midshelf
means at G1 indicate a southeastward flow of about 7
cm s 1. The direction is similar to the model flow but
the amplitude smaller than the model speed of 16 cm
s (Fig. 7; Table 1). The data farther offshore (G2)
indicate that the CC is intensified nearer to the shelf
break with velocities of order 18 cm s~ that are directed
to the southeast and along isobaths (—40° anticlockwise
from east). The model results are in good agreement
with these data.

For G3, the shelfbreak site off the Eyre Peninsula,
the data indicate flow to the southeast with mean speed
of 31 cm s *. The model current direction is almost
identical but the magnitude is somewhat smaller (24 cm
s ).

For G4, a shelfbreak site off the mouth of Spencer

Gulf, the data indicate mean speeds of 12—20 cm st
that are smaller than in the model (~33 cm s™1) but
again in a similar direction. An exception here is the
data obtained in late 1982 (Delta), which indicate mean
speeds of only 1.4 and 4.6 cm s~*. The possible cause
of these weaker currents here is the drop in sea level
associated with the 1982-83 El Nind. Pariwono et al.
(1986) have shown that, between August 1982 and
March 1983, coastal sea level for this region is 5-10
cm lower than the long-term mean. Such a drop in sea
level may well be related to the lowering of sea level
in the west Pacific and subsequent propagation along
Australia’s shelves (Clarke and Van Gorder 1994).

Off Raobe, the standard deviations for the major com-
ponent axis are of order of 23 cm s~* and are comparable
to or greater than the mean currents (Table 1). Such
variability is expected because of the strong CTWs,
which are known to dominate the subinertial circulation
(Schahinger 1987; Middleton and Black 1994). Of par-
ticular interest here is the large increase in the mean
alongshore currents between the winters of 1982 and
1983: the former an El Nind year. During 1982, the
mean current near the shelf break was about 2 cm s,
directed offshore near the surface (A82U) and to the
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Fic. 10. Sealevel at day 10 for the adjustment solutions in which
the wind and boundary forcing are set to zero. The contour interval
is 2 cm, and the zero contour is represented by a thick line. The
dotted line is the 1000-m isobath. The locations of several high (H)
and low (L) pressure eddies are indicated.

southeast (alongshore) closer to the bottom (A82L).
During 1983, the near-bottom mean (A83L) was again
directed to the southeast but with a much larger mean
of 29 cm s~*. The mean obtained over the shelf during
that year (B83) was also large (26 cm s—*) and directed
to the southeast. The model results at Robe compare
favorably with the 1983 winter mean results (post El
Nifio) at both the shelf site (B) and shelfbreak site (A)
(see Fig. 7 and Table 1).

b. Adjustment to the density field alone

The role of the initial density field adopted may be
determined by setting the surface wind stress to zero.
In addition, the boundary forcing is also set to zero with
V, = m, = 0 in the Flather condition described in Eq.
(1). The sea level and velocity field then adjust (from
a state of zero) to the pressure gradients associated with
the density field and light (dense) water sits higher (low-
er) in the water column (Middleton 2000; Middleton
and Platov 2003).

The results for sea level at day 10 are shown in Fig.
10. Denser water lies farther to the south and southeast
along with a light water wedge adjacent to the shelf
break that results from downwelling (e.g., Fig. 3). In
response, sea level sits higher over the shelf and lower
to the south and southeast (Fig. 10). The pattern of sea
level is very similar to that in the basic case (Fig. 11)
and generally has reached a quasi-steady state by day
10. Weak eddies are found at similar locations along the
shelf slope and continue to evolve indicating the pres-
ence of baroclinic instability. Farther south, alargescale
“Victorian low’’ is also found in both cases and results
from alocal pool of anomalously dense water at depths
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Fic. 11. The sea level field at day 56 for the basic case in which
the wind and boundary forcing are nonzero. Contour intervals are 2
cm for n < 36 cm and 4 cm for n = 36 cm. The dotted line indicates
the 1000-m isobath. The locations of several high (H) and low (L)
pressure eddies are indicated.
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of 200500 m: the denser water sits lower in the water
column.

Over the shelf, the sea level gradient in the basic case
is larger than for the adjustment solutions due to the
onshore Ekman transport by the zonal winds. The CC
associated with the adjustment solutions is illustrated
by the Kangaroo Island cross section shown in Fig. 12.
The shelf currents here (and elsewhere) are up to one
half of those in the basic case (Fig. 9). An FC is also
found that is typically 2-3 cm s=* or one-third of that
found in the basic case.

¢. The importance of the Leeuwin Current and winds

The alongshore velocity field of the Leeuwin Current
off Esperance is illustrated in Fig. 13a. A maximum
current of 20 cm s~* isfound and is much smaller than
the 80 cm s~ found in ADCP observations off Albany
(Cresswell and Peterson 1993). Admittedly, the shelf
off Albany is narrower, but the discrepancy raises the
question of the extent and importance of the Leeuwin
Current in driving the shelf circulation.

To answer this, the model was run both with and
without wind forcing and, in both cases, with density
gradients set to zero: two ‘‘barotropic experiments.”
These results were run out to a steady state and will be
compared with the basic-case results. The role of the
density gradients will again be evaluated.

The alongshore velocity off the Eyre Peninsula and
for the two barotropic experiments is presented in Fig.
13b. For these experiments the velocities driven by the
Leeuwin Current alone (boundary forcing, no wind) are
less than 7 cm s~ and about one-third of those driven
by both winds and the Leeuwin Current (<25 cm s1).
The depth-averaged alongshore currents from the basic
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Fic. 12. Adjustment results for the Kangaroo Island transect (J = 38 in Fig. 6) at day 10. (a) Alongshore velocity: the contour interval
is5 cm st and the contour for zero velocity is represented by a thick line. Positive (negative) velocities are southeastward (northwestward).

(b) Density (interval 0.1 kg m~3).

case (where density gradients also exist) are also pre-
sented and are larger still (<45 cm s—1). The stronger
currents here result from the additional forcing by the
density field that was noted above. Indeed, as a per-
centage, the Leeuwin Current, winds and density field
drive about 18%, 47%, and 35% of the 1.9 Sv (Sv =
108 m?3 s~1) transport between the coast and the 200-m
isobath. We conclude that the Leeuwin Current haslittle
effect on shelf currentsto the east of the Eyre Peninsula.

d. Dense water formation: Surface cooling

As a sensitivity study, the regional model was also
forced with surface fluxes of heat (Josey et al. 1996)
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and freshwater (da Silva et al. 1994). The net cooling
for the winter period is largest near the coast (about 60
W m~2). The freshwater fluxes are somewhat unreliable
since, unrealistically, evaporation is not found to exceed
precipitation for the Spencer Gulf region (e.g., Nunes-
Vaz et al. 1990). The production of dense water is, how-
ever, dominated by the heat fluxes, which are in better
agreement with other studies (e.g., Herzfeld 1997). The
application of these fluxes was also found to lead to the
development of an unrealistically deep surface mixed
layer. In light of these uncertainties, results are only
presented to illustrate the possibl e effects of dense water
formation on the circulation.

In qualitative agreement with CARS data (e.g., Fig.
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Fic. 13. (a) Alongshore velocity for the Esperance transect (J = 5in Fig. 6) at day 56. The contour interval is 5 cm s—2, and the contour
for zero velocity is represented by a thick line. (b) The depth-averaged velocity for the Eyre Peninsula transect (J = 32) obtained from 1)
the basic case results, 2) barotropic results with wind forcing, and 3) barotropic results without wind forcing. All results are for day 56.
From left to right, the vertical dashed lines indicate the locations of the 50-, 100-, and 200-m isobaths.
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Fic. 14. Asin Fig. 9 but for the case in which

3a), relatively dense water is formed along the coast of
the bight and notably within Spencer Gulf and the Coo-
rong. Cross-shelf results for the Kangaroo Island tran-
sect are shown in Fig. 14. Through geostrophy, the dens-
er water formed near the coast acts to enhance the CC
by up to 5 cm s~ over that obtained in the basic case
(Fig. 9a). The pattern of horizontal circulation and sea
level field is otherwise very similar to that shown above
(Figs. 7, 8, and 11).

The cross-shelf flow is enhanced notably off Kan-
garoo Island and Robe. For Kangaroo Island the effects
are shown in Fig. 14b, where dense water cascades to
depths of 250 m or more. The extent and depth of the
cascade is very similar to that observed in hydrographic
data by Godfrey et al. (1986). The cross-shelf and ver-
tical velocities at a depth of 200 m are about 3 times
that found in the absence of surface cooling and of order
15 cm st and 15 mm s~¢, respectively.

e. Transports

The depths of the CC and FC do vary somewhat
throughout the domain. However, the results indicate
that the CC and FC are largely confined to depths shore-
ward of the 500- and 4000-m isobaths, respectively.
Since there is some variation, we adopt two definitions

TABLE 2. The transports of the coastal current (CC) and Flinders
Current (FC) calculated at the transects indicated in Fig. 6. Values
are in Sverdrups, and positive and negative values are to the east
(poleward) and west (equatorward), respectively. The unbracketed
and bracketed values are obtained using definitions 1 and 2 given in
the text.

J=5 J=38 J =105 J =116
cc 0.7 2.4 0.8 1.4
(0.9) (2.4) (0.8) (1.4)

FC -6.7 —4.4 —4.0 ~127
(-6.9) (-5.9) (~4.6) (-135)

-800
160

230
distance (km)

195

surface fluxes of heat and freshwater are applied.

of the transports. Definition 1: for the CC, the transport
is defined to be of all water shoreward of the 500-m
isobath and for the FC, the transport is of all water
bounded by the 500- and 4000-m isobaths. Definition
2: for the CC, the transport is of all water moving east-
ward (poleward) and shoreward of the 500-m isobath,
while for the FC, the transport is of all water moving
westward (equatorward) and shoreward of the 4000-m
isobath. The latter definition allows for variationsin the
depths of the currents but isnot strictly mass conserving.

Results were obtained for the four transects shown
in Fig. 6 and are presented in Table 2. The transports
obtained using the two definitions are very similar. Off
Esperance (J = 5), the transports of the CC and FC are
about 0.8 and 6.8 Sv, respectively. The transport of the
CC increases to 2.4 Sv off Kangaroo Island (J = 38)
because of the alongshore winds. The transport of the
FC decreases to avalue between 4.4 and 5.9 Sv: average
5.2 Sv. One reason for this is that the *‘fetch”” over
which the equatorward Sverdrup transport can contrib-
ute to the FC is reduced to the longitude range 136°
(Kangaroo Island) to 145°E (the southern tip of Tas-
mania).

The average reduction in the transport of the FC (1.6
Sv) may be compared with the equatorward Sverdrup
transport between Kangaroo Island and Esperance. The
latter, estimated from the curl of the wind stress and at
alatitude of 39°S, is4.4 Sv and islarger than the change
in the transport of the FC (1.6 Sv).

The reason for the discrepancy lies in the spatially
nonuniform density and wind fields which lead to cur-
rents that oppose the FC. Indeed, using an idealized box
model driven by a uniform wind stress curl, Middleton
and Cirano (2002) showed that the equatorward Sver-
drup transport did account for westward increasesin the
magnitude of an idealized FC. We do not find such a
result here, and the likely reason lies with the spatial
variability of the density field and winds. The ocean
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Fic. 15. The velocity field at a depth of 30 m and day 56 for the
Bass Strait region. A vector of length 15 cm st is indicated. The
solid line denotes the 200-m isobath. The solid arrows indicate the
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model responds by setting up meridional sea level gra-
dients (Fig. 6) and eastward currents that act to reduce
the magnitude of the FC near the surface (Figs. 9 and
13). In the idealized model of Middleton and Cirano
(2002), such gradients occur shoreward of the shelf
break and vertical variations in the FC are largely con-
fined to the bottom boundary layer.

4. The Victoria—Tasmanian region

The circulation for the Bass Strait region is examined
first and simple models of CTW propagation and wind
forcing used to explain the results. The shelf circulation
is then examined and results again are found to compare
well with limited observations. Estimates of the CC and
FC transports are discussed.

a. Bass Strait

Within the 60—70-m-deep strait, the model (and ac-
tual) density field is well mixed in the vertical (Baines
et al. 1991) and the 30-m-deep velocity field (Fig. 15)
therefore largely follows the sea level contours shown
in Fig. 6. Water moves to the east and then north as a
current trapped to the southeastern coast of Victoria
Some of this outflow combines with the southward flow-
ing East Australian Current that lies offshore of the
1000-m isobath. Notably, water is drawn in to the strait
as a jet near the northwest tip of Tasmania (Fig. 15).
Estimates of the net model transport through the strait
show that it is directed to the east equal to 0.95 Sv and
is 2 times that estimated from current-meter observa-
tions for the region (Baines et al. 1991).

To explain the details of the circulation and forcing
mechanisms, we consider two simple models for the
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circulation within the strait generated by zonal winds
and the CC, incident on the western mouth of the strait.
These models have zero bottom drag and, while linear
and idealized, will help to explain the transport through
the strait and jet near the northwest tip of Tasmania.

Consider first the schematic of sea level and circu-
lation (Fig. 16a) that is driven by a CC on the west
Victorian shelf. The schematic is taken from Middleton
and Viera (1991) and Middleton and Black (1994) and
corresponds to the solution for the scattering of alow-
frequency mode-1 CTW by the western mouth of the
strait. It also represents an approximate steady solution
for the sea level that is set up by a CC incident on the
western mouth of the strait (Middleton and Platov 2000)
and the dynamics are the same.

Within the strait, the scattering results in the gener-
ation of Kelvin waves and Poincaré waves, the latter
trapped to the mouths of the strait. On the adjacent
shelves, CTWs are generated. Since these waves can
only propagate with the coast on the left, the circulation
is preferentially expelled from the strait along the east-
ern Victorian shelf. Such a result is found in the nu-
merical model and is illustrated in part by Figs. 6 and
15.

Now, in the absence of friction, coastal sealevel along
southern Victoria will be equal to that of the CC (n,).
For argument’s sake, we take 7, to be 10 cm. On the
east Tasmanian coast, sea level is also assumed to be
constant with a value of n, = 0 cm. Now, since there
can be no flow into the north Tasmanian coast (fv =
gn, = 0), sea level will be constant along that coast.
The sea level difference . — m, will set the net geo-
strophic transport through the strait. Water must there-
fore be drawn into the strait and the sea level contours
and circulation must ‘‘bend back’ into the strait as il-
lustrated in Fig. 16a. A jet is also found at its south-
western corner (see also Middleton and Black 1994).
The jet arises from the first and second CTW modes
generated at the western shelf. The modes are 180° out
of phase so that net coastal sealevel at the northwestern
tip of Tasmaniawill be equal to n, and zero as required.
The velocity field of the mode-2 wave is thus directed
to the north and results in the jet.

The contribution by the CC to the transport through
the strait can be estimated from

Uc = —gH(m. — mo)/f, @)

where H is the depth of the strait. From Fig. 6, we take
n. = 44 cm and 1, = 36 cm so that, with f = —9 X
105stand H = 60 m, we get U, = 0.53 Sy, or just
over one-half of that estimated from the model. In ad-
dition, the result also illustrates that the transport
through the strait can be affected by sea level n, and
currents on the west coast of Tasmania: Garrett and
Toulany (1982) named this mechanism ‘‘ geostrophic
control.”

An additional mechanism, which will act to draw wa-
ter into the southwest corner of the strait, involves the
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Fic. 16. (a) A schematic illustrating sea level set up by a coastal current incident on the western mouth of Bass Strait. Assuming a
geostrophic balance, coastal sea level on the Victorian coast is equal to that of the coastal current () and is assumed to be 10 cm. On the
northern Tasmanian coast, coastal sealevel must be equal to that on the east Tasmanian coast (1,) and is assumed to be zero. (b) A schematic
illustrating sea level set up within the strait by a zonal wind stress (7). Sea level is raised (lowered) on the Victorian (Tasmanian) coast by
the Ekman transport. The flow is preferentially drawn in and expelled along the west Tasmanian and east Victorian shelves (the arrows).

zonal wind stress 7 within the strait. Following Mid-
dleton and Viera (1991), we consider barotropic motion
without bottom drag in a zonally oriented rectangular
strait asillustrated in Fig. 16b. The steady equations of
motion are

am T
— = —g— +
fu gax ooH and (3)
— _gm
fu= 2y’ 4

where x and y are directed to the east and north. Now,
since the CTW crests propagate with the coast on the
left, the circulation within the strait cannot affect sea
level on the west Victorian and east Tasmanian shelves.
Moreover, since the northward Ekman transport V¢ is
unimpeded here, it cannot lead to changes in sea level
and n, = 0 (Fig. 16b).

Within the strait, the Ekman transport leads to a sym-
metric raising and lowering of coastal sea level along
the Victorian and Tasmanian coastlines, as shown, with
an amplitude n,, > 0 at the northwest corner and —7,,
at the southeast corner. The solution for n,, = 7L/(p,gH)
is obtained from Egs. (3) and (4) by noting that v = 0
and the net transport due to wind forcing is

U, = —7L/(fpo), ()

where L = 400 km denotes the length of the strait. For
the August climatology (Fig. 4), 7 = 0.07 Pa, and so

the net transport is about 0.3 Sv or 30% of that found
for the numerical model.

It should be noted that the above solution for coastal
sea level and transport in Eq. (5) are unchanged by the
presence of the adjacent shelves. However, within the
strait the effect of the shelves does alter sealevel. Since
CTWs can only propagate with the coast on the left, the
sea level contours at the eastern end of the strait must
bend to the east and then north as shown in Fig. 16b.
The opposite occurs on the western side of the strait
and a wavelike pattern results that is similar to that
obtained in the model (Fig. 11): part of thiswave pattern
will be driven by variations in the Victorian coastline.

In addition, the schematic Fig. 16b shows that a jet
into the southwest corner of the strait will result and
this will act in unison with that driven by the CC (Fig.
164a). Indeed, of the 0.95 Sv transport through the strait,
atotal of 0.43 Sv (or ailmost one-half) isdriven between
King Island and Tasmania.

The existence and magnitude of the eastward flow
into the strait and northeastward jet near Tasmania is
supported by current meter observations for the region
(Baines et al. 1991), with results presented in Fig. 15
and Table 1. For the northernmost mooring, site 10, both
the data and model indicate an eastward flow while the
magnitude of the latter (6 cm s—*) is larger than that of
the data (4 cm s—1). At site 8, the observed and model
currents are in approximate agreement and smaller than
those at site 10. South of King Island (site 7), the model
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Fic. 17. (a) The alongshore velocity for the cross-shelf transect at the southern tip of Tasmania (J = 116 in Fig. 6) at day 56. The contour
interval is 8 cm s*. (b) Asin (a) but for density (interval 0.1 kg m~2). (c) The alongshore velocity for the Strahan cross-shelf transect off
the west coast of Tasmania (J = 105 in Fig. 6) and at day 56. Contour intervals are 3 cm s~ for negative velocities and 4 cm s~ for positive
velocities. The position of the current meters is indicated by the dark circles. (d) The location of the current meters and the wintertime
aongshore-averaged mean currents. Poleward velocities (cm s—1) are positive.

and data-derived means are in good agreement and in-
dicate the existence of anortheastward jet into the strait.
Farther south and near the 100-m isobath (site 1), both
the model and data indicate a current of 6 cm s—* that
is directed to the east—southeast.

b. The shelf circulation

At the southern tip of Tasmania (Fig. 17a), the CC and
FC have magnitudes of up to 24 and 32 cm s1, respec-
tively. The density field (Fig. 17b) is downwelled to
depths of 500 m and upwelled at depths of 1000 m. These
results are consistent with the hydrographic survey of
Rintoul and Sokolov (2001) and also the CARS data.
The deep downwelling is likely the result of coastal
downwelling and the Ekman pumping, which from Tren-
berth et al. (1989) is up to 14 m month-* and largest for

the region. The circulation at 600 m for the region gen-
eraly shows that the FC is again largely confined to lie
inshore of the 4000-m isobath and with speeds of up to
10 cm st In addition, the FC off the west Tasmanian
coast results in part from a bifurcation of the Tasman
outflow, as illustrated by the schematic in Fig. 1.
There are two sets of current-meter observationswith
which the model results can be compared and which
indicate ENSO related effects. During the 1997 El Nifio
austral winter, moored ADCP results (Cresswell 2000)
were obtained close to the Strahan section shown in Fig.
6. These data indicate depth-independent flow with
mean poleward speeds of 2 cm s~* over the 100-m iso-
bath (mooring R1) and 10 cm s—* over the (188 m) shelf
break (mooring R2). These mean currents are notably
smaller than those inferred from current-meter data
(Lyne and Thresher 1994) obtained during the La Nifia
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winter of 1988 and displayed in Figs. 17c, 17d. For the
inner site over the 93-m isobath, the poleward mean is
small (4 cm s~1), while for the shelf break (moorings
S117U, S117L, isobath 200 m), the poleward mean is
much larger (26-29 cm s—*) than that obtained in 1997.
The differences may be due to ENSO events.

The model results over the shelf break (see Fig. 17¢
and Table 1) indicate poleward speeds of 17-19 cm s—*
that lie between the 1988 and 1997 values. The much
weaker currents observed farther inshore over the 100-
m isobath are not at all reproduced by the model. A
possible explanation for thisis that the light freshwater
outflow from Maquarie Harbour (40 km to the north)
leads to an onshore pressure gradient that opposes that
of the poleward current.

At the shelf break and farther offshore, the alongshore
speeds of the model and observations are in reasonable
agreement (Figs. 17c,d). The offshore extension of the
ZC to distances of 50 km from the shelf break and depths
of 400 mis supported by the observations obtained over
the 1000- and 2040-m isobaths: the poleward currents
of the model are in very good agreement with the ob-
served speeds of 3 and 7 cm s—. Moreover, at the deep-
est mooring (S115L) the model is in very good agree-
ment with the observed 4 cm s—* northward FC.

c. Transports

For the west Tasmanian shelf transect (J = 105), the
CC transport is reduced to 0.8 Sv over that at Kangaroo
Island (Table 2) since the strait absorbs 0.95 Sv. The
alongshore component of the wind stress is similar to
that off Robe (Fig. 4) and leads to an increase in the
transport of the CC (1.4 Sv) off the southern tip of
Tasmania (J = 116).

The westward transport through this transect is large
and near 13 Sv. The transport hereis part of the Tasman
outflow and within the range (=5, 21) Sv estimated by
Rintoul and Sokolov (2001) from hydrographic dataand
a 2000-dbar reference level. As noted, the outflow bi-
furcates, as shown in Fig. 1, and drives an equatorward
current of 4.3 Sv along the western shelf slope of Tas-
mania. For convenience, we have called this the FC,
although it cannot be driven by the equatorward Sver-
drup transport since the shelf is largely meridional in
orientation.

5. Summary and discussion

The model results and observations indicate that a
steady wintertime CC flows from Cape Leeuwin to the
southern tip of Tasmania. The origin of the current
varies. In the far west, the current is dominated by the
inflow of the Leeuwin Current. Farther to the east, the
current is driven by zonal winds and pressure gradients
that arise from light water that is downwelled over the
shelf break. Off the Eyre Peninsula, these pressure gra-
dients, local winds, and the Leeuwin Current were
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shown to respectively drive about 38%, 47%, and 18%
of the shelf circulation. The model shelf currents off the
gulfs were also in good agreement with observations.

Off Tasmania, the CC is known as the Zeehan Cur-
rent, and over the shelf break and farther offshore, the
model results are in good agreement with observations
and replicate the offshore spreading and magnitude of
the Zeehan Current.

The circulation within Bass Strait was also deter-
mined and found to be in reasonable agreement with
observations. Two simple models were developed to
show that about 30% of the transport through the strait
is driven by local winds with much of the remainder
driven by the CC on the west Victorian shelf. A feature
of these solutions is that they 1) predict the existence
of ajet near the northwest tip of Tasmania and 2) show
that sea level on the east Tasmanian shelf controls the
transport through the strait (see also Garrett and Toulany
1982). Higher sealevel leadsto asmaller transport. This
and different local winds may explain the discrepancy
between the model transport (0.95 Sv) and that inferred
from observations (0.5 Sv) by Baines et al. (1991).

Interannual variations also appear to exist in the shelf
current data and may be due to ENSO events. During
El Nifio austral winters, the data indicate the shelf cur-
rents to be weaker and sea level to be lower (Pariwono
et al. 1986). The Trenberth et al. (1989) winds adopted
represent an average over years 1980—-86. During this
period ENSO events occur, but little interannual vari-
ability was found in the wind fields for the region of
study here. It is possible then that the weaker currents
may arise from the lowering of sea level in the west
Pacific and subsequent propagation around Australia’s
shelves (Clarke and VVan Gorder 1994). The current data
examined here suggest that ENSO-related effects may
be important.

The positive wind stress curl in the southern ocean
also drives an equatorward Sverdrup transport that leads
to the FC and upwelling of the deep (600 m) thermocline
(Middleton and Cirano 2002). This current is centered
within the permanent thermocline (depth 600 m) and
flows from the west coast of Tasmania to Esperance
with speeds of up to 10 cm s7*. In the far west, the
transport is around 7 Sv and likely feeds the Leeuwin
Undercurrent observed on the western shelf slope of
Australia (Cresswell and Peterson 1993). Off Tasmania,
it is fed by a northward arm of the Tasman outflow. In
reality, the magnitude of the Tasman outflow [(—5, 21)
Sv] appears to depend on the location of the Pacific
subtropical gyre (Rintoul and Sokolov 2001), and so it,
and the FC off Tasmania, may vary in magnitude on an
interannual basis. Observations of the FC during sum-
mer are summarized by Middleton and Platov (2003).
For the winter period, the only observations we are
aware of that support its existence are the associated
upwelling of the permanent thermocline and the north-
ward mean current (4 cm s—*) observed off Strahan at
a depth of 995 m.



682

Theregional model developed here adopts the winter-
averaged OCCAM transports along open boundaries and
the thermohaline fields throughout the domain. What
advances then does the model here make over the cir-
culation in OCCAM? As shown in the appendix, the
most significant advance is the superior topography and
finer resolution. In OCCAM the shelf topography con-
tains numerous errors and is poorly resolved over the
14° grid adopted. Unrealistic shelf currents result at a
number of locations. In addition, the monthly mean
winds used to force OCCAM are weaker than those used
here and lead to much weaker currents. The currents
determined here are in generally good agreement with
observations.

One feature common to both models is the devel-
opment of a sequence of weak high and low pressure
eddies between the Eyre Peninsula and Tasmania. The
cause of these eddies is almost certainly baroclinic in-
stability, although there are only limited data to support
their existence. Moreover, since the OCCAM shelf cur-
rents are poorly modeled, the existence of eddies at these
sites is open to question. Indeed, this points to the main
deficiency in the regional model—the density field and
dense water formation.

A sensitivity study was made to evaluate the effects
of the latter, which is known to be important within
Spencer Gulf and the Coorong. The surface fluxes of
heat and freshwater are of dubious quality for this re-
gion. Nonetheless, in qualitative agreement with obser-
vations (Godfrey et al. 1986), dense water within the
Gulf was found to cascade to depths of more than 200
m and to spread offshore. The dense water formed near
the coast also led to an increase in the CC by up to 5
cm s~*. Notably, the pattern of shelf circulation was
almost identical to that found in the absence of dense
water formation. A deficiency of these results, however,
was that the cooling led to surface mixed layers that
were up to 500 m thick, or 2 times that found in the
basic case and CARS data.

As we have shown, the circulation is determined by
a number of quite different forcing mechanisms. The
density field is generally important and an improvement
would be the (successful) adoption of the CARS hy-
drographic data into any future model. Within the west-
ern half of the bight, the Leeuwin Current is important
to the shelf circulation. Annual variations in the trans-
port of this current may exist, and the boundary con-
dition here might be improved by monitoring the shelf
circulation using an array of bottom pressure gauges
and current profilers.

Between the gulfs and Bass Strait, winds and dense
water formation are most important to the shelf circu-
lation. Improved surface fluxes for the former are need-
ed and any model should accurately resolve regions of
shallow water where dense water formation will belarg-
est. The domain for a high-resolution model here could
just encompass the region between the midbight and the
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west Victorian shelf sincethecirculationislittleeffected
by the Leeuwin Current or that around Bass Strait.

For the shelf west of Tasmania, the circulation is af-
fected by the winds and transport through Bass Strait.
The latter isin turn affected by sealevel (and currents)
on the east Tasmanian shelf. The transport through Bass
Strait (and model boundary condition) might be closed
by appealing to sea level data obtained on either side
of the strait. The shelf circulation off Robe is aso im-
portant to that off west Tasmania, and this could be an
additional site of bottom-moored pressure gauges and
current profilers.

At depths between 500 and 1500 m, the results here
indicate the existence of the FC. As noted, the Tasman
outflow may vary and the FC off Strahan be smaller.
The FC does not seem to impact on the shelf circulation,
although the associated onshore pressure gradient may
be expected to lead to upwelling in the ubiquitous can-
yons of the region (e.g., Klinck 1996). Observations of
the FC off Albany, Robe, and Strahan would again help
in closing open boundary conditions for future model
studies.
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APPENDIX

A Comparison with OCCAM and Cause of the
Eddy Field

The OCCAM horizontal circulation at the 30-m depth
ispresented in Fig. A1 and errorsin the topography and
shelf circulation are evident. The shelf depth to the west
and east of Kangaroo Island is less than 30 m and not
50-100 m as indicated by the AGSO topography. In
addition, three subsurface ** seamounts” are located on
the shelf to the west of the Eyre Peninsula (indicated
by arrows). The depth of these featuresis 30—60 mwhile
the actual water depth is around 100 m. In addition, the
coastal depths within the bight and off Robe are arti-
ficially deep (50-200 m). The western mouth of Bass
Strait is also less than 30 m and much shallower than
the actual water depth of 60 m.

The shelf current field is also much weaker (5-10 cm
s~1) than that found in the regional model and in the
observations. The FC in OCCAM (not shown) is also
about one-half of that shown in Fig. 8. The reason for
the weaker shelf currentsis twofold. First, the OCCAM
coastal depths within the bight and off Robe are arti-
ficially deep (50—200 m), and so currentswill be weaker.
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Fic. A1l. The OCCAM velocity field at a depth of 30 m and av-
eraged over winter. A vector of length 15 cm st is indicated. The
solid lines denote the 0.03 km (30 m) and 0.2 km (200 m) isobaths.
The locations of three unrealistic seamounts (S Mt) are indicated and
the water depth to the east and west of Kangaroo Island is unreal-
istically less than 30 m. The locations of several high (H) and low
(L) pressure eddies are indicated.

Second, the Siefridt and Barnier (1993) wind stress
adopted in OCCAM is weaker than the Trenberth et al.
(1989) climatology used here. Between the bight and
Robe, the Siefridt alongshore component of stress is
about 0.05 Pa. The Trenberth stress is larger and in-
creases from 0.075 Pa within the bight to 0.1 Pa off
Robe. Stronger currents are therefore found in the re-
gional model. In addition, the wind stress curl of the
Siefridt winds is also smaller than Trenberth’'s leading
to asmaller Sverdrup transport and smaller FC. At 39°S
(and between 122° and 140°E), the Siefridt and Tren-
berth Sverdrup transports are 4.3 and 5.7 Sv.

As shown in Figs. 7 and A1, eddies are found both
in the OCCAM and regional model circulation and at
similar locations. Baroclinic instability is most likely
important to the growth of the eddies in both models.
Using the instability model of Gill et al. (1974), the
growth rates were determined for several slope sites
using the OCCAM density field. The fastest growing
disturbance had a wavelength of about 60 km (e-folding
time scale 10 days). The time scale for the 250-km
wavelength was found to be 25 days. The regional mod-
el eddies are found to grow to a quasi-steady state over
36 days or so, which is crudely consistent with the e-
folding scale of 25 days. The 36-day period isalso much
larger than expected for geostrophic adjustment.

The question is, What sets the location of the eddies
in the regional model and OCCAM? For the regional
model, the answer is given by an experiment made with
a coastal wall along the 200-m isobath and between the
Eyre Peninsula and the southern tip of Tasmania. The
wall minimizes the effects of coastal topographic var-
iations. Surprisingly, results so obtained (with wind
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forcing) show a pattern of eddies similar to the basic
case (Figs. 7 and 11). Thus, the eddy locations arelarge-
ly set by the OCCAM density field. This is supported
by the adjustment solutions in Fig. 10, where the OC-
CAM density is the sole forcing mechanism in the mod-
el.

What then determines the locations of the eddies in
the OCCAM? Other studies (e.g., |keda and Emery
1984; Batteen 1997) have shown that high and low pres-
sure eddies can be generated by the production of vor-
ticity that accompanies flow driven across the slope by
topographic irregularities. For the OCCAM, offshore
flow occurs in the vicinity of the Eyre Peninsula, Kan-
garoo Island, and Robe (Fig. A1). The OCCAM cir-
culation here is not particularly realistic although the
regional model also indicates an offshore flow near these
sites (Fig. 7). At these sites, high pressure eddies are
generated through the production of anticyclonic vor-
ticity that accompanies vortex squashing. The squashing
results from the offshore flow into an isopycnal field
that converges away from the shelf (e.g., Fig. 12b).

Between Robe and Kangaroo Island, both the OC-
CAM and regional model show the development of a
low pressure eddy off Robe. In both cases, the eddy
here is initialy triggered by the overshoot of the FC
into deep water where the shelf rapidly narrows (seethe
4000-m isobath in Fig. 8). Cyclonic vorticity is then
produced.

Evidence for these quasi-steady eddies is limited.
Ridgway and Condie (2003, manuscript submitted to J.
Geophys. Res.) have presented maps of monthly sea
level for the region based upon a combination of altim-
eter and hydrographic data. For the month of July, these
maps show a wavelike sequence of highs and lows be-
tween the Eyre Peninsula and Bass Strait. The locations
of these features is just that found here in Fig. 10. A
quasi-stationary, anticyclonic eddy south of Kangaroo
Island is aso found in drifter trajectories (Godfrey et
al. 1986; Hahn 1986). However, in light of the lack of
compelling evidence and given the approximate nature
of the OCCAM shelf circulation, we conclude that the
existence of the eddy field remains open to question.
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