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ABSTRACT

A high-resolution, multi-level, primitive equation ocean model is used
to examine the response of an idealized, flat-bottomed, eastern boundary
oceanic regime on a beta-plane to constant ocean thermal and wind forcing
by annual mean and seasonal mean climatologies. The focus of the study is
the Leeuwin Current along the coastal region, from 20° S to 35° S, off
Western Australia.

The annual mean ocean thermal forcing is sufficient to produce a
poleward surface coastal current and an equatorward undercurrent.
Seasonal variation of the ocean thermal forcing provides 1little
enhancement to the current structure, although the seasonal variation does
enhance eddy generation during the periods of stronger thermal gradient.
Wind forcing by annual mean climatology significantly inhibits the
poleward coastal flow, but does not eliminate it. Seasonal wind forcing
generates a strong seasonal signal in the poleward coastal flow, but never
dominates over the pressure gradient forcing.

The combination of wind and thermal cycles allows the formation of the
North West Shelf waters and, subsequently, triggers the release of
poleward flowing North West Shelf waters. This additional forcing
produces a strong surge in poleward flow during the austral autumn. A
nonlinear feedback mechanism acts to extend the duration of this flow

through the austral winter.
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I. INTRODUCTION

The Leeuwin Current off Western Australia provides a unique
opportunity to examine the roles of wind and ocean thermal forcing on the
generation and maintenance of an eastern boundary current and its eddies.
Studying the Leeuwin Current, an anomalous poleward eastern boundary flow,
will help reveal the governing dynamics of eastern boundary currents by
contrasting the Leeuwin Current conditions and ocean response with the
more typical equatorward flows found at other eastern ocean boundaries.

The Office of Naval Research identified eastern boundary currents and
their eddy generation as the subject of interest for an accelerated
research initiative. Specifically, the goal is to understand the physical
dynamics of mesoscale interactions in weakly nonlinear flow regimes in
eastern boundary currents. Some of the key issues concern the causes and
characteristics of eastern boundary jets and associated undercurrents; the
exchanges and transport of energy and momentum between and by the eddies
and jets which dominate the mesoscale; the cause of the eddies and their
role in maintaining or dissipating the flow in the eastern boundary
regime; and the importance of local forcing, such as wind and heating, on
the mesoscale ocean structure.

This study explores the response of eastern boundary flow to anomalous
conditions, and examines and models the interrelation of the forcing
mechanisms. The numerical model used for this study was developed by
Haney (1985), and adapted for eastern boundary current regions by Batteen
(1989). Although previous simulations of the Leeuwin Current have used a
high-resolution, multi-level, primitive egquation model, this study extends
prior efforts through the addition of continuous, seasonally-varying,
climatological ocean thermal forcing. The addition of seasonally-varying
wind forcing from the annual cycle of climatological winds further

improves the representativeness of the results.




The objective of this study is to examine the role of seasonal ocean
thermal forcing and the role of seasonal wind forcing in the observed
seasonal structure of the Leeuwin Current flow in the region shown in
Figure 1.1. The additional seasonally varying ocean thermal forcing from
the warm waters of the North West Shelf regicn is also addressed.

The organization of this study is as follows: Chapter II provides
background on the Leeuwin Current system and previous studies; Chapter IIl
describes the numerical model used, including the ocean thermal forcing,
the wind foircing, assumptions, and approximations; Chapter IV presents the
2nalysis technigues used; Chapter V provides results and a discussion of
their significance; and, Chapter VI includes a summary of the results and

their significance.
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Figure 1.1 Model Domain: Area of study is a 576 km by 1600 km box off
the west coast of Australia.




I1. BACKGROUND

A. DESCRIPTION OF THE LEEUWIN CURRENT

The Leeuwin Current can be characterized as a surface stream of warm,
low-salinity tropical water flowing southward from northwestern Australia
to Cape Leeuwin in southwest Australia and then eastward to and across the
Great Australian Bight (Cresswell and Golding, 1980) (Figure 2.1). Church
et al. (1989) further describe the Leeuwin Current as flowing principally,
but not exclusively, in the austral autumn and austral winter. Smith et
al. (19%1) report that the surface poleward current is weakest and
shallowest between November and January, followed by the period of most
intense and deepest flow between March and May. During the austral winter
(May through July) Smith et al. (1991) note that flow remains poleward but
it is weaker, broader, shallower, and no longer confined to the upper
slope. At the equatorward end of the Leeuwin Current domain, the flow is
broad and shallow (200 km wide by about 50 m deep), tapering and deepening
with poleward alongshore distance to become a narrow (less than 100 km
wide) flow extending vertically to about 200 m depth. Maximum speeds of
near 1.8 m 8! have been recorded. Church et al. (1989) also note that the
principal flow is centered at the shelf edge. With this anomalous
poleward flow, there is an equally anomalous, significant egquatorward
undercurrent centered near 350 m depth that can attain speeds comparable
to the surface flow, exceeding, on the average, 10 cm s} {(Smith et al.,
1991).

The unusual nature of the Leeuwin Current is highlighted by the fact
that, despite strong equatorward wind stress, there is no steady
equatorward flow and, consequently, there is no upwelling typical of other
eastern boundary currents. Godfrey and Ridgway (1985) argue that the very
strong meridional pressure gradient of the eastern Indian Ocean drives
onshore flow that turns poleward at the coast, forming the Leeuwin
Current. They note that the meridional pressure gradient off Western
Australia is comparable to the pressure gradient driving the strong
western boundary currents in most of the other ocean basins (Figure 2.2).
Godfrey and Ridgway (1985) discuss the relative strengths of the pressure
gradient forcing and the oppoeing wind forcing, pointing out that the
individual seasonal cycle of one forcing mechanism reinforces seasonal
trends of the other, creating a strong seasonal signal in the flow of the

Leeuwin Current.




Added to the general seasonal cycles of forcing by the pressure
gradient and the wind is an observed surge of warm, less saline water
flowing poleward out of the North West Shelf region (Figure 2.1) during
the austral autumn (March through May) (Smith et al., 1991). Gentilli
(1972) proposed that shallow through-flow from the Pacific Ocean to the
Indian Ocean in the austral autumn and winter is isolated by a reversal of
the flow in the spring. The water then achieves thermal homogeneity over
the summer to become a "raft"” of warm water that flows poleward during the
following autumn and winter. While an actual reversal of flow has not
been supported by data (Smith et al., 1991), the flow during the austral
epring and summer is greatly diminished by climatologically stronger winds
and a climatologically weaker pressure gradient, effectively yielding the
same result.

B. PREVIOUS STUDIES

The Leeuwin Current, as an anomalous eastern boundary current,
presents a distinct challenge in coastal modeling. The underlying
dynamical processes of the current are not well understood and modelers
are confounded by a general lack of detailed data. With the recent
completion of the Leeuwin Current Interdisciplinary Experiment (LUCIE),
modelers will have better data for examining the inter-dependencies of
various forcing mechanisms.

Recent modeling efforts have focused on process~oriented studies to
better describe the contributing forcing mechanisms and their relative
importance. There is general agreement that the principal driving force
is 1Indian Ocean geostrophic inflow, created by the significant north-
south density gradient prevalent offshore. Thompson (1587) presents a
linear analytical model which accounts for a significant portion of the
observed phenomena. He proposes that, assuming seasonal time scales and
continental length scales, the geostrophic inflow from the west due to the
alongshore density gradient is balanced by return flux in the frictional
(Ekman) bottom layer over the shelf, producing a near bottom poleward
longshore current. This onshore flux creates a cross-shelf pressure
gradient to push the flux back out via the bottom Ekman layer, which, in
turn, creates a poleward geostrophic current at the surface in addition to
the poleward flow generated by the bottom friction layer.

Without focusing on the causes of onshore flow or the observed deep
mixed layer, Thompson (1987) uses climatological values for the mixed
layer depth and the wind stress to show that nowhere is the wind stress
term dominant over the pressure and Coriolis terms. Consequently,
downwelling results, causing baroclinic shear that enhances the poleward




current. Because the climatological winds are upwelling favorable,
recognition that the pressure gradient force dominates over the wind
stress provides enlightenment on the relative contributions of these
forces. Thompson (1987) notes that the choice of alongshore pressure
gradients, with respect to cross-shore location on the shelf, results in
either a strong seasonal signal (near-zero flow in spring and early summer
and poleward in the fall and winter) or continuous poleward €flow
throughout the year. These differing results are due to the relative
strength of the pressure gradient force versus the climatological wind
stress during the various seasons.

Even though Thompson (1987) assumes that the advection and local terms
are small over seasonal time scales, he acknowledges the importance of
advection in the Leeuwin Current system. He points out that the flow
exhibits nonlinearity in that it has self-perpetuating baroclinicity;
i.e., tropical water is transported poleward along the coast and mid-
latitude water is moved north offshore. The significant nonlinear
baroclinic instability that would result from this situation is,
therefore, not adequately addressed. Thompson's (1987) theory does,
however, explain the flow into the wind, the equatorward undercurrent, and
the existence of sharp fronts.

Weaver and Middleton (1989, 1990), using a different linear analytical
model, assume a steady state, a continental shelf and forcing by an
unchanging alongshore density gradient. By coupling the analytical model
to a two-layer ocean model, they are able to produce a geostrophically-
balanced onshore flow that turns south at the coast, intensifying the
southward flow with poleward alongshore distance. Peak velocities are
near the shelf break and are comparable to observations and results from
numerical models, but the model is unable to predict the weak subsurface
equatorward flow. The notable aspect of this model is that it produces
the poleward current without the employment of wind stress or cross-shelf
bottom stress, leading Weaver and Middleton (1989, 1990), after an
examination of limiting cases, to conclude that the shelf is important to
the Leeuwin Current dynamics.

Using longitudinally-independent thermohaline forcing in cases with
steady density forcing, seasonal density forcing, and seasonal wind-band
forcing superimposed on the steady density forcing, McCreary et al. (1986)
demonstrate that, for their linear, viscid, continuously-stratified
numerical model, the eastward geostrophic current from the ocean's
interior forces downwelling at the eastern boundary, creating a poleward
surface current with an associated egquatorward undercurrent. McCreary et
al. (1986) simplify their analysis by assuming a geostrophically balanced




alongshore current. This current results from mass convergence at the
coast, and is fed by geostrophic onshore flow due to the alongshore
density gradient. McCreary et al. (1986) rejected other choices of
possible primary forcing mechanisms. Local wind curl is almost always
positive and would drive an equatorward surface current. Remote forcing,
such as the North West Shelf (NWS) waters or Indonesian flow-through
(Kundu and McCreary, 1986), should weaken away from the forcing region,
contrary to the observed poleward intensification of the Leeuwin Current.
A uniformly deep ocean was used, eliminating shelf processes as a
contributing factor in both the results of McCreary et al. (1986) and
Kundu and McCreary (1986).

McCreary et al. (1986) note that vertical mixing is crucial to their
model because, as vertical mixing approaches zero, the coastal circulation
weakens due to the beta-effect, allowing coastal circulation in an
inviecid model to leak completely offshore via the radiation of Rossby
waves. Vertical mixing inhibits this process by damping the Rossby waves,
associated with the higher order baroclinic modes, preventing the Rossby
waves from propagating very far offshore. Vertical mixing also directly
affects the mixed layer thickness and, consequently, the alongsh