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ABSTRACT

The Leeuwin Current is a poleward-flowing eastern boundary current off the western Australian coast,
and alongshore momentum balance in the current has been hypothesized to comprise a southward pressure
gradient force balanced by northward wind and bottom stresses. This alongshore momentum balance is
revisited using a high-resolution upper-ocean climatology to determine the alongshore pressure gradient
and altimeter and mooring observations to derive an eddy-induced Reynolds stress. Results show that north
of the Abrolhos Islands (situated near the shelf break between 28.2° and 29.3°S), the alongshore momentum
balance is between the pressure gradient and wind stress. South of the Abrolhos Islands, the Leeuwin
Current is highly unstable and strong eddy kinetic energy is observed offshore of the current axis. The
alongshore momentum balance on the offshore side of the current reveals an increased alongshore pressure
gradient, weakened alongshore wind stress, and a significant Reynolds stress exerted by mesoscale eddies.
The eddy Reynolds stress has a �0.5 Sv (Sv � 106 m3 s�1) correction to the Indonesian Throughflow
transport estimate from Godfrey’s island rule. The mesoscale eddies draw energy from the mean current
through mixed barotropic and baroclinic instability, and the pressure gradient work overcomes the negative
wind work to supply energy for the instability process. Hence the anomalous large-scale pressure gradient
in the eastern Indian Ocean drives the strongest eddy kinetic energy level among all the midlatitude eastern
boundary currents.

1. Introduction

The dominant surface ocean current off the western
Australian coast in the southeast Indian Ocean is the
poleward Leeuwin Current (Fig. 1; Cresswell and Gol-
ding 1980). An anomalously large alongshore pressure
gradient, set up by warm, low-density tropical Pacific
Ocean water entering the Indian Ocean through the
Indonesian Archipelago, is believed to account for the
existence of the Leeuwin Current (Godfrey and
Weaver 1991). The pressure gradient drives an east-
ward, onshore geostrophic transport, which over-
whelms locally wind-driven offshore Ekman transport
and feeds the Leeuwin Current (Thompson 1984, 1987;
Godfrey and Ridgway 1985; McCreary et al. 1986;
Weaver and Middleton 1989; Batteen and Rutherford
1990).

It has long been hypothesized that the alongshore
momentum balance of the Leeuwin Current is domi-

nated by the pressure gradient force, northward surface
wind, and bottom stresses (Thompson 1987; Smith et al.
1991). The bottom stress in turn drives a northward
Leeuwin undercurrent off the continental slope
(Thompson 1987). However, from mooring observa-
tions during the 1986/87 Leeuwin Current Interdiscipli-
nary Experiment (LUCIE; Smith et al. 1991), the Leeu-
win Undercurrent was found to be stronger during aus-
tral summer when the Leeuwin Current is weaker
(Smith et al. 1991). Also, the bottom velocity required
to achieve the alongshore momentum balance is rather
large (Smith et al. 1991). Recent observations in the
California Current have shown that the cross-shore
pressure gradient was as important as the Coriolis term
in the cross-shore momentum balance of the sloping
bottom boundary layer, which suggests that a weaker
effective bottom stress could be achieved in a stratified
system (Trowbridge and Lentz 1998). In view of these
developments, it is worth revisiting the Leeuwin Cur-
rent momentum balance in detail.

Mesoscale eddies have been identified in the Leeu-
win Current for more than two decades (Andrews 1977;
Pearce and Griffiths 1991). Model studies suggest that
mixed barotropic and baroclinic instability is respon-
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sible for generating eddies off the western Australian
coast (Batteen et al. 1992; Batteen and Butler 1998). In
an early description, Cresswell and Golding (1980) re-
mark that “buoys carried from the cyclonic features
into the Leeuwin Current were accelerated and en-
countered higher surface temperatures; conversely,
buoys decelerated and encountered lower temperatures
on entering a cyclonic feature from the current, ” sug-
gestive of the role of eddies in transferring momentum
and heat offshore from the Leeuwin Current. Recently,
cruise survey data were used to quantify the offshore
heat transfer by eddies in the Leeuwin Current (Mor-
row et al. 2003). However, the role of eddies in the
alongshore momentum balance has not been carefully
quantified.

In the present study, a high-resolution upper-ocean
climatology between 32° and 26°S constructed from the
Indian Ocean Thermal Archive (Feng et al. 2003) and a
historic temperature–salinity relationship (Ridgway et
al. 2002; Dunn and Ridgway 2002) are used to recalcu-
late the alongshore pressure gradient. Satellite altim-
eter data and the LUCIE mooring array measurements
are used to quantify the eddy field and its contribution
to the alongshore momentum balance in this domain.

2. Data

Upper-ocean temperature data off the western Aus-
tralian coast are obtained from the Indian Ocean Ther-
mal Archive (IOTA) of the Commonwealth Scientific

and Industrial Research Organisation (CSIRO) Marine
Research (Gronell et al. 2003, unpublished manu-
script). Following Feng et al. (2003), a locally weighted
least squares (LOESS) method is used to construct a
0.1° latitude by 0.1° longitude upper-ocean temperature
climatology between 32° and 26°S, where the data den-
sity is high. Mean and annual harmonics of the tem-
perature–salinity relationship (Ridgway et al. 2002) are
used to derive the salinity field.

Between September 1986 and August 1987, the
LUCIE mooring measurements were conducted along
the coast of western Australia between Northwest Cape
at 22°S and Albany at 35°S (Boland et al. 1988; Smith et
al. 1991). In this study, we use velocity and temperature
data from a LUCIE mooring array off Dongara at
29.5°S. Detailed information on the mooring data is
presented in section 5.

A 7-day-temporal-resolution altimeter sea level
anomaly product on a 1⁄3° Mercator grid based on com-
bined Ocean Topography Experiment (TOPEX)/
Poseidon and European Remote Sensing Satellites
ERS-1/ERS-2 missions from October 1992 to August
2002 was obtained from Collecte, Localisation, Satel-
lites (CLS) Space Oceanography Division (Le Traon et
al. 1998; Ducet et al. 2000). Monthly Fremantle sea
level records obtained from the National Tidal Facility
in Adelaide and mean sea level pressure from the Na-
tional Centers for Environment Prediction (NCEP)
(Kalnay et al. 1996) are used to apply inverted baro-
metric correction to the Fremantle sea level.

FIG. 1. (a) Sea surface dynamic height (shadings) and Southampton Oceanography Center annual mean wind stress (vectors).
Contoured is the bottom bathymetry, and the solid dots denote the axis of the Leeuwin Current defined by the 1 Sv transport isoline.
(b) Geostrophic surface current (vectors) and the accumulated southward geostrophic transport from the coast (shadings). The dark
shadings off the coast are due to weak northward flow in shallow waters (not shown). The contours show the annual mean sea surface
temperature from our high-resolution climatology.
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Annual mean surface wind stress is taken from the
Southampton Oceanography Center (SOC) climatol-
ogy (Josey et al. 1999). In comparison, we also use a
wind stress climatology based on 8 years of satellite
scatterometer data (Bentamy et al. 1996). Bathymetry
is taken from the National Geophysical Data Center
2-min-resolution product (Smith and Sandwell 1997),
and the coastline is from the Global Self-Consistent,
Hierarchical, High-Resolution Shoreline database
(Wessel and Smith 1996).

3. Mean geostrophic flow from ocean climatology

The western Australian coast between 26° and 32°S
is tilted at about 20° west of north (340°T), with Shark
Bay located at the northern end and Fremantle located
at the southern end (Fig. 1a). The bathymetry is largely
parallel to the coastline, with two important features
that may be equally important for the instability of the
Leeuwin Current. One feature is the Abrolhos Islands
between 28.2° and 29.3°S, which pushes the 100-m iso-
bath offshore, acting like a cape. The other feature is
the narrowing of both the shelf and slope off Dongara
south of the Abrolhos Islands: the 1000-m isobath is 140
km offshore near Shark Bay (about 26°S) while it is
only about 50 km offshore south of 30°S.

The SOC climatology shows that the annual mean
wind is dominantly northward off the western Austra-
lian coast, opposing the poleward-flowing Leeuwin
Current (Fig. 1a). The alongshore wind stress increases
from 0.06 N m�2 at 32°S to about 0.09 N m�2 at 26°S.
The wind is slightly eastward in the south and westward
in the north (Fig. 1a). The scatterometer wind stress
climatology shows a similar wind pattern (not shown).

The alongshore pressure gradient, which is the driv-
ing mechanism for the Leeuwin Current, is illustrated
by sea surface dynamic height relative to 300 m from
the upper-ocean climatology (Fig. 1a). Note that 300 m
is an approximate reference depth for the southward
Leeuwin Current in this region (Smith et al. 1991; Feng
et al. 2003). Zonally linear extrapolation of dynamic
height from offshore is used to calculate dynamic height
at grids shallower than 300 m, following Reid and Man-
tyla (1976). Dynamic heights at water depths shallower
than 100 m, which are prone to extrapolation errors, are
not shown.

In the offshore area, the meridional decrease of the
surface dynamic height from 26° to 32°S is 1.7 m2 s�2,
equivalent to a 17-cm sea level variation. This is a sig-
nificant portion of the total sea level drop in the Leeu-
win Current latitude range (Godfrey and Ridgway
1985). The core of the southward surface geostrophic
velocity is coincident with the maximum sea surface
temperature core, both being located near the shelf
break (�300-m depth; Fig. 1b). The average core sur-
face velocities are about 30 cm s�1, with two peaks
along the coast, 45 cm s�1 near 28°S at the northern end
of the Abrolhos Islands, and 55 cm s�1 near 29.5°S off

Dongara. There are onshore geostrophic flows at most
latitudes.

Integrating the southward geostrophic current from
the coast at different latitudes, the accumulated Leeu-
win Current geostrophic transport in the upper 300 m is
obtained (Fig. 1b). The 1 and 2 Sv transport isolines (Sv
� 106 m3 s�1) are on the upper slope, and we select the
1 Sv isoline to represent the axis of the Leeuwin Cur-
rent (black dots, Fig. 1a), which is consistent with the
location of surface velocity maximum. This current axis
is slightly offshore of the 300-m isobath north of the
Abrolhos Islands, and is not well-determined off the
islands. It curves inshore to the 300-m isobath south of
the islands and then moves offshore again to the
1000-m isobath south of 30°S. Thus, the existence of the
Abrolhos Islands may steer the current relative to bot-
tom bathymetry.

The southward geostrophic transport between 110°E
and coast is above 3 Sv at most latitudes (Fig. 1b). It
increases between 26° and 28°S, with a maximum of
above 4 Sv near 28°S. The transport decreases farther
south, occasionally below 3 Sv near 31°S, but somewhat
recovers at 32°S. These meridional variations of the
southward transport may reflect varying contributions
from the onshore inflows. Our assumption of a fixed
300-m reference depth may cause an underestimate of
geostrophic transport in the south. From direct obser-
vations, the Leeuwin Current tends to become deeper
as it flows southward (Smith et al. 1991). Referenced to
350 m, the volume transport would increase by 10% off
Fremantle. However, there is almost no change in the
position of the current axis (not shown). Note that only
the current axis information will be used in later mo-
mentum balance calculation.

4. Eddy field

From satellite sea surface temperature images, the
offshoots and meanders of the Leeuwin Current tend to
occur ubiquitously off the western Australian coast
(Pearce and Griffiths 1991). However, long-lived warm-
core mesoscale eddies only develop at preferred loca-
tions as observed in the satellite altimeter data (Fang
and Morrow 2003). Most eddies in our study region
were generated between 28° and 31°S, within and south
of the Abrolhos Islands, and then propagated north-
westward or westward, following “isopycnal corridors”
(Fang and Morrow 2003).

The locality of eddy generation and propagation is
reflected in the 10-yr mean eddy kinetic energy of the
surface geostrophic current derived from the altimeter
sea level anomaly (Fig. 2a). The highest eddy kinetic
energy occurs offshore of the mean current axis, be-
tween Dongara and 32°S (Fremantle). The peak kinetic
energy is above 600 cm2 s�2, which is the strongest
among all the eastern boundary currents (see Stammer
1997 and Ducet et al. 2000 for global maps). The north-
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west and westward extension of the high kinetic energy
between 29° and 30°S is due to the eddy propagation
identified by Fang and Morrow (2003). Note that north
of the Abrolhos Islands, eddy kinetic energy is much
weaker. Also the eddy kinetic energy is much reduced
on the continental slope and is likely due to the fact that
the altimeter data do not resolve processes near the
coast.

The cross product between the zonal and meridional
current velocity anomalies reflects interactions between
the mean flow and the eddy field (Fig. 2b). The large
positive values found on the offshore side of the Leeu-
win Current (u��� � 0) indicate that there is a westward
flux of southward momentum (see section 6)—that is,
the offshore eddies act as a drag force to the southward
Leeuwin Current (��u���/�x � 0). The strongest eddy
momentum flux occurs south of the Abrolhos Islands,
with peak u��� values of 200 cm2 s�2 off Dongara–
Jurien, which is consistent with the spatial distribution
of eddy kinetic energy, though the high values of the
cross products are restricted closer to the jet edge. Simi-
lar velocity covariance is obtained by using along-track
altimeter data at their crossover points (not shown).
This also indicates that the eddy field draws energy
from the mean flow through barotropic instability
(�u�����/�x � 0).

Strong annual and interannual modulations of the
surface eddy kinetic energy in the Leeuwin Current
region are observed in the altimeter data (Fig. 3a). On
an annual cycle, the eddy energy is weak during austral
summer and strong during austral winter, lagging Fre-
mantle sea level annual variation by two months (Fig.
3b). Interannually, the energy is strong during La Niña
years (e.g., 1999, 2000), and weak during El Niño years
(e.g., 1994, 1997), closely following the interannual

variations of the Fremantle sea level, which is an index
for the strength of the Leeuwin Current on annual and
interannual time scales (Feng et al. 2003). Note here a
linear trend of 1.54 mm yr�1 due to climate change has
been removed from Fremantle sea level (Feng et al.
2004). A linear regression between the two variables
reveals a correlation of 0.82 at 2-month lag (Fig. 3c).

5. Mooring observations off Dongara

The LUCIE mooring array off Geralton–Dongara–
Jurien, south of the Abrolhos Islands, is suitably lo-
cated near the highest eddy kinetic energy segment
along the coast (Figs. 2 and 4). The moorings across the
Dongara shelf were deployed at midshelf (D1, 53 m),
outer shelf (D2, 108 m), shelf break (D3, 300 m), and
the upper-continental slope (D4, 700 m). There were
two auxiliary moorings deployed upstream and down-
stream at the outer shelf (C2 and E2). At the Dongara
mooring section, the alongshore direction is toward
330°T. The mooring observation depths and times are
shown in Fig. 5. The surface mean currents, determined
at each mooring by the shallowest measurement longer
than 8 months, are mostly in the alongshore direction
with maximum velocity at D3 (Fig. 4). The onshore
steering of the Leeuwin Current at C2 is consistent with
the surface geostrophic current derived from climatol-
ogy (Fig. 1a), while at E2 the flow has a stronger off-
shore component than the corresponding climatological
geostrophic estimate.

Our upper-ocean temperature and salinity climatol-
ogy are interpolated onto the mooring section and then
the geostrophic current is calculated in the alongshore
direction referenced to 300 m (Fig. 6). Similar to the

FIG. 2. (a) Sea surface eddy kinetic energy and (b) cross product between the zonal and meridional velocity anomalies estimated from
altimeter sea surface height anomalies. Bottom bathymetry is shown as light contours. The black dots off Dongara denote the LUCIE
mooring positions.
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mooring observations, the Leeuwin Current core from
the climatology is located near mooring D3 (slightly
offshore). The peak alongshore velocity is 34 cm�1 at
the surface, and there is little vertical current shear in
the upper 100 m near the current core. The velocity at
midshelf (D1) is not well reproduced from the geo-
strophic calculation (likely because of extrapolation er-
ror). Off Dongara, the sea surface temperature near the
Leeuwin Current core is 21.5°C, and in the surface layer
the temperature core is coincident with the velocity
core.

To examine the vertical structure of the Leeuwin
Current dynamics, at each current meter along the
Dongara section (Fig. 7a), we analyze the mean current
and eddy statistics (Figs. 7b–f). Here we regard DM and
D2 to have the same location. The alongshore current
structure (Fig. 7c) in the surface layer is consistent with
the geostrophic climatology (Fig. 6b): the maximum
alongshore velocity of 29 cm s�1 is attained at 79 m on
mooring D3; the alongshore components at D2 and D4
are weaker, 20 cm s�1 or less. There are discrepancies
with the geostrophic climatology, such as the Leeuwin
Undercurrent is stronger in the direct measurements.
These discrepancies are likely due to real interannual
variations, as discussed previously, or due to reference
depth selection. The cross-shore components of the

mean velocity (Fig. 7b) are generally smaller than 5 cm
s�1, except at the top level of D4 and bottom level
of D2.

Perturbations of mooring velocity and temperature

FIG. 4. Locations of the LUCIE moorings off Geraldton–
Dongara–Jurien. The average measured surface layer current ve-
locity is denoted with vectors. The 100-, 300-, and 1000-m
bathymetries are also indicated.

FIG. 3. (a) Monthly evolution of surface eddy kinetic energy within 32°–29°S, 110°–115°E box; (b) monthly Fremantle
sea level anomaly after removing a 1.54 mm yr�1 linear trend; and (c) the scatterplot and linear regression between the
monthly Fremantle sea level anomaly and the surface eddy kinetic energy. Note that the sea level data have been shifted
forward by 2 months to attain the maximum correlation between the two variables (0.82).
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are formed by removing their means and linear trends.
Eddy kinetic energy is strong above 120 m at D3, and it
is even higher on the offshore side (D4) of the current
core (Fig. 7d). The energy level of D4 reaches above
700 cm2 s�2 at 75 m, similar to that derived from the
altimeter data at the same latitude. Inshore of the cur-
rent axis, the eddy kinetic energy is much weaker.

Cross-shore exchange terms are largest at D4, the
offshore side of the current core (Figs. 7e,f). The cross
product between alongshore and cross-shore velocity
perturbations (u���) has a peak value of 310 cm2 s�2 at
the top level of D4, higher than the westward momen-
tum flux derived from the altimeter data at the same
latitude. Also there are large values of cross-shore tem-
perature exchange (u�T�) at the offshore mooring D4
(Fig. 7f). The eddy fluxes from the other moorings are
less significant.

The time series of u��� and u�T� suggest that the co-
herent anomalies occur dominantly on intraseasonal
time scales (Fig. 8). The largest contribution occurs in
late May–early June 1987, which is consistent with al-
timeter observations that the large long-lived eddies
were typically generated during that time of the year
(Fang and Morrow 2003).

6. Alongshore momentum balance

In the Leeuwin Current, the cross-shore component
of momentum is essentially in geostrophic balance
(Feng et al. 2003). The alongshore momentum equation
is

��

�t
�

�u�

�x
�

���

�y
�

�w�

�z
� fu 	 �

1
�0

�p

�y
�

1
�0

�� y

�z
. 
1�

Here, x, y, and z are in onshore, alongshore, and up-
ward directions; u, �, w are the onshore, alongshore,
and vertical velocities; f is the Coriolis parameter; �0 	
1025 kg m�3 is the mean density; p is the pressure; and
 y is alongshore vertical Reynolds stress. The time-
averaged equation is (e.g., u 	 u � u�, and u is the time
average of u):

FIG. 6. Annual mean (a) temperature and (b) alongshore geostrophic velocity referenced to 300 m along the
Dongara mooring section, based on our high-resolution temperature climatology.

FIG. 5. Instrument depths and time periods of LUCIE current-
meter data shown in Fig. 4. Solid lines denote moorings with both
velocity and temperature measurements, and the gray line de-
notes that only current measurements are available.
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Assuming x � 0.5°, y � 6°, u � 0, � � 0.2 m s�1, u��� �
0.02 m2 s�2 (Fig. 7e), ���� � 0.04 m2 s�2 (Fig. 7d), and
neglecting the alongshore variation of � and the vertical
velocity at z 	 �h, the vertically integrated momentum
equation from �h to surface can be simplified as

�

�x ��h

0

u��� dz 	 �
1
�0
�

�h

0 �p

�y
dz �

1
�0


� W
y � � B

y �. 
3�

The three terms on the right-hand side of Eq. (3) were
used by Smith et al. (1991) to verify the Thompson
(1987) hypothesis.

Dynamic heights referenced to 1000 m from clima-
tology are interpolated onto the current axis to repre-
sent pressure variation along the Leeuwin Current, and
for comparison, data from the 110°E meridional section
is used to represent the ambient large-scale pressure
field. Three hundred meters is a good approximation of
the zero-velocity reference depth for the cross-shore

component of the pressure gradient; however, for the
alongshore component of the pressure gradient, it is
better to select a deeper reference layer because of the
deepening of the Leeuwin Current to the south. In the
upper ocean, the alongshore dynamic height gradient
tends to be weaker than that along 100°E (Fig. 9). The
alongshore pressure gradient reverses its sign at depth
of about 200 m, and the pressure gradient below 200 m
may be critical for the existence of the Leeuwin under-
current. Note that the alongshore momentum is not in
geostrophic balance (the onshore flow is near zero at
the current axis), and the 0–200-m pressure gradient
provides the driving force for the Leeuwin Current but
may not determine the penetrating depth of the cur-
rent. Thus, the alongshore pressure gradient reversal at
200 m is not in conflict with our selection of 300 m as
the geostrophic reference depth for the Leeuwin Cur-
rent.

The Abrolhos Islands form a promontory from the
coast. To examine their topographic effect on the mo-
mentum balance, we separate the total latitude range
into three segments: north of the Abrolhos, Abrolhos,
and south of the Abrolhos (Table 1), and then deter-
mine the linear gradient of pressure at each segment
(Fig. 10). The meridional surface pressure gradient

FIG. 7. (a) Mooring observation depths, mean (b) cross-shore and (c) alongshore velocities, (d) eddy kinetic energy, (e)
mean cross-product between cross-shore and alongshore velocity anomalies, and (f) mean cross-product between cross-
shore velocity and temperature anomalies. The open triangles in (a) denote measurements without a complete annual
cycle. Onshore and northward velocities are positive.
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along 110°E is larger than that along the Leeuwin Cur-
rent axis in all three segments, while the pressure gra-
dient in the Abrolhos segment is larger than that either
north or south of it (Table 1). Along 110°E, the surface
pressure gradient is stronger in the north, while along
the current axis the pressure gradient is stronger in the
south. Similar spatial variations are found in dynamic

height integrated over the upper 200 m (Table 1). Thus,
the existence of the Abrolhos Islands may reduce the
pressure gradient north of the islands. It has been dem-
onstrated in numerical simulations that topography-
supported pressure gradients are important in the
alongshore momentum balance near capes (Gan and
Allan 2002).

Uncertainties in bottom reference choices do not sig-
nificantly affect the alongshore pressure gradient calcu-
lation. Assuming that a 10�2 m s�1 geostrophic velocity
error is introduced by the bottom referencing (at 1000
m), it would only affect the integrated pressure estimate
by

f��x � 200 m � 7 � 10�5 s�1 � 10�2 m s�1 � 104 m

� 200 m � 1.4 m3 s�2.

The mean current axis north and south of the Abrol-
hos Islands are 23.0° and 17.6° west of north, respec-
tively (Table 2). The 0–200-m integrated alongshore
pressure gradients are within the range of early estima-
tions (Godfrey and Ridgway 1985; Smith et al. 1991),
and in here are compared with the alongshore wind
stresses projected onto the mean current directions
(Table 2). North of the Abrolhos Islands, the wind
stress balances about 90% of the alongshore pressure
gradient (Table 2). Here, either bottom stress or lateral
mixing may play only a minor role in the alongshore
momentum balance. The situation is different south of
the Abrolhos Islands, where the alongshore pressure
gradient is stronger and the wind stress is weaker than
those found in the north. The wind stress balances only
about 40% of the alongshore pressure gradient. The
scatterometer wind climatology is slightly weaker
(Table 2).

Equation (3) implies either lateral Reynolds stresses
or bottom friction must play a significant role. Here we
use the LUCIE mooring data to estimate the Reynolds
stress term in Eq. (3). We use the difference of u���
between moorings D4 and D3 at their top two levels to
calculate the Reynolds stress divergence. By assuming
no vertical variation in the upper 75 m and a zero value

FIG. 9. Dynamic height (referenced to 1000 m) differences be-
tween 26°–27° and 31°–32°S along 110°E and along the Leeuwin
Current axis.

FIG. 8. Time series of the cross products (a) between cross-shore
and alongshore velocity anomalies and (b) between cross-shore
velocity and temperature anomalies at 120 m at mooring D4.

TABLE 1. Alongshore gradients of surface dynamic height and
integrated dynamic height in the upper 200 m.

Surface dynamic
height gradient

��
1
�0

�p

�y�
(m2 s�2 °�1)

Integrated dynamic
height gradient

��
1
�0
�

�h

0 �p

�y
dz�

(m3 s�2 °�1)

110°E Current axis 110°E Current axis

North* �0.31 �0.14 �30.9 �12.1
Abrolhos �0.36 �0.25 �23.8 �25.6
South �0.24 �0.18 �17.8 �17.6

* The north, Abrolhos, and south segments are defined as 26°–
28.2°, 28.2°–29.3°, and 29.3°–32°S, respectively.
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at 200 m (conservative approximation according to Fig.
7), the 0–200-m integrated Reynolds stress divergence

�
�

�x ��h

0

u��� dz

is estimated to be 2.00 � 10�4 m2 s�2. According to Fig.
2, mooring D4 is located near the peak location of u���,
so that the alongshore averaging Reynolds stress diver-
gence south of the Abrolhos Island is roughly 50% of
that at D4, that is, 1.00 � 10�4 m2 s�2 (Table 2). Thus,
on the offshore side of the Leeuwin Current velocity
core, the first-order alongshore momentum balance in-
volves the pressure gradient, the wind stress, and the
eddy Reynolds stress (Table 2).

In summary, north of the Abrolhos Islands, the
alongshore pressure gradient in the upper 200 m is bal-
anced by the alongshore wind stress. South of the
Abrolhos Islands, the pressure gradient is balanced by
the wind stress (�40%) and eddy Reynolds stress
(�60%) on the offshore side of the current axis. Bot-
tom stress could play some role on the inshore side of
the current. Still, when we use a bottom drag coefficient
of 1.5 � 10�3, and typical bottom velocity of 10 cm�1,
the derived bottom stress is 1.5 � 10�5 m2 s�2, an order
of magnitude smaller than the integrated pressure gra-
dient.

7. Energy balance

LUCIE mooring data are used to calculate the baro-
clinic conversion rate, �g�/Tzu�T��T/�x, and barotropic
conversion rate, ��u�����/�x, of energy from the mean
flow to the mesoscale eddies (Table 3). Baroclinic and
barotropic conversion rates at D4 have similar magni-
tudes at 75 m, but the baroclinic conversion rate is
much higher at 125 m (Table 3). Thus, the 0–200-m

integrated baroclinic conversion rate is about 50%
higher than the barotropic conversion rate (Table 3).
Mixed instability was identified in the Leeuwin Current
from early idealized modeling studies, although baro-
tropic instability was found to be more important, av-
eraged over a larger area (Batteen et al. 1992).

To verify the energy conversion rates, the energy
generation rate by the pressure forcing and negative
work by the northward wind are estimated, using num-
bers from Table 2. Assuming that the 0–200-m average
alongshore velocity (�) is 20 cm s�1, and surface along-
shore velocity (�S) is 30 cm s�1 in the south segment,
the net energy generating rate,

��
�h

0


�p��y�� dz � � y �S,

is 11.0 � 10�3 W m�2. This number has the same mag-
nitude as the total barotropic and baroclinic conversion
rate of 11.7 � 10�3 W m�2, which is calculated by the
spatial averages of the numbers in Table 3, that is, 0.5 �
0.5 � (18.3 � 28.4) � 10�3—both the zonal and me-

FIG. 10. (a) Sea surface dynamic height and (b) 0–200-m vertically integrated dynamic height referenced to 1000 m along
110°E and the Leeuwin Current axis. The gray lines are fitted linear regressions for the segments north and south of the
Abrolhos Islands.

TABLE 2. Vertically integrated alongshore momentum balance
terms (unit: m2 s�2).

North South

Orientation 247°T 252.4°T
Integrated pressure gradient

��
1
�0
�

�h

0 �p

�y
dz�

�1.00 � 10�4 �1.51 � 10�4

Wind stress ( y
W) 0.92 � 10�4 0.65 � 10�4

(0.87 � 10�4)* (0.62 � 10�4)
Reynolds stress divergence — �1.00 � 10�4

� �

�x ��h

0

u��� dz, offshore side of the LC axis�
* Numbers in the parentheses are from the scatterometer wind

stress climatology.
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ridional averaging introduce a factor of 0.5. Thus, the
pressure gradient is able to overcome the negative wind
work and provide the necessary energy for generating
mesoscale eddies.

A further calculation is carried out to compare with
the offshore heat flux estimate of Morrow et al. (2003).
Examining three warm-core eddies from a survey dur-
ing September 2000 and comparing them with eddy sta-
tistics in the altimeter data, Morrow et al. determine an
annual mean offshore eddy heat flux of 0.004 PW (1015

W). Here we use 4 cm s�1 °C at D4 (Fig. 7f) as the
average cross product between the offshore velocity
and temperature perturbations over the 0–200-m range.
The offshore heat flux can be expressed as

�0cP�
�200

0

�u�T�� dz,

which is 3.2 � 107 W m�1. Similarly, the meridional
average between 32° and 29°S introduces a 50% factor,
and the meridional integration over a 300-km distance
gives the total offshore heat flux of 0.0048 PW, which is
consistent in magnitude with the Morrow et al. (2003)
estimation. This is comparable to a surface heat flux of
160 W m�2 over a 300 km by 100 km Leeuwin Current
box, suggesting that eddies play a very large role in the
Leeuwin Current heat balance.

8. Summary and discussion

a. Summary

We have revisited the alongshore momentum bal-
ance of the Leeuwin Current between 32° and 26°S.
Three main terms in the momentum balance are esti-
mated: the alongshore pressure gradient (from a high-
resolution upper-ocean temperature climatology), the
Reynolds stress divergence due to mesoscale eddies
(from one year of mooring observations), and the
alongshore wind stress from the SOC climatology and
satellite scatterometer.

From the upper-ocean climatology, we define the 1-
Sv transport isoline integrated from the coast as the
current axis. Dynamic height is interpolated onto the

current axis to determine the alongshore pressure gra-
dient. North of the Abrolhos Islands, the dominant
alongshore momentum balance over the upper 200 m is
between the northward wind stress and the integrated
southward pressure gradient. South of the islands, the
integrated pressure gradient increases by about 50%
while northward wind stress decreases so that here the
wind stress only accounts for less than one-half of the
integrated alongshore pressure gradient. Satellite altim-
eter and mooring data reveal that eddy-induced Reyn-
olds stresses are the primary means of decelerating the
current on its offshore side. The role of horizontal and
bottom stresses over the inshore side of the current still
needs to be assessed as there the eddies appear to be
weaker.

From an energetics analysis, mesoscale eddies are
generated by mixed barotropic and baroclinic instabil-
ity, and the alongshore pressure gradient overcomes
the negative wind work to provide the necessary energy
for eddy growth. Thus, the anomalous large pressure
gradient maintained by the Indonesian Throughflow
not only provides the driving mechanism for the unique
poleward-flowing Leeuwin Current along the western
Australian coast, but also drives the strongest eddy ki-
netic energy among all the eastern boundary currents.

b. Current instability south of the Abrolhos Islands

There are several possible reasons for the instability
of the Leeuwin Current occurring south of the Abrol-
hos Islands. First, the current might be stable on the
topographic � plane north of the islands, but the situ-
ation changes when the bottom topography becomes
steeper south of the islands (Bracco and Pedlosky
2003). The islands could also steer the current off its
stable topography. Second, the Leeuwin Current inten-
sifies as it passes the Abrolhos Islands because of
weaker wind and stronger pressure gradient so that the
current possesses stronger lateral and vertical current
shears, as well as higher potential energy. Last, the dis-
turbance due to the existence of the promontory-like
Abrolhos Islands could trigger instability in the Leeu-
win Current (Meuleners et al. 2003, unpublished manu-
script). More theoretical and modeling efforts are nec-
essary to understand the exact mechanism triggering
the eddy growth south of the island group.

TABLE 3. Energy conversion rates estimated at mooring D4.

Conversion rate
D4 75 m

(10�4 kg m�1 s�3)
D4 125 m

(10�4 kg m�1 s�3)
Integrated over upper 200 mc

(10�3 W m�2)

Barotropic 1.64a (1.96)b 0.31a (0.47)b 18.3
Baroclinic 1.14 2.71 28.4

a Mean flow structure for the calculation is determined from the climatology.
b Numbers in parentheses are estimated where the mean shear is determined from the mooring data at D4 and D3.
c The vertical integrations are carried out by assuming no vertical shear of the energy conversion rates in the surface layer (0–75 m) and

zero values at 200 m.
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c. Interannual variability and the LUCIE mooring
results

We use statistics derived from one year of mooring
data to compare with wind and pressure gradient cli-
matologies. It is thus important that the LUCIE data
actually represent the long-term average of the Leeu-
win Current. Smith et al. (1991) suggested that LUCIE
was conducted during an apparently “normal” period in
terms of the wind stress and aalongshore gradient of the
surface dynamic height. Here we show that the Leeu-
win Current might be slightly weaker than the climato-
logic mean during that time period.

Fremantle sea level, which is closely related to the
strength of the Leeuwin Current (Feng et al. 2003), was
about 5 cm lower than long-term average during 1986/
87 (Fig. 11). Note here a linear trend of 1.54 mm yr�1

has been removed from the Fremantle sea level (Feng
et al. 2004). Using linear regression between eddy ki-
netic energy and the Fremantle sea level (Fig. 3c), the
eddy kinetic energy during 1986/87 is predicted to be
about 20% lower than the long-term average. It is not
clear how this would be reflected in the eddy fluxes and
their convergences, but they are likely within the error
bars of the balances that we have derived.

d. Effect on Indonesian Throughflow transport
estimation

When using the island rule to estimate the Indone-
sian Throughflow volume transport, the friction term
was ignored in the momentum equation along the in-
tegration routes of open oceans and eastern boundaries
(Godfrey 1989). The eddy Reynolds stress off western
Australia requires a correction to the transport esti-
mate when using the island rule. Using the mean Reyn-
olds stress and integrating a total 500 km between 29°
and 34°S in the alongshore direction, we obtain

�
y

�

�x ��h

0

u��� dz�
�f44S� � �1.00 � 10�4 � 500

� 103�10�4 m3 s�1

� �0.5 Sv,

which is only a small correction to the total Indonesian
Throughflow transport.
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