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ABSTRACT

The Leeuwin Current in the Indian Ocean off Western Australia differs from the other major eastern boundary
currents, e.g., California Current, since it flows rapidly poleward against the prevailing equatorward wind. The
first large-scale study of the Leeuwin Current was conducted between North West Cape (22°S) and the south-
western corner of Australia (35°S) from September 1986 to August 1987. As part of this Leeuwin Current
Interdisciplinary Experiment (LUCIE), current meters were deployed along the shelf-edge (from 22° to 35°S)
and across the shelf and upper slope (at 29.5° and 34°S), and CTD surveys were made out from the shelf at
several latitudes. Except for about one month (January) the flow between the surface and about 250 m was
strongly poleward within 100 km of the shelf-edge, with a poleward transport of about 5 Sv (Sv = 10°m?s™').
The 325-day mean currents at the shelf-edge were poleward at about 10 cm s™!, opposing a mean equatorward
wind stress of 0.3 dyn cm™2. The monthly mean current over the upper slope exceeded 50 cm s™! poleward at
times and had a 325-day mean of 30 cm s™'; an equatorward undercurrent existed below about 300 m and had
a 325-day mean of 10 cm s™! at 450 m. The strong, narrow Leeuwin Current depends on the large-scale
alongshore gradient of geopotential anomaly at the sea surface, with a value greater than 2 X 1076 m s=2, which
is anomalously large compared to other eastern boundary regions. The onshore geostrophic transport exceeded
the offshore Ekman transport induced by the equatorward wind stress, and was presumably balanced over the
upper slope and outer shelf by the offshore Ekman transport near the bottom under the Leeuwin Current. The
seasonal variation in the strength of the Leeuwin Current seemed to be the result of variations in the wind stress
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and not in the alongshore pressure gradient, which had little seasonal dependence.

1. Intreduction

The southeast Indian Ocean off Western Australia
is geographically the analogue of the eastern boundary
current regions in the Atlantic and Pacific oceans
(Benguela, Canary, Peru, and California currents). As
in these regions, the winds off Western Australia are
predominantly equatorward (KNMI 1949), and one
might expect to find broad equatorward flow and up-
welling along the coast. However, the ocean off Western
Australia behaves quite unlike the other eastern
boundary regions: There is no regular, continuous
equatorward flow within 1000 km of the coast (An-
drews 1977) and no evidence of coastal upwelling
(Wooster and Reid, 1963). Instead, the evidence from
fauna (Saville-Kent 1897), ships drift (KNMI 1949)
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and water properties (Rochford 1969) indicate pole-
ward flow, against the prevailing wind, along the west-
ern coast of Australia from North West Cape (22°S)
to Cape Leeuwin (34.5°S). Cresswell and Golding
(1980), using satellite-tracked drifters, showed that the
poleward flow of warm water was fast (often >0.5 m
s™1), associated with predominantly cyclonic mesoscale
features (eddies) on the seaward side, and continued
eastward around Cape Leeuwin into the Great Austra-
lian Bight. They named the poleward surface flow the
Leeuwin Current after a Dutch ship that explored east-
ward into the bight in the early 17th century.

Church et al. (1989) have reviewed historical and
recent observations and ideas about the Leeuwin Cur-
rent. A review of the theoretical models, and relevant
observations, is given in Batteen and Rutherford
(1990). The explanation for the anomalous behavior
in this eastern boundary region seems to lie in the
strength of the poleward pressure gradient in the eastern
Indian Ocean: Thompson (1984) and Godfrey and
Ridgway (1985) pointed out that the slope of the geo-
potential anomaly along the Western Australian coast
is very large and could overcome the alongshore equa-
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torward wind stress. Thompson (1987) argued that
near the boundary the eastward geostrophic flow re-
sulting from the alongshore pressure gradient is suffi-
cient to suppress any coastal upwelling; the eastward
flow downwells, deepening the surface mixed layer on
the shelf and the upper slope. The alongshore pressure
gradient is then balanced by the alongshore wind stress
and the bottom friction acting on poleward flow over
the outer shelf and upper slope.

Between September 1986 and August 1987 the
Leeuwin Current Interdisciplinary Experiment (LU-
CIE) was conducted along the coast of Western Aus-
tralia between North West Cape at 22°S and Albany
at 35°S (Fig. 1). As part of this experiment, current
meter moorings were deployed across and along the
continental shelf-edge in order to determine the struc-
ture and variability of the Leeuwin Current, and to
shed light on its dynamics. Coastal wind data were col-
lected at several locations, and CTD sections were made
out from the shelf at selected latitudes (Fig. 1). Prior
to LUCIE, there were few detailed observations in the
Leeuwin Current and the only previous long-term di-
rect current observations were on the North West Shelf
in 1982-83 (Holloway and Nye 1985) and at midshelf
offshore from Dongara during 1973-75 (Cresswell et
al. 1989). There were no long-term current meter
measurements in the core of the Leeuwin Current and
only a few hydrographic sections across the current.

The purpose of this paper is to present a more com-
plete description of the Leeuwin Current, based on the
current meter moorings and CTD surveys made during
LUCIE. The structure and the seasonal variability will
be addressed and discussed with reference to the along-
shore pressure gradient and coastal winds. Some of the
conceptual models, which form the basis of theoretical
and numerical models, will be compared with the ev-
idence from LUCIE.

2. Data collection
a. Current observations

The LUCIE current meter moorings were deployed
in an alongshore array along the shelf-edge and two
across-shelf arrays spanning the upper continental slope
(Fig. 1). Some moorings were in place continuously
from September 1986 to August 1987, others were re-
covered and redeployed in February 1987, and still
others were in place only from February to August
1987. Most of the instruments were Aanderaa current
meters on moorings with subsurface flotation, but a
few Neil Brown current meters and one General
Oceanics S4 current meter were deployed with surface
meteorological buoys to measure near-surface currents.
Successive records from the same nominal location and
depth were joined by means of a predictive filter based
on the spectral characteristics of the data on either side
of the gap; all gaps so treated were less than 175 hours
(i.e., less than 3% of the complete record length). The
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FiG. 1. Map showing the location of current meter moorings (x),
CTD sections (dashed lines), coastal meterological stations (triangles)
and the tide gage at Fremantle (open circle).

processed hourly or half-hourly current data low-pass
filtered (half-power at 0.6 cpd) and resolved into local
onshore and alongshore coordinates. To examine the
qualitative behavior of the currents at locations where
direction data only were available, missing speed data
were replaced with a constant value before low-pass
filtering; such speed gaps are explicitly identified in the
appropriate figure caption. Details of the current meter
array, the data processing and the data quality are given
in Boland et al. (1988).

The alongshore array, in place from September 1986
to August 1987, consisted of seven moorings (desig-
nated A2, B2, C2, D2, E2, F2 and G2 from north to
south, with particular current meters designated by ap-
pending a slash and the instrument depth). Each
mooring had an Aanderaa current meter 15 m above
the bottom and subsurface flotation. All of the moor-
ings were near the shelf-edge, in water depths between
60 and 120 m (118, 80, 61, 107, 85, 75 and 76 m, at
A2, B2, C2, D2, E2, F2 and G2, respectively).
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One cross-shelf array of five moorings was deployed
across the continental shelf and upper slope off Don-
gara at 29.5°S in September 1986, replaced in February
1987 and recovered in August 1987. During both pe-
riods, there were four subsurface moorings: D1 over
the 53 m isobath (midshelf), D2 over the 107 m isobath
at the shelf-break, and D3 and D4 over the 300 and
700 m isobaths on the upper slope. A fifth mooring,
DM, with surface flotation and and meteorological
sensors, was installed over the 85 m isobath, just in-
shore from D2, to measure the near-surface currents
and wind. During the first installation, there was severe
rotor fouling at D2/48 after November, and the DM
mooring broke loose in early November; during the
second, D1/28 and DM /23 failed completely, D3/258
yielded no speed data, and portions of D4/75 data are
of doubtful quality. Off Dongara, isobaths are oriented
along 150°-330°T; onshore and alongshore compo-
nents of the current are toward 060° and 330°T, re-
spectively.

A second cross-shelf array of four moorings was de-
ployed off Cape Mentelle at 34°S between February
and August 1987. There were three subsurface moor-
ings: M2 over the outer shelf (water depth of 116 m),
M3 just seaward of the shelf-break (198 m) and M4
over the 700 m isobath. A surface mooring with me-
teorological sensors, MM (water depth 186 m, adjacent
to M3), broke its anchor chain and began to drift in
late May. All of the isobaths at this latitude were di-
rected approximately north-south, so onshore and
alongshore components of the current are directed to-
ward 090° and 000°T, respectively.

b. Hydrographic observations

Hydrographic observations were made during the
mooring deployment and recovery cruises ( September
1986, February 1987, August 1987) and two additional
cruises (March 1987 and June 1987). On each cruise,
CTD observations (using a Neil Brown Mk III CTD)
were made along sections extending across the conti-
nental margin at the latitudes of most of the shelf-break
moorings, with individual sections completed within
36 hours.

¢. Meterological and sea level observations

The meteorological observations gathered during
LUCIE are described by Forbes and Morrow (1989).
In this paper we use the coastal winds recorded for the
Australian Bureau of Meteorology (BoM ) by local ob-
servers at nine locations, extending from Barrow Island
on the North West Shelf to Albany on the south coast
(Fig. 1), and hourly data from the Fremantle Port Au-
thority. The BoM stations at Learmonth, Carnarvon,
Geraldton and Albany recorded winds every three
hours, but the others recorded the wind only at 0900
and 1500 local time. All data have been filtered to sup-
press variability at periods less than 1.5 days. Except
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for the most northern (Barrow Island and Learmonth)
and southern (Albany) BoM stations, where the mean
and principal axes directions persistently differed from
north, the onshore/alongshore orthogonal axes used
are eastward/northward (090°T/000°T). CSIRO
meteorological buoys moored near the shelf-edge at
29.5° and 34°S provided vector-averaged hourly wind
data during February-April and February-May 1987,
respectively. The low-passed data from these shorter
records agreed well with data from the coastal BoM
stations, providing confidence in the latter. For ex-
ample, during the 58 days of common record, the
equatorward component of the wind at the Carnarvon
BoM station (25°S) had a mean and standard deviation
of 4.1 +2.9 m s~ compared to 3.5 + 3.4 m s~ at the
meteorological buoy off Dongara (29.5°S); the cor-
relation coeficient was 0.7 (significance level >99%).
Wind stresses were computed by Forbes and Morrow

'(1989) assuming neutral stability. Hourly tide gage data

from Fremantle, provided by the Flinders Institute of
Atmospheric and Marine Sciences, were filtered in the
same manner as the current meter data. The atmo-
spheric pressure data from the Cape Leeuwin BoM
meteorological station were added to the sea level data
to give total subsurface pressure (or adjusted sea level).

3. Winds

During LUCIE, the winds along the west coast of
Australia were equatorward in the record means at all
locations except Albany, but there is a clear seasonality
(Fig. 2). The winds are persistently equatorward (i.e.,
upwelling favorable) during the austral spring and
summer (October to March) with typical speeds of 5-
10 m s ~'. During March to mid-May the winds are
more variable in speed and direction but are still equa-
torward on average. In the late fall and winter (May
to August) there is a distinct gradient along the coast:
winds from the northeast at Barrow Island (21°S),
variable winds between 22° and 30°S, and strong rotary
variations south of 30°S, which reflect the passage of
lows near Cape Leeuwin (Cresswell et al. 1989). This
description of the winds is consistent with the classic
wind atlas for the region (KNMI 1949), indicating that
the winds during LUCIE were not anomalous.

Table 1 gives the mean and variance of the along-
shore component of the wind stress for the wind records
shown in Fig. 2. The statistics are given for three 72-
day periods, which are representative of the different
“seasons” of the wind described above, and for the
longest common period (325 days) for most current
meters in the main cross-shelf array off Dongara
(29.5°S).

The wind velocity time series (Fig. 2) show a great
deal of coherence along the coast, on both the seasonal
and synoptic time-scales, with little phase lag. One em-
pirical orthogonal mode represents 60% of the variance
in the alongshore component of the winds in Fig. 2,
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TABLE !. Means and standard deviations of the alongshore wind stress (dyn cm™2) for the three 72-day periods: 2 Nov to 13 Jan (a), 1
Mar to 12 May (b), and 20 May to 31 Jul (c), and for the 325-day period from 18 Sep to 8 Aug (d). Also shown is the orientation of the

positive alongshore component at each location.

Means Standard deviations
Direction
Location T () (b) (©) d () ® (©) (d)
Barrow Is 045 0.57 0.08 —-0.53 0.11 0.42 0.39 0.63 0.67
Learmouth 020 0.66 0.19 0.01 0.33 0.33 0.26 0.17 0.40
Carnarvon 000 0.84 0.32 0.08 0.50 0.39 0.36 0.20 0.48
Shark Bay 000 0.74 0.21 —0.03 0.37 0.13 0.28 0.10 0.44
Geraldton 000 0.35 0.09 —0.06 0.20 0.35 0.24 0.14 0.35
Jurien 000 0.50 0.13 —-0.07 0.28 0.30 0.46 0.33 0.49
Fremantle 000 0.54 0.06 0.07 0.22 0.52 0.46 0.62 0.59
C. Naturaliste 000 0.64 0.22 0.39 0.38 0.54 0.58 1.00 0.72
C. Leeuwin 000 0.66 0.23 0.63 0.31 0.51 0.87 0.84 0.75
Albany 270 0.04 —0.09 —0.19 —0.09 0.48 0.45 0.39 0.44

and accounts for more than 50% of the variance at
each site except Albany. Since the winds are correlated
along the central coast, it is both convenient and pos-
sible to choose a single station as representative. We
have chosen Carnarvon (25°S) since it is upstream (in
the shelf wave sense) of the major current meter arrays
and has both a strong mean and semimajor axis of
variability, with directions within a few degrees of
north. The alongshore component of the wind at Car-
narvon has maximum correlation at 0 lag (C > 0.6)
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with the alongshore component of the winds at the
locations of the other frequently sampled wind records:
Learmonth (22°S), Geraldton (29°S) and Fremantle
(32°S). The Carnarvon wind is also better correlated
than the other wind records with the current data from
the main array at 29.5°S. The variance spectrum for
the alongshore component of the Carnarvon wind (Fig.
3) shows two major peaks: the “seasonal” band (60—
325 days) and the “synoptic” band (6-12 days). In
the 6-12 day band, the alongshore component of the
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FIG. 2. Time series of the wind velocity (m s™!) at 10 locations between 20° and 35°S. Vectors at Barrow, Learmonth,
and Albany are relative to the local alongshore direction of 045°, 020°, and 270°T, respectively; at all other locations
the vectors are relative to true north. The latitudes in degrees and minutes are listed for each location.
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wind is highly coherent and in phase all along the coast.
In general, the characteristics of the Western Australian
coastal winds are similar to those along the ocean’s
other eastern boundaries: upwelling-favorable with in-
creased variability at higher latitudes.

The time series of adjusted sea level at Fremantle is
shown in Fig. 4; an annual cycle dominates with min-
imum sea level in spring and early summer and max-
imum sea level in late autumn and winter. The long-
term records of monthly sea level at Fremantle show
similar behavior but, during LUCIE, the monthly mean
sea levels at Fremantle were lower than the 37-year
means, and anomalously low (by about 0.1 m) during
the austral summer resulting in a greater range than
usual (Alan Pearce, personal communication). The
variance spectrum for the sea level is shown in Fig. 3:
The annual cycle is contained in the 60-325 day band
and is dominant. The other pronounced peak is the
6-10 day band, which is coherent with the “‘synoptic”
band of the wind.

4. Structure of the alongshore flow at 29.5°S and 34°S
a. Currents at 29.5°S

All of the low-passed current records from the Don-
gara array are shown in Fig. 4 (and some statistics for
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these records are given in Table 2). On the shelf (D1),
the mean currents were northwards during summer
but became progressively more southward from Feb-
ruary to July. At the shelf-edge (D2), the currents were
very coherent through the water column. There was a
burst of strong southward flow in November but the
maximum southward flow, up to 75 cm s™!, occurred
during the April/May period, and from late April to
the end of the record, the strength of the southward
current decreased. The strongest currents were observed
at D3, where poleward velocities often exceeded 50 cm
s~! (and on one occasion reached 100 cm s™'), par-
ticularly between mid-February and late May. At the
most offshore mooring (D4), the currents were much
more variable in speed and direction with the most
consistent southward flow at D4 /75 and D4/125 from
March through May. At D4/250 and D4/450, the flow
is predominantly northward and strongest from Oc-
tober to January. Only during December-January did
the Leeuwin Current appear to be absent or very weak.
The geostrophic currents computed from the hydro-
graphic survey in late January and early February,
which extended much farther seaward than the current
meter mooring array, show that the Leeuwin Current
had weakened rather than migrated offshore (Figs. 10
and 15, discussed later in this paper).
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FIG. 3. Variance spectrum for the wind at Carnarvon, and for the adjusted sea level at
Fremantle, calculated from 12-hourly data for the 325 day period beginning 18 September.
Spectral estimates have at least 10 degrees of freedom.
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FIG. 4. Time-series of low-passed current vectors (cm s~ relative to 330°T) measured at moorings of the Dongara
array at 29.5°S: (a) D1, D2, and DM, and (b) D3 and D4. Note that good-quality records from Periods 1 and 2 were
joined, and missing speed data (between 30 November and 17 February at D2/48, and from February through August
at D3/258) were replaced with constant speeds of 10 cm s™!, before the records were low-pass filtered. The low-passed
wind (m s~') at Carnarvon and the adjusted sea level (m) at Fremantle are shown at the top.

To examine the structure of the Leeuwin Current
over the shelf and upper slope off Dongara at 29.5°S,
we show the statistics of the alongshore component of
the currents (Figs. 5 and 6) for the longest possible
common time period (325 days from 18 September

1986 to 9 August 1987), and for the three 72-day pe-
riods representing different “seasons” of the winds. The
325-day means (Fig. 5) show a shallow poleward cur-
rent with a maximum of about 30 cm s~ just seaward
of the shelf break; below 250 m there is an equatorward
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TABLE 2. Statistics of the current u, v (cm s™') and temperature T (°C) data from the Dongara array. For each record, the table shows
the beginning and end dates of the low-passed data record; the number (V) of 12-hourly values; the means and standard deviations of
temperature and of the onshore and alongshore components of the current; the percent variance (%) explained by the first empirical
orthogonal mode of the alongshore current for the 325-day period 18 Sep-8 Aug (which excludes DM, D1/28, D3/250); and the direction
of the vector mean (,,) and the orientation of the principal axis (d,,) of the current in degrees true.

Means Standard deviation
Depth

{m) N T u v T u v % 0, 0pa Record length

D1 28 236 19.56 24 4.7 0.82 4.0 10.8 — 358 347 17 Sep-13 Jan
43 650 20.41 2.0 ~2.4 1.13 6.3 10.8 12 190 176 17 Sep-8 Aug

DM 8 364 22.51 2.2 -17.0 0.79 10.0 21.0 — 143 145 9 Feb-10 Aug
13 364 22.28 4.0 —16.2 0.78 8.4 18.9 — 136 140 9 Feb-10 Aug

D2 48 650 20.96 1.6 -13.7 1.26 49 16.3 48 143 151 17 Sep-8 Aug
72 650 20.69 -0.4 —15.1 1.31 4.8 14.3 40 152 153 17 Sep-8 Aug

92 650 20.50 -3.5 —14.2 1.28 7.1 - 11.0 46 164 166 17 Sep-8 Aug

102 650 20.35 —6.3 -7.8 1.20 9.6 6.6 25 189 222 17 Sep-8 Aug

D3 79 649 20.33 -24 -29.9 1.20 8.1 29.8 83 154 154 18 Sep-8 Aug
129 649 19.41 -1.5 -23.0 1.24 6.2 24.0 85 154 153 18 Sep-8 Aug

250 271 19.28 -3.8 -7.1 0.47 6.4 7.6 — 178 180 17 Sep-31 Jan

D4 75 651 20.16 -8.1 —19.1 1.22 24.2 314 56 173 181 18 Sep-9 Aug
125 651 18.73 -2.6 —-14.1 1.45 13.3 21.9 68 160 166 18 Sep-9 Aug

250 651 14.56 -2.5 4.8 0.98 8.6 12.8 51 302 310 18 Sep-9 Aug

450 651 9.37 —2.4 9.2 0.28 7.5 134 16 316 312 18 Sep-9 Aug

undercurrent with a maximum of 9 cm s~' at adepth  the three 72-day periods. The surface poleward current
of 450 m. Both the mean poleward surface current and is weakest and shallowest (and the equatorward un-
the equatorward undercurrent persist through each of dercurrent is strongest, at 15 cm s™!) during the No-

5 0,
e 0.

X/
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18 September 1986 to 9 August 1987 2 November to 13 January 1987

20km
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1March to 12 May 1987

20 km

800

FIG. 5. The cross-shelf structure of the mean alongshore current off Dongara at 29.5°S, for the longest
common (325-day) period and for three 72-day periods in different seasons. Units are cm s™! with negative
sign indicating poleward flow.
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FIG. 6. The cross-shelf structure of the current variability off Dongara at 29.5°S: The standard deviation
and the first two empirical modes for the 325-day common period, and the first mode for each 72-day

period. Units are cm s,

vember—January period of strongest equatorward (up-
welling-favorable ) winds. The poleward surface current
was most intense (greater than 55 cm s™') and pene-
trated the deepest during the March-May period when
winds were most variable. During the May-July period
when winds were weak or poleward (unfavorable for
upwelling), the surface flow was still poleward, but its
core was no longer confined to the upper slope. Instead,
the poleward flow over the upper slope was weaker,
broader and shallower ( confined to the upper 200 m).
In each period, the mean current was much stronger
over the slope than over the shelf.

Empirical orthogonal functions of the alongshore
current at 29.5°S were computed by calculating the
eigenvectors of the covariance matrix with the means

removed; the eigenvector components were scaled by
the square root of the corresponding eigenvalue to give
units of cm s™'. For the 325-day period and all three
72-day periods, the first mode (Fig. 6) accounts for
about 60% of the alongshore current variance measured
by the current meters in the cross-shelf array. (The
percent of the variance at each current meter which is
explained by the first mode is shown in Table 2 for the
325-day period.) In each period, the first mode repre-
sents fluctuations that have the same sign at all depths
and mooring sites; the amplitude is largest near the
surface just seaward of the shelf-break, and is small
over the midshelf and in the deep water over the slope.
The position of the maximum amplitude coincides
with the core of the mean poleward flow (compare
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Figs. 5 and 6); one has the impression that the first
mode represents variations in the strength of the Leeu-
win Current. The second empirical orthogonal mode
for the complete record (Fig. 6) and for each period
accounts for only about 20% of the variance and
changes sign between midshelf and the offshore moor-
ing; small on/offshore migrations in the position of
the core of the Leeuwin Current could result in this
pattern. Eddies, which are common in this region
(Cresswell and Golding 1980; Griffiths and Pearce
1985), might produce a similar pattern if they approach
the upper slope. However, neither eddies nor offshore
migrations of the Leeuwin Current were resolved with
the LUCIE current meter array due to its limited off-
shore extent. The equatorward undercurrent below 300
m was also not adequately defined by either the current
meter array or the hydrographic surveys.

The variance spectra computed using the 325-day
common period are shown in Fig. 7 for a subset of the
cross-shelf array. The currents over the slope (D3 and
D4) have most of their variance at periods > 12 days,
while at midshelf (D1) most of the variance is at periods
< 12 days. The shelf edge (D2) has a more uniform
distribution of variance with frequency. The Fremantle
sea level and the alongshore currents have a 180° phase
difference (within statistical error) for all periods > 4
days, which is consistent with geostrophy, but the co-
herence magnitudes vary greatly. The coherence of sea
level with D1 is highly significant (>99% level) for all
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periods > 5 days, but with D4 only for periods > 30
days. The variance in the alongshore current over the
midshelf (D1) is very highly coherent (>99% level)
with the Carnarvon wind in both the 6-12 and 30-325
day bands, with the wind leading by about 1 day, and
significantly coherent (>90% level) at all periods except
the 15-30 day band of low variance. One concludes
that the currents inshore of the shelf-edge are forced
directly by the coastal wind. The variance in the cur-
rents at D2, D3 and D4 was also coherent with the
wind in the 6-10 day band (at the 95% level, currents
lagging the wind by 2 + 1 days), but not as coherent
(significance levels > 80%) with the wind in the 30-
365 day band; there were no other periods at which
the coherence was generally significant. The 6-12 day
band is the most energetic band for the wind (Fig. 3);
the high coherence of the currents with the wind is not
surprising but, because of the large alongshore coher-
ence scale (and the small phase differences) of the
winds, it is difficult to determine the relative impor-
tance of local and remote forcing by the wind.

b. Currents at 34°S

For more than six months, current measurements
at the across-shelf array off Cape Mentelle at 34°S ( Ta-
ble 3) were made concurrently with those off Dongara
at 29.5°S. The bottom profiles are distinctly different
at the two latitudes (the outer edge of the shelf is much
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TABLE 3. Means and standard deviations of the current and temperature, and the direction of the mean and principal axis,
and the beginning and end dates of the current records from the Mentelle array at 34°S.

Means Standard Deviation
Depth

(m) N T u v T u v O Opa Record length

M2 76 338 19.95 2.3 -13.7 1.07 4.6 15.6 171 170 12 Feb-31 Jul

M3 171 337 17.67 =715 —16.2 1.76 6.5 14.1 205 186 13 Feb-31 Jul
MM 8 178 21.20 —4.0 —22.8 0.88 9.2 20.4 190 179 12 Feb-12 May
43 214 20.53 0.2 -28.8 0.96 12.0 22.6 180 181 12 Feb-30 May

M4 90 337 24.64 0.0 —23.8 2.58 12.7 240 180 182 13 Feb-31 Jul

160 337 16.88 -0.0 -134 2.05 9.3 20.0 180 172 13 Feb-31 Jul

230 336 14.41 -1.0 -3.2 1.96 6.9 20.3 197 176 13 Feb-31 Jul

320 336 12.14 0.1 3.8 0.94 5.6 22.2 001 358 13 Feb-31 Jul

deeper and the continental slope is much steeper at
34°S), and the sampling at 34°S did not extend as far
out to sea as at 29.5°S (the single slope mooring on
the 700 m isobath at 34°S was only 6 km from the
shelf-edge mooring). As at 29.5°S, the flow at 34°S
was clearly southward on the shelf and near the surface
on the slope (Fig. 8). However, there appeared to be
more variability at 34°S than at 29.5°S.
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FIG. 8. Time series of low-passed current vectors (cm s™! relative
to 000°T) measured at moorings of the 34°S array off Cape Mentelle.
Low-passed winds (m s™') at the MM-buoy and at Cape Naturaliste
are shown at the top.

Means, standard deviations and empirical orthog-
onal modes of the alongshore flow at 34°S were cal-
culated for the second and third 72-day periods used
for the 29.5°S array. During the second period, begin-
ning 1 March 1987, the maximum mean poleward flow
occurred near the surface just seaward of the shelf break
(Fig. 9); the maximum value (33 cm s™!) was not as
large as at 29.5°S (55 cm s™!, Fig. 5) but the poleward
flow did penetrate to a greater depth (to at least 320
m). No shallow data were available from the shelf-
break during the third 72-day period, but the available
data indicate the poleward flow had weakened, as it
had at 29.5°S. The equatorward undercurrent over the
slope was not observed at 34°S during the March-May
period but it was present below 230 m in the May-
July period. .

As at 29.5°S, the current variability at 34°S was
stronger over the upper slope and shelf-break than on
the midshelf (Fig. 9). The amplitude of the first em-
pirical orthogonal mode penetrates deeper at 34° than
at 29.5°S (Fig. 9). As at 29.5°S, the first mode is con-
sistent with variations in the strength of the Leeuwin
Current. In both of the 72-day periods, the time series
of the amplitude of the first mode at 34°S are signifi-
cantly correlated (C > 0.5, significant at the 95% level)
with the first mode at 29.5°S, the latter leading by about
1.5 days.

¢. Hydrographic observations

The Leeuwin Current and its seasonal waxing and
waning can be clearly seen in the repeated CTD sections
at Dongara (Fig. 10). Except for the section made dur-
ing the January-February cruise, these sections show
a surface temperature maximum and a salinity mini-
mum over the upper slope. These surface extrema in-
dicate poleward advection, and are particularly obvious
in March when the poleward flow was strongest
(Fig. 4).

In early February, the isotherms in the upper 400
m were shallowest about 100 km from the coast and
there was a slight downward tilt towards the coast and
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offshore. The large upward tilt of the isotherms deeper
than 400 m suggest equatorward flow along the slope,
consistent with the deepest current meter observations
in December and January (Fig. 4). The salinity section
looks very similar to the temperature section and the
low salinity tongue indicative of Leeuwin Current water
is barely visible. By March, the current meter data (Fig.
4) indicate that the Leeuwin Current was flowing
strongly, and the isotherms and ischalines tilted down
sharply towards the continental slope. A core of high-
temperature /low-salinity water was present just sea-
ward of the shelf break. Below 400 m, the upward tilt
of the isotherms was no longer present (Fig. 10) and
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the equatorward flow along the slope was very weak
(Fig. 4). The high-temperature /low-salinity core con-
tinues to develop and by June the salinity at the shelf
break had fallen to less than 35.4, compared to 35.8
in February. Despite it being winter, the southward
advection maintained the temperatures at almost the
same value in June as in March. The low salinity region
was marked by weak stratification down to 200 m. As
in February, there was an upward tilt of the isotherms
below 400 m. In August and September, the pattern is
very similar to that in June except that the surface tem-
perature has fallen by about 2°-3°C.

Geostrophic velocity sections (Fig. 10) show the off-
shore extent of the Leeuwin Current. Because the cur-
rent meter averages (Fig. 5) show a zero-crossing in
the 200-300 m depth range, we have used a reference
level of 300 db. (Hamon, 1965, also used 300 db as a
reference surface in this region.) These geostrophic ve-
locity sections are consistent with the current meter
observations and show the Leeuwin Current was pres-
ent during all but the January-February cruise, when
winds were most equatorward. By March the flow had
strengthened to a maximum of 80 cm s~ over the
upper slope. By June, the Leeuwin Current was very
strong (>100 cm s™!), but the core was about 120 km
from shore, well seaward of the current meter array.
The maximum poleward flow observed by the current
meter array shifted offshore from D3 to D4 in May,
and the maximum poleward velocity at D4 occured in
early June, with a strong offshore component. In Au-
gust, the poleward geostrophic current was still very
strong but it was confined to a smaller cross-sectional
area. One year earlier in September 1986, the currents
were weaker but slightly broader than during the Au-
gust 1987 cruise. Transport estimates for the Leeuwin
Current at 29.5°S (geostrophic velocities integrated
from O to 300 m depth and across the Leeuwin Current,
Fig. 10, Table 5) range from less than 2 Sv (Sv = 10°
m?®s™!) in summer (February 1987) to more than 5
Sv in autumn and in winter (March, June and August
1987) with an intermediate value in early spring (Sep-
tember 1986).

5. Alongshore structure

The alongshore array of shelf-break current meters
consisted of eight moorings near the 80 m isobath (Ta-
ble 4), including M2 which was deployed only during
the latter half of LUCIE. The actual bottom depths
ranged from 118 m (A2) to 61 m (C2), but all moor-
ings were <3 km from the 80 m isobath. Except for
M2, where the only current meter was 40 m from the
bottom, all moorings had current meters 15 m above
the bottom. At both Dongara (29.5°S) and Cape Men-
telle (34°S) the shelf-edge moorings, D2 and M2, lie
inshore of the core of the Leeuwin Current and show
an alongshore flow about half the seaward maximum
(Tables 2, 3; Figs. 5, 9). The other shelf-edge moorings



334 JOURNAL OF PHYSICAL OCEANOGRAPHY VOLUME 21

2-13 Sept. 1986 I-3 Feb. 1987 14-16 March 1987 T7-9 June 1987 12-14 Aug. 1987
8 23 20
ST o 7T KT ] >
-/9 7 >2y P m— JU'¢| 1 T TNGBE T 2 0
/—/8\/9 4—/8 _,_g-O\"‘*" == J \“. _______ -. _‘é’) 5 |
/6 \\ _\__/6 __//4 20 O 1200
V2 ] S
LIO T T
/\ T—0 {0 {400
8. 4 ]
N— 1
e~ ] / 4\6\__\ leoo
- el g |
1 1 1 1 L 1 1 \I/I 1 1 1 i L 1 1 1 A 1 1 3 i am
356 ) ~
T T T 23 ) T >35 5 T T "|< l)( T >] |\{W!V [51’ Y|<|j|5| 0 E
L ] ) 358 ——15& |
5358 gg’_ig EENG £
jss6 | X 120
) g 35 -
< b Ja0o
46 *
4 j 346 1346
\_/ R 600
’344 | ) 1 1 1 1 Il | 1 L 1 11 L L S' 800
20 -20_ -20 -80-60 30 20 0 0
\ T U‘ \"’ "1 LI T T \ |\\.y‘ W T T :26 l:\\::,,l' i
1 | o <40 1 L 7R ] Vo _/\ 1
19 0 é\\-zo 1 f 203 19 ) -2 4 200
150km 100 G BO W00 80 0 B0 100 80 0 200 150 100 80 160 100 50 — Okm

s |>l <1 4] |<-625v—] 68— |52

FIG. 10. Vertical sections of potential temperature, salinity, and geostrophic velocity (¢cm s™', relative to 300 db) off Dongara, for the
five LUCIE cruises. The extrapolation technique described by Reid and Mantyla (1976) was used to calculate velocities in shallow water.
The alongshore geostrophic transport (Sv) between 75 and 155 km from shore (relative to 300 db) is indicated at the bottom. Dots in the
center panel show the positions of the current meters and indicate the limited offshore extent of the moored array.

were also inshore of the Leeuwin Current core defined
by the geostrophic currents computed from the CTD
sections. The time series of the shelf-edge currents (Fig.
11, and Fig. 8 for M2) show that the currents at all
locations tend to be poleward throughout the obser-
vation period and strongest in the March—May period.
The poleward currents are often in excess of 25 cm
s~!; only at B2, more than 50 km inshore of the 300
m isobath, is the current usually much weaker.

The variance spectra for the longest common period
(258 days) for the alongshore sheif-edge array, A2 to
E2, are shown in Fig. 12 with the equivalent spectra
for the Carnarvon wind and Fremantle adjusted sea
level. Comparing the spectra with those from the across-
shelf array (Fig. 7), one sees that the shelf-edge spectra
(except at D2) have most of their variance at relatively
short periods and thus resemble the spectrum at mid-
shelf (D1) rather than the spectra from the slope.

TABLE 4. Statistics of the current (cm s™') and temperature (°C) data from the alongshore array. For each mooring, the table shows the

beginning and end dates of the low-passed data record; the number (N) of 12-hourly values; the means and standard deviations of temperature
and of the onshore and alongshore components of the current; the direction of the vector mean (6,,) and the orientation of the principal
axis (6,,) of the current in degrees true; and the correlation and lag of the record compared with D2. All the correlations (except those in
parentheses) are significant at the 99% level; a positive lag means the record leads D2 by the given number of days.

Means Standard deviation
Depth

{m) N T U v T u v B - C lag Record length
A2 103 652 22.08 -0.5 —154 1.43 2.6 12.7 202 203 0.31 2.0 23 Sep-15 Aug
B2 65 606 22.29 0.2 —5.7 1.47 6.3 8.9 178 172 0.34 1.0 21 Sep-20 Jul
C2 46 524 20.86 i.1 —-12.7 1.32 3.1 13.4 135 136 0.21) 0.5) 19 Sep-8 June
D2 92 650 20.50 -3.5 —14.1 1.28 7.0 11.0 164 166 — — 17 Sep-8 Aug
E2 70 653 20.37 -6.3 —13.7 1.32 10.1 12.9 185 188 0.33 0.0 17 Sep-9 Aug
F2 58 335 20.10 -3.6 -9.5 0.98 7.2 11.9 201 202 0.30 0.0 13 Feb-30 Jul
M2 76 338 19.95 23 —13.7 1.07 4.6 15.6 171 170 0.29 -1.0 12 Feb-31 Jul
G2 61 254 17.60 —2.0 —6.5 0.39 3.0 9.2 137 129 (0.06) (—0.5) 7 Sep-12 Jan
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FIG. 11. Time series of low-passed current vectors 15 m above the bottom at the seven moorings along the shelf-
edge between 22° and 35°S. Vectors are relative to the local alongshore direction: 020°T at A2, 000°T at B2 and F2,
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August), before the records were low-pass filtered. Units are cm s™!.

However, the band of high variance at the shelf-edge
extends to longer periods (at least 20 days) than at
midshelf. At all shelf-edge locations, the variance in
the 6-10 day band is significantly coherent (significance
levels > 95%) with the Carnarvon wind. In this band,
the shelf-edge currents are also mutually coherent (sig-
nificance levels generally >99% ) and in phase to within
the statistical uncertainty of about 1 day, leading to
the conclusion that the 6-10 day fluctuations in the
currents are locally forced by the coastal winds.
Extended data gaps at some locations make it dif-
ficult to compare the overall average currents, but si-
multaneous current measurements at seven shelf-edge
moorings (including M2) were available for the 72-
day period from 1 March to 12 May. The 72-day av-
erage currents show poleward flow at the shelf-edge
along the entire west coast from 22° to 35°S, while
average winds are equatorward and stronger along the
northern coast than they are south of 27°S (Fig. 13).
Variations in the average current direction reflect the
local coastline and isobath orientation. The strength
of the average shelf-break currents varies within a factor
of three, but this variation seems to be local rather than
large-scale since the largest difference occurs between
neighboring moorings. The largest averages (>15 cm
s ' at A2, D2, E2) during this 72-day period occur at
locations where the upper continental slope is steep
and the shelf-break moorings are less than 10 km from
the 300 m isobath. The smallest averages (<10 cm s™!
at B2, F2, M2) are at locations where the slope is more
gradual and moorings are more than 20 km inshore of
the 300 m isobath. This suggests that the Leeuwin Cur-

rent core at this time of year lies over the upper slope
all along the west coast, as it does off Dongara and
Cape Mentelle.

CTD sections from the March cruise (Fig. 14) sup-
port this inference. Sections at 22°S (A), 25°S (B),
29.5°S (D) and 32°S (Fremantle ) all have a minimum
(weak at Fremantle) in the surface salinity over the
inner slope, and all except B (25°S) also show a max-
imum in the poleward geostrophic velocity there. ( At
25°8S, poleward geostrophic flow is observed father off-
shore on 18-19 March, but the salinity distribution
suggests that its predominant position is over the upper
slope.) The values of surface salinity, both within the
Leeuwin Current and offshore, are significantly higher
along 29.5° and 32°S than they are farther north (Fig.
14}); this is consistent with the eastward advection of
high-salinity subtropical water between 29° and 32°S
discussed by Andrews (1977). At this time of year (late
summer ), offshore surface waters are quite warm, and
a local temperature maximum, congruent with the sa-
linity minimum near the core of the Leeuwin Current,
is observed only in the two southern sections. The axis
of the poleward current seems to be “anchored” to the
bottom near the 100 m isobath, tilting offshore toward
the surface. Thompson (1984, 1987) attributed a sim-
ilarly sloping front to cross-shelf Ekman flux and
alongshore advection. The geostrophic transport of the
Leeuwin Current varies little along the coast in March
(Fig. 14, Table 5), ranging only from 4.1 Sv (at 22°S)
t0 5.3 Sv (at 29.5°S). The similarity of the 22°S section
to those farther south indicates that flow along the
North West Shelf augments the Leeuwin Current at



336 JOURNAL OF

100.

MRRALLLS

T T T TTTY

cm?/s?

PETErE YT B YT

LR AL LL S B B AL

0. sl

T

e aunl

T YT T T

1l

LB R AL |

PN ETTIT MR T

0. PR

LN RRLLL LSRR T TTrT

o~
Cd
~s0. - D2 -
E
(3]
— —
o AT BT R TP
N T T rrllll, T Illllll, T ¢ T 1T
o~
0
& 50,
£
o
-
o. cevnnl o cnd b
1073 1072 10~1 109

FREQUENCY (cpd)

PHYSICAL OCEANOGRAPHY VOLUME 21
8.0 — I
» CARNARVON {
WIND
6.0 _{
- -
Nw
>4obk .
£
- .

20 |- —

0.0 T | AILLIL i1 I_J_Ll_lll N
T
006 |- FREMANTLE
SEA LEVEL

.004 |- J
E - —

.002 L— —

round (IR
_Ooo A I WEETT
1073 1072 10~ 10°

FREQUENCY (cpd)

FIG. 12. Variance spectra for five shelf-break current records, calculated from 12-hourly
data for the 258-day period beginning 23 September. Spectral estimates have at least 8 degrees
of freedom. Comparable spectra for wind and sea level are shown at right.

this time of year; this can also be seen in the
map of the surface geopotential anomaly for March
(Fig. 15). _
Most of the CTD sections from the August 1987
cruise, in the season when average winds are weak (Fig.
2), show a similar structure, with a salinity minimum,
a temperature maximum and a poleward geostrophic
velocity maximum over the upper slope (Fig. 16). The
temperature contrast between the maximum at the core
of the poleward current and the surface waters offshore
increases downstream: from <1°Cat A (25°S)to >2°C
at M (34°S), and >5°C at G (35°S). Surface salinities
within the current and offshore increase between 25°
and 34°S, indicating onshore advection of subtropical

water (Andrews 1977). Surface waters offshore at G
are significantly cooler and fresher than those at D and
M, while the temperature and salinity of the Leeuwin
Current core remain more nearly the same. Thus, at
G (and farther east along the south coast, Godfrey et
al. 1986) the advective signature of the Leeuwin Cur-
rent is a local maximum in both temperature and sa-
linity over the inner slope. Only in the most northern
CTD section (22°S) is there no temperature maximum,
salinity extremum, or poleward flow over the upper
slope; if the Leeuwin Current is present at this latitude
in August, its core is about 150 km offshore. The pole-
ward transport (>3 Sv) centered 150 km offshore is
greater than the equatorward transport ( 1 Sv) inshore;
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FIG. 13. Mean current and wind vectors for the 72-day period of 1 March to 12 May when the Leeuwin Current has its seasonal
maximum strength. Left: winds at coastal stations and the MM buoy. Middle: currents 15 m above the bottom at the shelf-break
moorings. Right: currents at the shallowest instrument which was more than 25 m below the surface on the moorings off Dongara
(29.5°S) and Cape Mentelle (34°S). Scales are 2° latitude equals 2 m s~! for wind and 25 cm s™! for current.

the map of surface dynamic topography (Fig. 15) sug-
gests it has an onshore component. The circulation in
September 1986 was similar (Fig. 15).

We have computed the geostrophic onshore trans-
port through the sections defined by the most offshore
stations on each of the lines shown in Fig. 15 (Table
5). Throughout the year, there is significant onshore
transport (relative to 300 db) between A and D, i.e.,
eastward transport between 22° and 30°S. The trans-
ports in September 1986 and August 1987 are in close
agreement (6.5 and 6.6 Sv, respectively); the transport
in March is less (4.5 Sv). The wind-driven Ekman
transports through the same lines were calculated by
averaging the coastal wind stress data over 36-day pe-
riods encompassing each cruise. Except in January-
February, the Ekman transport is negligible in com-
parison with the geostrophic transport, even if the wind
stress values used for computing the Ekman transport
have been underestimated by a factor of two.

The alongshore transport has been computed ( Table
5) through each of the cross-shelf sections, both for the
entire section, which extends beyond the Leeuwin
Current, and for a ““subjective” estimate of the width

of the Leeuwin Current (Table 5). The transport of
the Leeuwin Current is fairly uniform between 25°
and 34°S. Except for the low alongshore transport val-
ues in February, there is little “seasonal” variation in
the alongshore transport (Table 5). The low geo-
strophic velocities in February are consistent with the
current meter data in January (Fig. 4) although by the
end of the CTD cruise (14 February) the currents are
strong.

One plausible “seasonal” variation emerges from the
above discussion. The late winter cruises (September
1986 and August 1987) show weaker poleward flow
through A (22°S) and stronger onshore flow between
A and D (22°-30°S) than the early autumn cruise
(March 1987). Thus, in late winter the Leeuwin Cur-
rent seems to be fed primarily by subtropical offshore
surface waters. The large alongshore transport through
A in March (early autumn ) suggests the augmentation
of the Leeuwin Current by flow from the North West
Shelf region at that time. This seasonal pattern is con-
sistent with local current measurements on the North
West Shelf in 1982 and 1983 (Holloway and Nye
1985), and with the large-scale seasonal variation of
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the hydrographic fields around Western Australia de-
scribed by Godfrey and Ridgway (1985).

6. Discussion

There is general agreement that the Leeuwin Current
is generated by the anomalously large (compared with
other eastern boundaries of the ocean) meridional steric
height gradient in the eastern South Indian Ocean: The
alongshore pressure gradient overwhelms the equator-
ward wind stress. This was pointed out by Thompson
(1984) and by Godfrey and Ridgway ( 1985) and used
in a number of recent models (McCreary et al. 1986;
Thompson 1987; Weaver and Middleton 1989; Batteen
and Rutherford 1990).

The LUCIE CTD (hydrographic) cruises in Sep-
tember 1986, and February, March, and August 1987
had a meridional extent of at least 1000 km and provide
a basis for estimating the alongshore pressure gradient.
Figure 17 shows the alongshore profile of the geopo-
tential anomaly at the first stations seaward of the 2000
m isobath; at 30°S, this station was just seaward of the
edge of the Leeuwin Current and about 85 km seaward
of the 100 m isobath. The geopotential anomaly (steric
height) of the sea surface relative to 300 db increases
to the north, indicating a tendency for onshore geo-
strophic flow at the surface. At deeper levels, e.g., at
450 m (the level at which the D4 mooring showed net
equatorward flow), the geopotential anomaly relative
to 1300 db decreases to the north, indicating weak off-

shore geostrophic flow at this depth. The large-scale
alongshore gradient of geopotential anomaly at the sea
surface changed little during LUCIE; the least squares
estimate of the gradient relative to 300 dbis 2.6 (+0.2)
X 107 m s72. [Hamon (1965) commented on “the
importance of the upper 300 m in determining the
surface dynamic topography” in the region and noted
that the mean dynamic topography gradient of the 300
db surface relative to a deeper surface (1750 db) is
small and opposite to that of the surface (—0.5 X 10~°
m s~2). In our case the slope of the 300 db surface
relative to 1750 db is —0.2 (+0.2) X 107% m s~ 2, which
is essentially level, while the slope of the 450 db surface
relative to 1750 db is —0.4 (£0.2) X 107 m s 2, op-
posite to the surface slope.]

The results from LUCIE (Fig. 17) are almost iden-
tical with those presented by Hamon (1965; relative
to 300 db in his Fig. 14) which were based on five
“seasonal” cruises in 1962 and 1963 along 110°E be-
tween 9° and 32°S. There is little or no evidence of
seasonal variability in either study. The zonal profiles
of geopotential anomaly at 30°S (Fig. 17) show an
increase toward the coast at the sea surface, and a slight
decrease toward the coast at depth. There is consid-
erable “seasonal’ variability in the surface geopotential
anomaly at stations near the shelf-edge, but even here
the alongshore gradient varied little, ranging from 2.1
(£0.2) X 107 m 572 in February 1987 to 2.6 (+0.4)
X 1078 m s~2 in September 1986 along the 500 m iso-
bath.
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Given the persistent alongshore pressure gradient, is
the poleward flow along the inner slope and outer shelf
essential for a dynamical balance? We can test the bal-
ance suggested by Thompson ( 1987): The alongshore
pressure gradient is balanced by the alongshore wind
stress and bottom friction acting on the poleward flow,

and the net onshore transport is brought to zero near
the shelf-edge:
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s~!) obtained by vertically integrating the geostrophic velocity

relative to 300 db. The onshore transports are across the lines joining the most offshore stations of the principal CTD sections, (the length
of each line in km is given); entries in italics give the corresponding wind-driven surface Ekman transport. The alongshore transports (negative
poleward) are between the 80 m isobath and the most offshore station of each section (with their separation in km) entries in italics are
estimates of the Leeuwin Current transport (and the separation between stations spanning it).

Onshore transports

AtoB BtoD DtoM Mto G
(22°-25°S) (25°-30°S) (30°-34°S) (34°-37°S)
Sep 1986 2.0 (340) 4.5 (670) —0.1 (440) —0.2 (330)
-0.3 -0.2 —0.1 0.1
Jan-Feb 1987 — 2.2 (680) 1.0 (430) -0.2 (370)
-0.6 —-0.4 -0.3
Mar 1987 2.2 (340) 2.3 (680) 0.5* (250) —
-0.2 -0.2 —0.1
Jun 1987 — — 1.0 (430) 1.2 (300)
0.1 0.2
Aug 1987 4.4 (330) 2.2 (690) 1.2 (430) -0.1 (370)
-0.03 0.03 0.01 0.04
Alongshore transports
A (22°S) B (25°S) D (29.5°S) M (34°S) G (35°S)
Sep 1986 1.6 (203) —2.7(255) —4.8 (157) —0.6 (193) 0.0 (33)
- —4.2(115) —4.1(50) —1.6 (36)
Jan-Feb 1987 — —2.4 (255) —1.3(160) —1.2 (184) —-0.4 (179)
—-1.8(59) —1.4(50) —1.3 (28) —-0.8 (31)
Mar 1987 —4.0 (203) —3.1(254) —5.9(178) —4.4* (186) —
—4.1(92) —4.2(131) —6.2(102) —4.6* (84)
Jun 1987 —_— —6.5 (158) —-4.2 (152) —4.2(71)
—6.8 (88) —=5.1 (114) —4.2(71)
Aug 1987 —1.4 (330) —4.9 (264) —4.7 (161) —=5.0 (194) —5.0 (180)
~3.7(115) =5.2(89) —4.4 (63) —4.9(73)

* Because there was no M section on this cruise, we used a section near Fremantle (32°S) instead.

where ¢ is the geopotential anomaly (dynamic height),
B is the bottom depth, 7,,” is the wind stress, and 75"
is the bottom stress, Cp is a dimensionless drag coef-
ficient, and v is the velocity above the bottom boundary
layer.

The first term on the right-hand side of Eq. (2) is
the vertical integral of the alongshore gradient of geo-
potential anomaly and represents the onshore geo-
strophic transport in the layer extending from the sur-
face to the bottom. To estimate this term, we rewrite
it as the alongshore gradient of the vertically integrated
geopotential anomaly between the surface and some
depth Z, i.e.,

0 0
f (8¢ /0y)dz = a(f ¢dz)/dy = dP/dy, (3)
z z

where P(Z) = f g ¢ dz can be evaluated at each CTD
station for various values of Z. Its alongshore gradient,
0P/ dy, can be estimated by regression of P on latitude.
Figure 18a shows the value of dP(Z)/dy as a function
of the layer depth Z, calculated from stations just off-
shore of the 2000 m isobath using a reference level of
1300 db: its maximum value lies between 200 and 250
m, and its value at 1300 m is essentially zero (0.4 + 1.2

X 1074 ms~2). At depths shallower than the maximum
0P(Z)/dy, the geostrophic flow is onshore, and at
deeper depths the geostrophic flow is offshore (see also
Fig. 17). Near the 2000 m isobath, the onshore trans-
port is approximately balanced by the offshore trans-
port. Near the coast, where the bottom depth is less
than 250 m, the onshore geostrophic transport must
be balanced entirely by offshore Ekman transport in
the surface and bottom layers if the flow regime is uni-
form along the coast. The maximum v would occur
over the isobath corresponding to the depth for which
dP/dy is a maximum (Thompson 1987).

To evaluate the terms in Eq. (2) near the core of
the Leeuwin Current (Table 6), we used the CTD sta-
tions along the 500 m isobath to estimate dP/dy by
integrating the geopotential anomaly relative to 300
db from the sea surface to 200 m; the alongshore profile
of Pis shown in Fig. 18b. The wind stress was estimated
by averaging the wind stress time-series of all stations
between Carnarvon and Cape Naturaliste for 36-day
periods encompassing each CTD cruise. The bottom
stress given in Table 6 is that required to balance the
other two terms of Eq. (2), and the inferred current,
v;, is estimated by assuming a square-law for bottom
stress (75” = Cp|v|v) and a dimensionless drag coef-
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ficient of 1.5 X 1073, Both the inferred currents (v,)
and 36-day averages of the observed currents (v, ) over
the 300 m isobath (the D3 mooring) are shown in
Table 6.

Profiles of the vertical integral (0 to 200 m) of geo-
potential anomaly (relative to 300 db) along the 500

m isobath (Fig. 18b) show that the general alongshore
trend during each cruise is about the same as the slope
of the least-squares fit to all the data, ie., 2.5 = 0.5
X 10~ m s 2. During the February and March cruises,
local gradients are quite uniform along the coast, but
in June, August and September, some local gradients
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FIG. 18. (a) The value of dP(Z)/dy in units of 10~*

m? 572

, as a function of the integration

depth, Z. Values and confidence limits at each 50 m depth increment were obtained by linear
regression (on latitude) of the vertical integral of the geopotential anomaly relative to 1300 db
for stations offshore of the 2000 m isobath (same stations as in Fig. 17). (b) Alongshore profiles
of the vertical integral (0 to 200 m) of the geopotential anomaly relative to 300 db, for stations
along the 500 m isobath, for the five hydrographic cruises. The regression line (dashed) was
calculated from the combined dataset of 27 stations.
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TABLE 6. Estimates of terms in the alongshore momentum balance during the five hydrographic cruises. The first column is the vertical
integral (0 to 200 m) of the alongshore gradient of geopotential anomaly (relative to 300 db) between the 500-m-isobath stations on the D
and M lines (29.5° and 34°S); the large-scale gradient (estimated by least-squares fit for each cruise) is shown in parentheses. The wind
stress (r") is the alongshore-averaged stress for a 36-day period including the CTD cruise. The bottom stress (7°) is the difference between
the first two columns, v; is the alongshore current inferred from this bottom stress, and v, is the 36-day average current at D3/129. The
bottom row uses the gradient obtained by least-squares fit over all cruises, and the 325-day average values for 7* and vy.

dP/oy ™ T v; Vg
(X10™ m?s7?) (ms™)

September 1986 6.4 0.2 6.2 —0.64 —
(2.8 £0.6) (0.2) (2.6) (—0.42)

Jan-Feb 1987 2.7 0.7 2.0 —-0.36 -0.19
(2.0+0.2) (1.3) (—0.29)

March 1987 3.3* 0.3 30 —0.45 -0.44
(1.9 +0.3) (1.6) (-0.33)

June 1987 2.7 —0.1 2.8 —0.43 -0.21
(5.3 £ 2.8

August 1987 2.7 0.0 2.7 -0.42 —_
(2.4 £ 0.5) 2.4) (—0.40)

Overall 2505 0.3 22 -0.38 —0.30

* Since there was no M line on this cruise, a station at 32°S was used instead.
* This estimate is based on only three stations: at 29.5°, 34° and 35.2°S.

differ appreciably from the overall trend; in September
the local gradient between 29.5°S and 34°S is about
twice the large-scale gradient ( Table 6). Such strong
local gradients probably reflect meanders or eddies of
the Leeuwin Current. For example, the offshore posi-
tion of the Leeuwin Current core off Dongara in June
(Fig. 10)is reflected in the high values of the integrated
geopotential anomaly over the 500 m isobath at both
29.5° and 34°S (Fig. 18), and the rapid drop in inte-
grated geopotential anomaly between 34° and 35°S
indicates the Leeuwin Current turning inshore there;
observations farther downstream (Cresswell and Pe-
terson 1991) show the Leeuwin Current near the shelf-
break at this time. Apart from such local variations in
the alongshore gradient, the LUCIE data show no sig-
nificant “seasonal’ variation in the first term of Eq.
(2), P/3y. In contrast, Godfrey and Ridgway (1985)
obtained a large seasonal variation in dP/dy between
22.5° and 32.5°S from historical hydrographic data;
their Fig. 11 shows that dP/dy, using a larger vertical
interval (0 to 450 m) and the geopotential anomaly
relative to 1300 db, varies from —0.2 X 107* m s~ 2 in
January to 2.6 X 107 m s~? in May. With the same
integration depth and reference level as Godfrey and
Ridgway, the LUCIE data yield an overall value of
1.7 (+0.8) X 107* m s~2 with no seasonal variation.
The discrepancy is intriguing. Closer examination
shows that Godfrey and Ridgeway (1985) are in agree-
ment with the LUCIE data, and with Hamon (1965),
in having no seasonal variation in the alongshore gra-
dient of steric height at the sea surface; the seasonal
contribution to their estimate of dP/dy is from sub-
surface levels, where the alongshore gradients are
smaller and sampling noise is relatively large. Godfrey
and Ridgway (1985) used all available data, including

XBTs, to estimate P at the center of 5° X 2.5° rect-
angles, whereas the estimates for LUCIE are calculated
directly from CTD stations along a common isobath.
There is some evidence that LUCIE took place in an
anomalous year (discussed in Conclusions) and the
resolution of the question whether dP/dy usually varies
seasonally enough to significantly affect the balance in
Eq. (2) requires a few years of repeated CTD obser-
vations over the continental slope.

The LUCIE CTD sections off Dongara at 29.5°S
(Fig. 10) provide evidence that the Leeuwin Current
does vary seasonally, with geostrophic transports rang-
ing from <2 Sv in February to >6 Sv in March and
June (Table 5). In March, the core of the Leeuwin
Current was near the shelf break (Fig. 10), and is re-
flected in strong currents at D3 (Fig. 4); in June, the
Leeuwin Current was farther offshore, and currents at
D3 were relatively weak (Fig. 4). From Table 6 we
conclude that the seasonal variation of the Leeuwin
Current may be caused by the alongshore wind stress,
which varies from near zero in June and August to 0.7
dyn cm™? in February. However, current and wind
measurements must be made for more than a year to
establish a causal seasonal relationship with confidence.
The wind stress values in Table 6 were calculated from
coastal wind data assuming neutral stability (Forbes
and Morrow 1989), and may underestimate the actual
wind stress over the Leeuwin Current. The coastal
winds in the October to February period of relatively
strong equatorward winds (Fig. 2) are low compared
with historical ship observations (KNMI 1949) and
the ship’s log for the February cruise. As a result, we
probably overestimate the bottom stress required for
dynamical balance, and hence the inferred current, for
February (Table 6).
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The drag coefficient, Cp, used to obtain the inferred
velocity from bottom stress, was assumed constant in
Table 6; however the actual bottom stress near the shelf
break probably depends on the amplitude of long-pe-
riod (12-20 s) surface waves (Grant and Madsen 1979;
Grant et al. 1984). No wave measurements were made
off Western Australia during LUCIE, but wave-climate
data from the west coast of Tasmania show the 12-20
s surface wave energy to be small in summer and large
in winter (John Reid, personal communication ); this
suggests that Cp > 1.5 X 1073 in June, August and
September, and hence that values of v; for these months
are probably overestimates.

The 36-day averages of the currents measured at D3/

129 (available only for the February, March and June
cruises, since current meters were deployed or recov-
ered on the other two cruises) are in qualitative agree-
ment with the inferred bottom currents. Table 6 shows
the inferred bottom velocity is poleward between 0.2
and 0.7 m s™! in all cases, i.e., generally consistent with
average velocities in the core of the Leeuwin Current
(Tables 2, 3; Figs. 5, 9). Given the uncertainties in the
wind stress and the appropriate drag coefficient for
bottom stress, the agreement between the inferred ve-
locities and those observed during LUCIE is as good
as we might expect. We conclude that the LUCIE data
are consistent with the proposed momentum balance
[Eg. (1)] on seasonal and longer time scales.

One consequence of this momentum balance is the
diminution or suppression of coastal upwelling under
the equatorward winds. The onshore geostrophic flow
near the surface is sufficient to overwhelm the offshore-
directed Ekman transport: From Fig. 18 we see that
the onshore geostrophic transport in the upper 50 m,
viz., f ~'1dP/dy, is 1.4 m* s™! per alongshore meter; the
Ekman transport, f ~'7,”, using the average wind stress,
7,/ = 0.3 dyn cm™2, is —0.4 m® s™! per alongshore
meter. The CTD data during LUCIE indicate that the
surface layer over the outer shelf and upper slope is
nearly homogeneous to a depth of at least 30 m in
summer (January/February) and to more than 100 m
in winter (September, June and August). Even if the
Ekman transport was concentrated in a shallower layer
(20 m), the onshore geostrophic transport in this shal-
lower layer would be enough (0.6 m®*s™' m™") to sup-
press any net offshore transport in the surface layer,
and hence coastal upwelling, except during very high
wind speeds (7, = 1 dyn cm™?). Thus, the alongshore
pressure gradient is the cause of the lack of coastal
upwelling along the western Australia coast. Suppresion
of upwelling due to an alongshore pressure gradient is
unusual in other eastern boundary regions, but has also
been observed off Peru during El Nifio (Huyer et al.
1987).

Our analysis of the momentum balance [Eq. (1),
Table 6] indicates that bottom friction plays an im-
portant role in the dynamics of the Leeuwin Current.
To investigate this further, we examine the vertical
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profile of the current at the shelf-break moorings, D2
and DM, which together provided measurements at
six depths from February to August 1987. (Unfortu-
nately, vertical coverage was poor at D3 and D4, near
the core of the Leeuwin Current). Profiles are shown
(Fig. 19) for two 72-day periods representing the season
of moderate upwelling-favorable winds and the season
of weak alongshore winds. (Data above 48 m were not
available for the earlier season of strong upwelling-fa-
vorable winds). The mean alongshore current is nearly
independent of depth between 8 and 92 m, though
there is a suggestion that the mean positive wind stress
(0.32 dyn cm™2 at Carnarvon ) retards the surface cur-
rent in the March-May period. Near the bottom, the
strength of the alongshore current decreases rapidly,
from about 18 cm s~! at 92 m, to 8 cm s~! at 102 m,
and (presumably) to zero at the bottom (107 m). The
mean currents have a strong offshore component near
the bottom in both seasons. The profile of the along-
shore current suggests the thickness of the bottom
boundary layer is between 15 and 33 m in both seasons,
but the depth of the layer with u < 0 is greater during
the March-May period than during the May-July pe-
riod in spite of stronger stratification during the former
(Fig. 19). The offshore flow in the bottom boundary
layer is stronger in the May-July period than the
March-May period (although the alongshore flow is
weaker), perhaps because of stronger bottom drag in-
duced by long-period surface waves generated by winter
storms over the Southern Ocean. We can estimate the
drag coefficient, Cp, from the total offshore transport,
M.z, between the bottom and the depth at which u
=0, assuming M,z = f ‘1 = f7'Cpv?. For the
March-May period, we obtain a value of Cp = 1.5 X
1073 (using v47, where u = 0) or Cp = 2.9 X 1073
(using vg,, 15 m above the bottom); for the May-July
period, Cp = 9.0 X 1073 (using v7,, where u = 0), or
Cp = 5.6 X 1073 (using vo,). These values are all within
the range of Cj, observed in other shelf regions (Winant
and Beardsley 1979). Clearly, there is considerable un-
certainty in the actual bottom drag, but it is definitely
greater during the May-July (winter) period, consistent
with the surface wave climate.

At depths shallower than 60 m, the mean currents
at D2 (Fig. 19) are weakly onshore, with speeds of a
few cm s~!, consistent with the positive alongshore
pressure gradient (Figs. 17, 18). Near the surface, the
mean onshore flow is retarded or reversed by wind-
driven offshore transport in a thin Ekman layer. The
“wind-driven” offshore transports above 13 m (esti-
mated at 0.56 m? s™! in the March-May period and
0.23 m? s~! in the May-July period, by extrapolating
the lines connecting u,3 to ug and 147 to ©y3) are greater
than those estimated directly from the wind-stress data
of Table 1 (e.g., 0.44 and 0.11 m? s™! for the March-
May and May-July periods, respectively, using the
wind stress at Carnarvon); this provides further evi-
dence that wind stress has been underestimated. In the
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are poleward or offshore.

March-May period, the onshore transport of 0.47 m?
s~! (calculated by assuming that u varies linearly be-
tween current meters) is less than the total offshore
transport (1.65 m? s™'); the apparent deficit would
disappear if the actual mean u between 13 and 47 m
were 3.5 cm s™! greater than our estimate—this is a
definite possibility given the absence of data in this
layer. Perhaps fortuitously, during the May-July
period, the total onshore transport (2.3 m? s™')
very nearly balances the total offshore transport
(2.2m?s™).

The offshore transport in the bottom Ekman layer
is expected to be even greater along the upper conti-
nental slope between D2 and D3, where the average
alongshore velocity is 50%-100% stronger (Fig. 5).
Offshore velocities of 5 to 10 cm s ™! in an Ekman layer
along the steep bottom slope (2% between D2 and D3)
will have a vertical velocity component of ~0.1 to —0.3
cm s (—80 to —250 m day™"). Such downward ve-
locities are stronger than those occurring during typical
coastal downwelling events driven by poleward winds,
and must be important in downwarping isopycnals and
isotherms, and in maintaining the bowl-shaped con-
tours observed in winter, e.g., off Dongara in Septem-
ber, June and August (Fig. 10) and along the B, D, M,
and G lines in August (Fig. 12). As indicated by
Thompson ( 1987), the strong bottom Ekman transport
and downwelling are also mechanisms for maintaining
and intensifying the negative onshore density gradient,
and hence, through geostrophy, the vertical shear and
the poleward surface current.

7. Conclusions

The nearly year-long current meter measurements
made across and along the shelf edge off Western Aus-
tralia between September 1986 and August 1987, and
the associated CTD surveys, showed poleward flow (the

Leeuwin Current) above 250 m throughout the year.
A narrow equatorward undercurrent along the conti-
nental slope was apparent in the current meter data
between 250 and 450 m, but not clearly resolved in
the CTD sections. Although there was seasonal varia-
tion, the poleward Leeuwin Current flowed during all
seasons. Throughout the year, and along the entire
Western Australian coast, there is a local temperature
maximum at the core of the Leeuwin Current. At lat-
itudes north of about 32°S, the core of the Leeuwin
Current forms a salinity minimum. Between 29° and
34°S, the Leeuwin Current seems to entrain high-sa-
linity subtropical waters from offshore. Farther pole-
ward, offshore waters are relatively fresh and the core
of the Leeuwin Current appears as a salinity maximum
as well as a temperature maximum. The Leeuwin Cur-
rent was strongest near the shelf edge in late summer
and early autumn (March-May) and farther seaward
in winter (June-August ). It was weaker, and near the
shelf edge, in spring (September-December) and al-
most vanished in early summer (January). The sea-
sonal variation seems to be due to the seasonal variation
in the wind stress, which is most strongly equatorward
in spring and summer, rather than to any seasonal
variation in the alongshore pressure gradient. The
alongshore pressure gradient was nearly the same for
the five CTD surveys (there was no cruise during spring,
however) and agreed with Hamon’s (1965) ecarlier
“seasonal” study.

The strong, narrow Leeuwin Current depends on
the alongshore pressure gradient of the Eastern Indian
Ocean, which “drives” an onshore geostrophic trans-
port in the upper 250-300 m, between about North
West Cape (22°S) and Cape Leeuwin (35°S). Offshore
of the upper continental slope, and offshore of the
Leeuwin Current core, the onshore transport in the
upper layer is balanced by offshore transport in a deeper
layer; the vertically averaged geostrophic transport
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across the 2000 m isobath (relative to 1300 or 1750)
is close to zero. Near the shelf break, the onshore geo-
strophic flow of the upper layer cannot be balanced by
offshore geostrophic transport, and is greater than the
offshore Ekman transport in the surface layer due to
the equatorward wind stress. Instead the onshore
transport is balanced (or nearly balanced) by offshore
Ekman transport in the bottom boundary layer under
the poleward Leeuwin Current.

LUCIE was conducted during an apparently “nor-
mal” period in terms of wind stress and alongshore
gradient of the surface dynamic height. However, Alan
Pearce (personal communication ) has pointed out that
the Southern Oscillation Index (SOI), the subsurface
temperature on the continental shelf monitored near
Rottnest Island (32°S), and the monthly mean sea
levels at Fremantle were all lower during 1986 and
1987 than their long term mean. These have been used
as indices of the strength of the Leeuwin Current by
Pearce and Phillips (1988), and would indicate a
weaker than average Leeuwin Current during the LU-
CIE experiment. Indeed, Fremantle sea level was at its
lowest during December to February, which was the
period when the Leeuwin Current was weakest. Since
LUCIE was the first study to make quantitative esti-
mates of the transport of the Leeuwin Current, a quan-
titative relation between the indices and the transport
does not yet exist. Whether the Leeuwin Current during
“normal” SOI times has a transport significantly greater
than the 4 to 5 Sv measured during LUCIE is unknown.
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