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ABSTRACT
To determine the possible importance of ENSO events along the coast of South Australia, an exploratory
analysis is made of meteorological and oceanographic data and output from a global ocean model. Long
time series of coastal sea level and wind stress are used to show that while upwelling favorable winds have
been more persistent since 1982, ENSO events (i) are largely driven by signals from the west Pacific Ocean
shelf/slope waveguide and not local meteorological conditions, (ii) can account for 10-cm changes in sea
level, and (iii) together with wind stress, explain 62% of the variance of annual-averaged sea level. Thus,
both local winds and remote forcing from the west Pacific are likely important to the low-frequency shelf
edge circulation. Evidence also suggests that, since 1983, wintertime downwelling during the onset of an El
Niño is reduced and the following summertime upwelling is enhanced. In situ data show that during the 1998
and 2003 El Niño events anomalously cold (10.5°–11.5°C) water is found at depths of 60–120 m and is more
than two standard deviations cooler than the mean. A regression showed that averaged sea level can provide
a statistically significant proxy for these subsurface temperature changes and indicates a 2.2°C decrease in
temperature for the 10-cm decrease in sea level that was driven by the 1998 El Niño event. Limited currentmeter observations, long sea level records, and output from a global ocean model were also examined and
provide support for the hypothesis that El Niño events substantially reduce wintertime (but not summertime) shelf-edge currents. Further research to confirm this asymmetric response and its cause is required.

1. Introduction
It is now well recognized that El Niño–Southern Oscillation (ENSO) events can have an important impact
on both the ocean circulation of the western shelves of
the Americas (e.g., Kosro 2002; Pizarro et al. 2001) and
lead to a significant reduction in marine productivity
(e.g., Etnoyer et al. 2004). The importance of ENSO
variability to coastal sea level along Australia’s west
and southern shelves was recognized some time ago by
Pariwono et al. (1986). However, it is only recently that
ENSO events have been shown to be important to the
strength of the Leeuwin Current (Feng et al. 2003) and
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of likely importance to shelf-slope currents and commercial fisheries of the region (Clarke and Li 2004; Li
and Clarke 2004). Indeed, we show here that El Niño
events lead to enhanced upwelling along Australia’s
southern shelves, the opposite to that found along the
Americas. However, with the exception of the sea surface height (SSH) analysis of Li and Clarke, almost
nothing is known about the impact of ENSO events on
the circulation along Australia’s southern shelves.
These extensive zonal shelves (Fig. 1) host a circulation that is affected by seasonally varying zonal winds
and by the Leeuwin Current. In the south, the 4-yr
period Antarctic “Circumpolar Wave” (ACW) modulates sea surface temperature (SST) by around 0.5°C,
although the effect of this wave on the circulation is
unknown (e.g., White and Peterson 1996). In addition,
the equatorward Sverdrup transport in the Southern
Ocean drives the Flinders Current, which is a “north-
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FIG. 1. Location map for the region. The boxed regions to the west of Kangaroo Island and Robe denote the ⬃2° ⫻ 2°
NCEP regions from which heat fluxes and winds were obtained. The regions bounded by the H off Kangaroo Island and
Robe and Esperance denote the approximate regions for which satellite SST data was obtained. The approximate
locations of the moorings R and S in Table 2 are indicated. The 200-m isobath is indicated.

ern” boundary current that appears trapped to the shelf
slope at depths of 600–1200 m (Middleton and Cirano
2002). The summer winds drive a mean westward shelf
circulation and upwelling off Kangaroo Island and the
Bonney Coast (Robe) (Griffin et al. 1997; Hahn 1986;
Middleton and Platov 2003; McClatchie et al. 2006).
During winter, the winds and shelf circulation reverse
and are directed to the east. In conjunction with strong
cooling, water is mixed and downwelled to 200 m or so
(Godfrey et al. 1986).
There are two possible mechanisms by which El Niño
events can affect this circulation. The first is through
changes in the local meteorology. Voice (1984) suggested that eastward zonal winds here would be reduced during El Niño winters. Schahinger (1989) invoked this change as an explanation for the marked
reduction in the mean winter eastward currents found
off the Bonney Coast.
The second mechanism for ENSO-related changes to
the shelf circulation was advanced by Allan Clarke and
coworkers (e.g., Clarke and Van Gorder 1994; Pizarro
et al. 2001) and involves the propagation of ENSO signals along the waveguide of the shelf slope. Near the
equator, Clarke assumes that the ENSO signals may be
well approximated by two internal Kelvin wave modes.
The external deformation radius here is large, sea level
gradients small, and little energy is assumed scattered
into barotropic shelf modes. For the western Pacific
Ocean, such internal waves are trapped to the shelf
break (⬃200 m isobath) that is continuous from northern Papua New Guinea to Darwin. Thus, a waveguide
exists to transmit the ENSO signals to the western and
then southern Australian shelves. Clarke and cowork-

ers then use a linear model to advance the signal poleward. Comparison of the model results with shelf-slope
current-meter and sea level data from the west coast of
South America has revealed some strengths and weaknesses of this theory (Pizarro et al. 2001).
We do not have enough long time series of data to
verify these theories and predictions, but through a variety of data and sources, we examine the following
hypotheses and, generally, the relation of ENSO-driven
shelf signals to local winds, shelf currents, sea level, and
upwelling.
In section 2, an analysis of sea level and winds for the
region leads us to our first hypothesis:
(i) While upwelling favorable winds in the eastern
Bight have been more persistent since 1982, local
ENSO-related events are driven largely through the
shelf waveguide from the west Pacific.
In section 3, we examine observations of ocean temperature that lead us to our second hypothesis:
(ii) Since 1983, wintertime downwelling of the thermocline is reduced during the onset of an El Niño
and the following summertime upwelling of the
thermocline is enhanced.
In section 4, we examine the available current-meter
data, which lead to the third related hypothesis:
(iii) El Niño events can substantially reduce wintertime
(but not summertime) shelf-edge currents.
In section 5, support for these hypotheses is given in
a brief analysis of the output of the Parallel Ocean
Program (POP) global model (Maltrud and McClean
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2005). We also speculate that the asymmetry in the
summer and winter responses to El Niño events may
well arise from thermohaline effects.

2. Wind stress, ENSO, and sea level
We consider first the observations for winds (Kangaroo Island region), ENSO, and sea level, where for the
latter 40-yr coincident records are available. The sea
level data will supplement those for shelf currents and
upwelling in the analysis below. In the following, we
extend the analysis of Li and Clarke (2004) to show that
seasonal and interannual sea level variability are both
well correlated with ENSO and the alongshore component of wind stress. Wind stress and ENSO events are
generally not found to be statistically correlated.
A measure of ENSO variability is the Niño-3.4 index
that is based on the difference in SST across the Pacific.
We always use negative values of the Niño-3.4 index so
that El Niño events are negative and consistent with
negative (cooler) upwelling temperature anomalies and
lower coastal sea level. We also define an El Niño summer (e.g., 1998) to be that when the ENSO event is
largest. An El Niño winter corresponds to that of the
previous year (e.g., 1997) when the onset and effects of
the El Niño are largest.

a. Wind stress
The 3-monthly averaged Niño-3.4 index is presented
in Fig. 2 and El Niño summers are indicated by the
vertical dashed lines. In addition, we present the
3-monthly averaged alongshore component of wind
stress at Neptune Island (Fig. 1). The component presented (315°T) is defined to be negative for upwelling
and was obtained from wind data from Neptune Island
and using the stress formula of Smith (1980) (see also
Gill 1982). Short gaps (⬍3 days) were filled using a
separate 15-min interval dataset while a longer winter
gap in 1991 was filled using the National Centers for
Environmental Prediction–National Center for Atmospheric Research (NCEP–NCAR) winds (Table 1):
these values are similar to the Neptune data for other
winters. In all cases, the wind stress was determined for
each observation and then averaged to obtain the
monthly values presented. Only data from 1985 to 2004
are presented as this period coincides with satellite
measurements of SST presented below.
As is evident, the wind stress is up- and downwelling
favorable during summer and winter, respectively, with
typical peak values of around 0.05 Pa. There is no evident correlation between the peak upwelling favorable
winds and the Niño-3.4 index (see below). To quantify

FIG. 2. The dark upper curve denotes the Neptune Island upwelling component of wind stress rotated along 315°T. Gaps in
1996–2000 were filled using data from an adjacent weather station.
Negative values are upwelling favorable and units are 10⫺2 Pa.
The dark dotted curve corresponds to the upwelling component of
wind stress based on the daily NCEP-averaged winds for the cell
off Kangaroo Island. The light lower curve is the scaled ⫺Nino-3.4
index so that values less than ⫺10 indicate El Niño events.

the dependence on ENSO, the wind stress was averaged over summer (January–February) and winter
(August–September). The mean summer wind stress is
larger during the later period (1982–2005) with a mean
of 0.048 Pa as compared with 0.035 Pa for 1962–81. A t
test (unequal variance) shows that these means are statistically different at the 95% level with p ⫽ 0.013 and
less than 0.05. (Here and below, we assume the number
of independent samples to be equal to the number of
years of data used.) The wind stress summer data were
detrended and the correlation with the Niño-3.4 index
(January–February) was found to be low (0.30) but significant from zero at the 95% level with p ⫽ 0.03 and
less than 0.05. Thus, the summer winds are slightly
more upwelling favorable during El Niño events, although these only account for 9% of the wind variability.
The wintertime (August–September) mean stress
values computed for the 1961–81 and 1982–2004 periods are ⫺0.056 and ⫺0.064 Pa, respectively, and statistically indistinguishable ( p ⫽ 0.47). The correlation of
these detrended stress values with Niño-3.4 was found
to be 0.20 but indistinguishable from zero at the 95%
level ( p ⫽ 0.11). This result is at odds with the suggestion of Voice (1984) that wintertime (downwelling)
winds are generally weaker during the onset of El Niño
years.
The correlations of 3- and 12-monthly averaged wind
stress and ⫺Niño-3.4 index were also determined below
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113 days
30 Jun 1983

1 Jan 1985
1 Jan 1999
16 Dec 1998
2 Jan 2001
1 Sep 2002
8 May 1973
7 Dec 1988
6 Dec 1988
1 Nov 1980

SST: Southern Ocean

Robe temperature logger
Southend temperature logger
Cape Nelson site C
Cape Nelson site B
Port MacDonnell

Kangeroo Island mooring
temperature site O
Kangeroo Island mooring
temperature site O
Kangeroo Island thermistor
site Q
Robe site A thermistor
temperatures
Robe site B mooring
temperatures
Thevenard averaged sea level
Portland averaged sea level
8 Mar 1983 and
21 Jan 1984
8 Mar 1983 and
21 Jan 1984
1 Mar 1992
1 Jul 1991

112 days

1 Jan 1985

SST: west bight

Jan 2001
Oct 2001
Sep 2002
Feb 2004
Oct 1981

8 Apr 1983 and
21 Feb 1984
8 Apr 1983 and
21 Feb 1984
30 Sep 2004
30 Sep 2004

4
5
1
16
8

1 May 2004

1 May 2004

1 May 2004

Sep 2004
May 2004
May 2004
May 2004
May 2004

1 Jan 1985

30
1
1
1
1

SST: Robe

1962
1985
1985
1985
1985

End

1 Jan
1 Jan
1 Jan
1 Jan
1 Jan

Start

Neptune Island wind data
Winds: Kangeroo Island
Heat flux: Kangeroo Island
Heat flux: Robe
SST: Kangeroo Island

Name

37.53
37.43
32.09
38.21

30 min/40 h avg
Hourly/monthly avg
Hourly/monthly avg

35.77

35.833

35.245

37.14
37.66
38.50
38.32
38.167

38–54

34–35

3.75 min/40 h avg

30 min/30 h avg

20 min/30 h avg

20 min/30 h avg

Daily avg
Daily avg
2-hourly sample
2-hourly sample
Monthly sample

Monthly avg

Monthly avg

37.5293–36.5186

35.337
35.2 ⫾ 0.9524
35.2 ⫾ 0.9524
37.14 ⫾ 0.9524
36.123–35.5078

12 h ⬍ 1985; 3 h ⬎ 1985
Daily avg
Monthly avg
Monthly avg
Monthly avg
Monthly avg

Lat (°S)

Sampling rate/avg

133.39
141.37

139.72

139.2

135.75

136.083

135.5

139.47
140.01
141.543
141.105
140.83

133–137

120–124

138.999–139.966

136.117
136.9 ⫾ 0.935
136.9 ⫾ 0.935
138.27 ⫾ 0.935
135.352–135.879

Lon (°E)

TABLE 1. Data description and sources. The height and depth of the data source are in meters.

26

110

120

106

81

52
64
45 and 80
45
50

0

0

0

30
10
10
10
0

Height/
depth

Comments

Schahinger (1987): water
depth 140 m
Schahinger (1987): water
depth 50 m
National Tidal Office
National Tidal Office

Bureau of Meteorology
NCEP–NCAR
NCEP–NCAR
NCEP–NCAR
Pathfinder 4 and 5: 9-km bin,
nighttime image
Pathfinder 4 and 5: 9-km bin,
nighttime image
Pathfinder 4 and 5: 9-km bin,
nighttime image
Pathfinder 4 and 5: 9-km bin,
nighttime image
SARDI: 52-m water depth
SARDI: 64-m water depth
P. Gill: ⬃90-m water depth
P. Gill: ⬃90-m water depth
CSIRO: MarLIN, water
depth 60 m
Nunes Vaz: Water
depth 101 m
Nunes Vaz: Water
depth 126 m
Hahn (1986; Fig. 48)
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FIG. 3. (top) An illustrative plot (1991–2001) of the 3-month averaged sea level  anomaly
obtained using data from Thevenard and Adelaide Harbours. The barometrically, low-pass
filtered data at each site were very similar when averaged and the seasonal cycle removed to
produce the anomalies shown (the thick curve). The seasonal cycle of the wind stress data in
Fig. 2 (multiplied by 2) was removed to produce the 3-monthly averaged anomaly time series
shown (the thin curve). The scaled ⫺Niño-3.4 index is also shown and values less than ⫺8
indicate El Niño events. In all cases negative (positive) events are consistent with upwelling
(downwelling). (bottom) As in the top panel but for all data (1965–2005) and using a 12-month
running average.

using the entire time series of data. However, these are
small (⬍0.15) and also statistically insignificant at the
95% level. Thus, with the exception of the summertime
mean (larger in magnitude and more upwelling favorable since 1982), the alongshore component of wind
stress is independent of ENSO events. This result provides support for hypothesis (a) that ENSO activity off
South Australia must arise through the shelf-slope
waveguide from the west Pacific via Western Australia
as suggested by Li and Clarke (2004).

b. Sea level
Forty years (1966–2005) of coincident, monthly averaged, coastal tide gauge data were obtained for Thevenard, Port Lincoln, Adelaide (Outer Harbour), and
Victor Harbour. The 3-monthly averaged records from
these diverse sites were found to be very similar, and
those with the least gaps and errors (Thevenard and
Adelaide) were averaged to reduce “noise” and provide a single representative time series of sea level.
Monthly averaged atmospheric pressure was also obtained for Port Lincoln and Cape Willoughby (the east-

ern end of Kangaroo Island) and found to be almost
identical. These were then averaged and used to remove the inverse barometer effect from the representative coastal sea level data.
Monthly averages were then obtained for both this
time series and the Neptune Island wind stress and the
average seasonal cycle determined. For sea level, the
seasonal signal has an amplitude close to 2.9 cm and is
largest in late April (early winter) and smallest at the
new year (summer). For the wind stress, the amplitude
was close to 0.05 Pa, with a minimum in mid February
and maximum at the end of June.
The seasonal components were then removed from
the time series and the resultant 3-monthly averages of
anomalies (illustrated for 1991–2001) are presented in
Fig. 3a. The results show that wind stress anomalies
result in sea level anomalies (e.g., 1991, 1996) that are
not explained by ENSO events and vice versa, (e.g.,
1992, 1998). The wind stress and ⫺Niño-3.4 index correlation is weak (0.06) and indistinguishable from zero
at the 95% level ( p ⫽ 0.36). The wind stress and
⫺Niño-3.4 index are each well correlated with the sea
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level anomalies, 0.60 ( p ⫽ 0.002) and 0.48 ( p ⫽ 0.0009),
respectively, and together explain 56% of the total sea
level anomaly variance.
In Fig. 3b, the 12-monthly anomalies are also presented along with the ⫺Niño-3.4 index. The correlation
between wind stress and Niño-3.4 is again small (0.15)
and insignificant ( p ⫽ 0.18). The correlation of the
wind stress and ⫺Niño-3.4 index with sea level anomalies is again visually apparent and equal to 0.55 ( p ⫽
0.0001) and 0.62 ( p ⫽ 0.000 01), respectively, both statistically significant. [The correlation between interannual ENSO and sea level (0.62) is somewhat smaller
than that obtained for Fremantle (0.71) by Li and
Clarke (2004), but this might be expected given the
scattering and/or frictional effects.] Some 60% of the
sea level anomaly variance is explained by wind stress
and Niño-3.4 for the 12-month averages. The conclusion that both effects are of comparable importance
implies that ENSO effects on upwelling can be masked
by effects of wind stress.

3. Ocean temperature observations: ENSO and
upwelling
In the following, we examine remotely sensed and in
situ observations of ocean temperature for the Bonney
Coast and Kangaroo Island regions. Events of anomalous warming by the Antarctic “Circumpolar Wave”
extend to Australia’s southern shelves (White and
Peterson 1996; White et al. 1998) and are reflected in
the coastal SST results below. In addition, the satellitederived observations also show SST to be generally
cooler during El Niño austral summers, although the
statistics are not conclusive. Time series of in situ temperature data also generally show upwelled water to be
very much cooler during recent El Niño events. We
note that ENSO-related variations in SST and in situ
temperature were also found for the West Australian
shelf slope by Feng et al. (2003) and Wijffels and Meyers (2004). The former report the thermocline (below
150 m) to be thicker and shallower (by about 10 m)
during El Niño years and SST to be cooler (by 1°C
or so).

a. Sea surface temperature: Satellite data
Monthly averaged time series of SST were obtained
from the Pathfinder 4 and 5 satellites (nighttime data)
from 1985 until 2004 (Table 1). The data has a listed
accuracy of 0.3°–0.5°C, and three sites were chosen to
examine the effects of ENSO events and the ACW.
We consider SST results for the Kangaroo Island and
Bonney Coast (Robe) regions (Fig. 1; Table 1). Sum-

FIG. 4. (a) The summer (January–February: dark curve) and
winter (August–September: light curve) averaged values of the
SST anomaly for the Kangaroo Island region. The means are
18.34° and 15.01°C for summer and winter, respectively. The W
denotes warming periods due to the ACW. The vertical dashed
lines indicate El Niño summers. Winter El Niño and La Niña
events are labeled by the E and L. (b) Same as in (a) but for the
Robe region. The means are 17.08° and 14.08°C for summer and
winter, respectively. (c) The summer (January–February) averages of the 3-month averaged sea level and of the ⫺Niño-3.4
index. Negative values indicate El Niño events.

mer (January–February) and winter (August–September) averaged SST anomalies were obtained and are
shown in Fig. 4 along with El Niño events (vertical
dashed lines) and events of ACW warming (W). The
summer SST anomalies (Fig. 4) do indicate influence by
both El Niño and ACW events. Relatively cool water is
generally found during El Niño summers, suggesting
that upwelling may be enhanced during these years [hypothesis (ii)]. Indeed, in Fig. 4c, we present the summer
(January–February) averages of both the ⫺Niño-3.4 index and the 3-monthly averaged sea level described in
section 2. The correlation between these two time series for 1985–2004 is high (0.70) with evident minima
during the El Niño summers shown. There is a visual
correlation between the SST off Kangaroo Island (and
the Bonney Coast) with both the ENSO signal and sea
level, although the numerical values are small (⬍0.25)
and statistically indistinguishable from zero at the 95%
level ( p ⫽ 0.14).
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The summer SST results also appear to be influenced
by the ACW. With the exception of 1989 (which follows
the 1987–88 El Niño cooling), each of the warmest SST
anomalies also correspond to the warmest (January)
period of the 4-yr ACW. The correlation between the
summer SST off Kangaroo Island and the ACW was
found to be 0.52 and significantly different from zero at
the 95% level ( p ⫽ 0.009).
To separate out the ACW and ENSO effects, a regression model made up of the 4-yr period ACW and
the 3-monthly averaged sea level (or ⫺Niño-3.4 index)
was also fitted to the summer SST anomalies. Surprisingly, in both cases, the model was able to explain at
most 28% of the variance of SST, and the coefficients
were (just) not significant from zero at the 95% level
( p ⫽ 0.062). The reason for this is thought in part related to the use of satellite-derived SST as a measure of
summertime coastal upwelling: the nighttime satellite
data used is monthly averaged, obtained from relatively
large regions [⬎(100 km)2 ; see Table 1], and may be
influenced by skin effects, errors (0.3°–0.5°C), and
other factors. For example, an inspection of the SST
results (Fig. 4) and winds (Fig. 2) shows that only in
1999 does the SST summer minimum correspond to
anomalously strong upwelling favorable winds that occur in 1988, 1989, 1999, 2000, and 2003. As we will see
below, there is a strong relation between subsurface in
situ–measured temperature, winds, sea level, and the
Niño-3.4 index.
Of course, the SST will be influenced by advection,
diffusion, and surface heat fluxes. The latter have been
estimated (appendix) using the coarse (⬃2° ⫻ 2°)
NCEP–NCAR products and converted to a monthly
change in temperature assuming a surface mixed layer
(depth 50 m). The results shown in Fig. 5a do not appear related to the SST data, the ACW, or ENSO
events and the implied changes in summer SST are of
order 1°C and of the opposite sign needed to explain
the cooler water generally found during El Niño years.
The NCEP data and model used for assimilation are
likely too coarse to properly resolve atmospheric
boundary layer effects near coastal upwelling regions.
In summary, the summertime SST data does show
evidence of both ENSO and ACW influences. Surprisingly, multiple regressions made using these variables
(and summertime sea level) showed that only 28% of
the total SST variance was explained and the analysis
(just) not statistically significant at the 95% level. No
clear relation was also found between SST and strong
wind-forced upwelling events.
Our third hypothesis implies that wintertime intrusions of the warm (light) Leeuwin Current water will be
reduced (enhanced) during periods of weaker (stron-
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FIG. 5. (a) The summer (January–February: dark curve) and
winter (August–September: light curve) averaged values of the
net heat flux for the Kangaroo Island region as converted into a
temperature change per month for a 50-m deep surface mixed
layer. The dark and light dashed curves denote results for the
Robe region. The vertical dashed lines indicate El Niño summers.
(b) The summer (dark curve) and winter (light curve) averaged
values of the SST anomaly for the western bight region (Esperance). The W denotes warming periods due to the ACW. The
vertical dashed lines indicate El Niño summers. Winter El Niño
and La Niña events are labeled by the E and L.

ger) eastward advection during El Niño (La Niña)
events. In agreement with this, the winter SST anomalies shown in Fig. 5b for the western bight show the El
Niño winters (labeled E) to be cooler or on average
neutral in 1986, 1987, 1994, 1997, and 2002. The extensive La Niña winters of 1988, 1999, and 2000 are also
generally warmer, as expected for a stronger Leeuwin
Current. A similar result holds for the eastern bight
results in Fig. 4.

b. CTD and logger temperature data
We now consider subsurface observations of temperature taken through CTD surveys and from bottom
loggers. One resource here is the Commonwealth Scientific and Industrial Research Organisation (CSIRO)
Atlas of Regional Seas (CARS) that is made up of all
observations of temperature collected over the last 40
years from ship surveys and historical data (Ridgway et
al. 2002). The data is averaged in space and time to
produce output on 1⁄2° squares and as a weekly climatology for the year. Not all data were included in the
atlas and no allowance made for interannual variability
in its preparation. Thus, we first consider all available
data for the Kangaroo Island region and for the summer period (January–February). The source of the
data includes published work (Hahn 1986; Schahinger
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FIG. 6. Locations of the CTD sites and sections and thermistors and current-meter moorings for data
collected off Kangaroo Island and presented in Figs. 7 and 8. The solid lines marked D to H are CTD
sections taken by SARDI and the data are presented in Fig. 8. The 100- (dotted curve) and 200-m (solid
curve) isobaths are indicated.

1987), the CARS data, the CSIRO Marine and Atmospheric Research Laboratories Information Network
(MarLIN) data bank, and data collected by the South
Australian Research and Development Institute (SARDI).
The sites of data collection are shown in Fig. 6 and
are color coded: black or blue prior to 1990, including
the “x” where thermistor strings were maintained (R.
Nunes-Vaz 2006, personal communication), and red for
the thermistor site 1981–83 “Q” (Hahn 1986). The annual repeat SARDI survey sections are labeled D, E, F,
G, and H in Fig. 6 and have been undertaken during
February to early March (1998–2005) but generally
only extend to a depth of 70 m or so. The coldest water
found is generally to the southwest of Kangaroo Island
along the 100-m isobath (Fig. 6).
A plot of temperature versus depth for all data is
presented in Fig. 7. Data are only available for the significant El Niño years of 1983, 1998, and 2003. The
SARDI data points collected during non–El Niño years
are colored blue while those for the El Niño years are
colored red. While there is considerable scatter in the
data, a representative “mean” profile is given by the
average obtained from all data (the thick dark curve).
Plotted also for each depth is the mean temperature

plus or minus two standard deviations (the dashed
curves). As expected, most of the data falls within these
bounds. This includes data obtained for both neutral
conditions and La Niña conditions (e.g., 1989) and also
the El Niño period of 1983.
However, data from the most recent El Niño years of
1998 and 2003 and the post–El Niño year 1999 are
anomalously cold (⬃11.5°C) and reside more than two
standard deviations from the mean: over depths of 80 to
100 m, the mean decreases from 13.9° to 13.5°C while
the standard deviation is around 0.73°C. Alternatively,
the 11.5°C water found at depths of 60–120 m is located
some 150 m above the mean depth indicated by all the
data. In either case, these results provide strong evidence (at more than the 95% level) that the 1998, 1999,
and 2003 data come from a different (El Niño) population than the other data.
Another visualization of this result is given in Fig. 8a,
where the temperature results for 1998 and the repeat
sections D, E, and F are presented. For each year, the
temperature data are presented in Fig. 8a as a function
of depth, where each successive year of data has additional offset of 80 m. Presented this way, the results
form a time series that shows the coldest water (11.5°C)
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FIG. 7. Summertime temperature data vs depth for the Kangaroo Island region and from a variety of sources
indicated in the plot and in Fig. 6. The data points colored red are for the El Niño years 1983, 1998, and 2003 and
the years 1984 and 1999 that followed the largest El Niño events. The thick dark curve denotes the average of all
data shown. The dashed curves denote the average plus or minus two standard deviations.

to be found at depths of 70 m during the El Niño summers of 1998 and 2003 and in the post–El Niño summer
of 1999. To 95% probability, this cold water normally
resides at depths greater than 200 m or so. Notably,
very warm water was found during the strong La Niña
summer of 2000. Similar results are found for section H
off the Eyre Peninsula (Fig. 8b). While the water here
is generally warmer than off Kangaroo Island, the coldest summers are again 1998 and 2003 and the post–El
Niño summer of 1999.
Similar evidence for El Niño–enhanced upwelling is
also found from CTD and logger data collected off the
Bonney Coast (Fig. 9), some 400 km to the southeast
of Kangaroo Island. The CTD data is for the January–
March period and mostly from 1989 and from a
monthly repeat site (1973–81) off Port MacDonnell
(Fig. 9). The temperature range from two moorings deployed off Robe (the summers of 1983 and 1984) is
also indicated by the red horizontal lines in Fig. 10
(Schahinger 1987).
All data are presented in Fig. 10 and the mean tem-

FIG. 8. (a) CTD data collected between 1999 and 2005 from the
SARDI sections D, E, F, and G in Fig. 6. Beginning with 1998, the
data is plotted against depth and then data for each subsequent
year shifted to the right by the 80-m spacing indicated. (b) As in
(a) but for section H off the Eyre Peninsula.
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FIG. 9. Locations of the CTD sites and thermistors and current-meter moorings for data collected off
the Bonney Coast and presented in Fig. 10. The general locations of the temperature loggers for data
presented in Fig. 11 are also indicated. The Port MacDonnell repeat site (1973–81) is indicated by the
diamond. The current-meter sites off Robe are indicated by the red circles offshore and inshore. The
200-m isobath is indicated.

perature and mean plus or minus two standard deviations are again indicated. Most of the non–El Niño year
data falls within the bounds of the latter. The exceptions include the latter years (1979–81) of the Port MacDonnell data obtained for neutral ENSO conditions
and at depths 40–50 m (see Fig. 11b). We have no explanation for this anomalously cold water as ENSO is
neutral and the upwelling winds are not unusually large
and the annual sea level signal is also anomalously positive (Fig. 3b).
In subsequent years, anomalously cold (⬃10.5°–
11°C) is found at depths 60–120 m and is up to three
standard deviations cooler than the mean (Fig. 10).
These data were obtained during March 1983 (El Niño)
and February 1984 (post–El Niño) and are the coldest
measured until 1998, 1999, and 2003 (the O in Fig. 10).
The latter data come from loggers deployed between
Robe and Cape Nelson (Fig. 9). These data have been
averaged to yield weekly means that are presented in
Fig. 11a. Between January 1999 and 2001, bottom data
was available from loggers at Robe (52-m depth) and
Southend (64-m depth). The results indicate the coldest
water (⬍11°C) to be obtained at the Robe logger dur-

ing 1999. After January 2001, data were obtained from
loggers at depths of 45 and 80 m and at the Cape Nelson
sites (Table 1). Unfortunately, the deeper logger failed
before the El Niño summer of 2003. However, the temperature registered at this time by the logger at 45 m
was around 11.8°C. Given the evident stratification of
the previous summer, we might well expect the water
temperature at the 80-m depth to have been around
10.8°C, so the 2003 data are the coldest since 1999.
In summary, the coldest periods for the Bonney
Coast are the El Niño summers of 1983, 1998, 2003, and
the post–El Niño summers of 1984 and 1999. The
anomalously cold water at depths 60–120 m is up to
three standard deviations cooler than the mean and is
located some 150 m above the mean depth indicated by
all of the data. In agreement with the Kangaroo Island
data, these results provide strong evidence (at more
than the 95% level) that the 1998, 1999, and 2003 data
come from a different population than the other data
and very likely are associated with El Niño events. Evidence off the Bonney Coast would also indicate that the
strong 1983 El Niño was important to raising the thermocline as well.
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FIG. 10. Summertime temperature data vs depth for the Bonney coast region from a variety of sources indicated
in the plot and in Fig. 9. The data points colored red are for the El Niño years 1983, 1998, and 2003 and the years
1984 and 1999 that followed the largest El Niño events. The large red circle denotes summer data collected by
loggers for the anomalously cold years 1999 and 2003 (Fig. 11). The thick dark curve denotes the average of all data
shown; the dashed curves denote the average plus or minus two standard deviations.

A possible cause of the anomalously cold water
found during the post–El Niño summers of 1984 and
1999 involves the winds and the very large prior El
Niño events. Both 1984 and 1999 summers follow two
of the largest El Niño events as measured by the Niño3.4 index. The very cold water found on the shelf during
the summers of 1983 and 1998 will be subsequently
downwelled during the following winter. For both El
Niños, however, the downwelling winds were of order
⫺0.04 Pa and relatively weak compared to the longterm mean of ⫺0.06 Pa. During the following summers
of 1984 and 1999, the upwelling winds are relatively
large: for summer 1984 the upwelling winds are comparable to the 1982–2004 long-term mean of 0.048 Pa,
while for summer 1999 the 3-monthly averaged upwelling winds are amongst the strongest on record (0.07
Pa). Thus, in both cases, very cold upwelled water from
the previous El Niño might be brought back onto the
shelf.
The only other time series of temperature data of
which we are aware is the repeat CTD station (water

depth 60 m) that was maintained for 9 years (1973–81)
off Port MacDonnell by the CSIRO (Fig. 9). The station was occupied typically once per month and temperatures were measured at 10-m intervals throughout
the water column. Results for temperature measured at
50 m (10 m from the bottom) are presented in Fig. 11b.
The only two significant El Niño events were in 1973
and 1978, but no corresponding cold anomalies are
found for these periods. This result suggests that
anomalous El Niño–driven upwelling has been most
significant since 1982.

c. Sea level as a proxy for subsurface temperature
As noted, both winds and ENSO are important to
upwelling and thermocline displacement and both also
affect sea level. Sea level may therefore provide a useful proxy for upwelling and allow the relative effects of
wind and ENSO to be statistically quantified. To this
end, we have extracted the minimum summertime temperatures from the post-1997 data from the regular
CTD sections and logger data shown in Figs. 8 and 11a.
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FIG. 11. (a) Weekly averaged bottom temperature data for the logger sites indicated in Fig.
9: Robe (52 m, 1999–2001: dotted); Southend (64 m, 1999–2002: solid); Cape Nelson (45 m,
2001–2004: solid and 80 m, 2001–2002: dotted). (b) Monthly sampled near-bottom temperature (50 m) by the CSIRO off Port MacDonnell (water depth 60 m). In both plots, the mean
minimum temperature (12.9°C) of all CTD and logger data is indicated.

Only these sites are included since (i) the data come
from depths that are comparable at 60–70 m below the
surface mixed layer and (ii) the sites are regularly
sampled and no other sequential CTD data are available for recent El Niño/La Niña years. The 1983 data
points shown above were inferred from published plots.
From these summer data, a mean minimum temperature (12.9°C) and anomaly (⌬T ) were determined
along with the corresponding mean and anomalies (⌬)
of the minima in the 3-monthly averaged sea level. A
plot of the resultant pairs is shown in Fig. 12 and, while
considerable scatter exists, decreases (increases) in
summer sea level are generally associated with colder
(warmer) temperature events. A regression, best fit to
the data results in ⌬T ⫽ a⌬, where a ⫽ 0.22°C cm⫺1 ⬎
0. The 95% intervals for a are positive (0.15 ⬍ a ⬍ 0.32)
and significant ( p ⫽ 0.0002), so a decrease in sea level
anomaly (and ⫺Niño-3.4) corresponds to a decrease in
temperature and an increase in thermocline height. For
argument’s sake, we have assumed the 25 annual
anomaly estimates to be statistically independent. The
correlation of 0.68 between the summertime temperature and sea level anomalies is significant at the 95%
level ( p ⬍ 0.0001) and sea level accounts for 46% of the
total temperature anomaly variance (0.85°C)2. The

relative influence of ENSO may be ascertained by determining the part correlation between temperature
and the sea level anomalies, where the effects of ENSO
have been removed from the latter. The (part) correlation drops to 0.52 and remains significant ( p ⫽
0.0039), but now only 27% of temperature variance is
explained with ENSO effects removed.
In conclusion, the results of both the subsurface and
SST data analyses above provide support for the second
part of hypothesis ii—that since 1983 upwelling is enhanced during El Niño summers. Both the Bonney
Coast and Kangaroo Island subsurface data strongly
suggest that this has been the case since 1998.

4. Shelfbreak circulation: ENSO, winds, and sea
level
Here we examine (limited) current-meter and sea
level observations. Both provide evidence that mean
shelfbreak currents are significantly reduced during the
El Niño winters of 1982 and 1997 but not during the
following summers when the currents and sea level
anomalies are small. Using these data, an approximate
gesotrophic relation is established for ENSO-driven
currents and sea level that is broadly consistent with
that obtained from altimeter data (Li and Clarke 2004).
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FIG. 12. A scatterplot of the anomalies of the summer subsurface temperature minima (⌬T )
vs summer sea level minima anomalies (⌬). The former were obtained as the minimum
summertime temperature (less the mean) using the 1998–2005 SARDI data (sites D–G: Fig.
8) and logger data (Fig. 11a). Sea level anomalies were obtained as the summer minimum (less
the mean) for the 1998–2005 period and from the 3-monthly averaged sea level time series.
The dark line corresponds to the regression fit ⌬T ⫽ a⌬, where a ⫽ 0.22°C cm⫺1.

The sea level data is also examined to show that an
asymmetric response does occur when averaged over
the El Niños between 1972 and 2005. However, with
the limited data available, this asymmetry cannot be
proven statistically. Nonetheless, such an asymmetric
response is also found by Feng et al. (2003) in an analysis of transports of the Leeuwin Current off Western
Australia and in the global POP model results described in section 5. A likely explanation for this asymmetric response is given in section 6 and involves the
thermohaline circulation associated with the Leeuwin
Current during winter and upwelling during summer.
As noted, Feng et al. (2003) have shown that there
are ENSO-related interannual variations in the strength
of the Leeuwin Current. Using long records of temperature off Fremantle, these authors showed that the
ENSO-related poleward transport increases by 1 Sv
(Sv ⬅ 106 m3 s⫺1) between El Niño and La Niña years.
(A 300-m level of no motion was adopted and the geostrophic transports were calculated out to 150 km from
the coast.) This ENSO-related transport is significant
relative to the summer and winter poleward transports
of 3 and 5 Sv, respectively, and corresponds to a 20%
change in the mean speed of the Leeuwin Current (⬃30

cm s⫺1). An asymmetric response is also found in these
geostrophic transports (Feng et al. 2003, their Fig. 16)
whereby departures of the ENSO-related poleward
transport from the seasonal climatology is larger during
winter than summer. It is worth noting here that Feng
et al. (2003) used 12-monthly calendar averages beginning in January rather than July. The latter averaging
period might be more appropriate since ENSO events
typically occur over July to February and (Webster and
Yang 1992) become uncorrelated during the austral autumn (March–May).
For the South Australian region, Li and Clarke
(2004) also examined interannual sea level anomalies as
obtained from altimeter data. Using cross-shelf satellite
tracks, they inferred a coherent ENSO-related sea level
signal across the shelf and shelf slope. The largest gradients were found over the shelf slope, and the amplitudes of ENSO-driven geostrophic, average currents
were directed to the east (poleward) and around 6 and
4 cm s⫺1 off Thevenard and Robe, respectively. Over
the shelf, these authors estimate the ENSO currents to
be smaller, although the validity of the altimeter-derived SSH data near the coast was acknowledged to be
questionable.
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TABLE 2. Current-meter, sea level, and wind stress observations. The tables present mean current speeds and directions obtained
from available and published data for summer and winter periods. The first column indicates whether the data are from an El Niño year.
Observations from El Niño and non–El Niño years are paired for repeat observation sites (the first being for a non–El Niño year). The
second column indicates the mooring site (as shown in Fig. 1), upper (U) or lower (L), and year. The columns labeled “1st record” and
“Days” indicate the start time and number of days used to compute the statistics. The latitude and longitude are in degrees south and
east, respectively. The magnitude of the vector mean | U | (cm s⫺1) is given along with its direction  in degrees anticlockwise from east.
In the final two columns are the sea level (averaged for the period of current-meter deployment; cm) and the summer or winter wind
stress (100 Pa).

Event
Summer
El Niño
El Niño

El Niño
El Niño
Winter
El Niño
El Niño
El Niño
El Niño
El Niño

Site

1st record

Days

Lat

Lon

Water
depth

Instrument
depth

| U|





100

Q U 82
Q U 83
Q L 81
Q L 82
Q L 83
B 84
B 83
A 84
A 83

11
2
12
11
2
21
7
21
7

Nov 1981
Dec 1982
Dec 1980
Nov 1981
Dec 1982
Jan 1984
Feb 1983
Jan 1984
Feb 1983

78
95
50
78
95
56
60
56
60

35.70
35.70
35.77
35.77
35.77
37.43
37.43
37.53
37.53

135.78
135.78
135.75
135.75
135.75
139.72
139.72
139.52
139.52

138
146
137
137
146
50
52
146
143

22
15
115
133
125
26
24
115
110

2.4
2.9
2.0
3.5
2.9
5.3
3.5
4.9
2.5

289
267
144
298
330
30
113
332
7

0.8
0.8
⫺2.0
0.8
0.8
0.4
4.0
0.4
4.0

⫺2.0
⫺2.4
⫺5.3
⫺2.0
⫺2.4
⫺4.1
⫺2.4
⫺4.1
⫺2.4

Q U 81
Q U 82
Q L 81
Q L 82
A 83
A 82
S1 88
R1 97
S2 88
R2 97

6
26
6
26
7
8
1
1
1
1

Apr 1981
Aug 1982
Apr 1981
Aug 1982
Jul 1983
Aug 1982
Jul 1988
Jul 1997
Jul 1988
Jul 1997

78
97
78
97
57
59
90
90
90
90

35.77
35.77
35.77
35.77
37.53
37.53
42.65
42.43
42.75
42.55

135.75
135.75
135.75
135.75
139.52
139.52
145.01
145.00
144.92
144.90

137
144
137
144
143
143
93
100
200
188

42
31
115
124
112
111
72
40–90
190
8–180

20.2
1.4
19.2
4.6
28.5
7.4
4.0
2.1
26.4
10.0

⫺30
⫺108
⫺54
⫺57
⫺49
⫺60
⫺72
⫺97
⫺80
⫺89

7.8
⫺5.2
7.8
⫺5.2
2.6
⫺6.4
6.0
⫺6.4
6.0
⫺6.4

7.7
2.8
7.7
2.8
7.3
2.8
5.4
3.3
5.4
3.3

Indeed, a summary of current-meter observations in
Table 2 suggests that the El Niño–related variability
during winter is larger than the average annual ENSO
response of 4–6 cm s⫺1 inferred by Li and Clarke (2004)
and of order 20 cm s⫺1 over the shelf break. In Table 2,
we have paired all available estimates of El Niño and
non–El Niño mean alongshore currents at similar (or
same) sites for summer and winter (Figs. 1, 6, and 9).
For summer, the mean alongshore currents are generally to the northwest but small in amplitude (⬍5
cm s⫺1). There is no consistent difference between the
results for the 1983 El Niño and other non–El Niño
years. The alongshore wind stress for the summers of
current-meter deployments is also shown in Table 2. No
consistent response in currents to the stronger upwelling favorable winds for 1981 and 1984 is apparent.
The reason here may be related to the sites of the Q
(Fig. 6) and A (Fig. 9) moorings that lie over the shelf
break (depth ⬃150 m). Numerical results suggest that
these sites lie between stronger westward shelf and
eastward slope currents (Middleton and Platov 2003),
Fig. 13. Additional observations are provided by the
long time series of coastal sea level (demeaned) that
have been averaged over the periods of the current-

meter deployments shown in Table 2. For the summer
periods considered, the results (Table 2) are consistent
with the current-meter results in that the sea level values are generally small (⬃2 cm) and do not show any
consistent response to either winds or the ENSO events
of 1981 to 1984.
In contrast, the winter mean currents and sea level
are both larger and appear to be influenced by El Niño
events. At the shelfbreak sites off Spencer Gulf (Q),
Robe (A), and Tasmania (S2, R2; Fig. 1), the poleward
mean currents are reduced by around 20 cm s⫺1 during
the 1982 and 1997 El Niño years: again we define an El
Niño winter to be that prior to the minimum in the
⫺Niño-3.4 index. [At the inner shelf site off Tasmania
(S1, R1), the mean currents are weaker but also reduced during an El Niño winter.] A similar result is also
found in sea level, again averaged over the periods of
current-meter deployments indicated in Table 2. In this
case, the El Niño year drop in eastward currents is
accompanied by a drop in sea level. The average drop
is 11 cm for an 18 cm s⫺1 drop in eastward current. The
winter wind stress for the years of current-meter deployments (Table 2) show that relative to 1981 and
1983, the wind stress is much weaker for the El Niño

Unauthenticated | Downloaded 01/09/23 08:47 AM UTC

2472

JOURNAL OF PHYSICAL OCEANOGRAPHY

FIG. 13. (a) The dark solid and dashed curves correspond to
barometrically adjusted sea level (monthly averaged) for the Portland and Thevenard coastal sites. (b) The monthly averaged
coastal sea level from the POP global model. In both (a) and (b),
the Thevenard results are offset by 10 cm relative to those from
Portland. The vertical dashed lines indicate El Niño summers.

winter of 1982. For the El Niño winter of 1997, the wind
stress (0.033) is also smaller than that of 1988 (0.054).
The changes in shelf break currents may thus be ENSO
and/or wind forced.
An asymmetric response in shelf currents during El
Niño events should imply a similar response in sea
level. To investigate this further, we have calculated the
winter and summer average anomalies of coastal sea
level from the data presented in Fig. 3a and for the El
Niño years between 1972 and 2003. That data was
detrended and demeaned and the seasonal cycle removed: the latter calculated for each month so as to
remove the seasonal asymmetric winter–summer cycle.
The results do show an asymmetric response in that
the average winter sea level anomaly is ⫺4 cm and
larger in magnitude than the summer anomaly of ⫺2.6
cm: the averaged value of ⫺Niño-3.4 is ⫺1.1 and ⫺1.4,
respectively, and the ENSO index, as expected, is larger
in magnitude during summer. There is considerable
scatter in these sea level anomalies. For the two largest
El Niño events, the asymmetry in the sea level anomalies is strong with winter and summer values of ⫺8.0
and ⫹6.3 cm for 1982–83 and ⫺10.1 and ⫺6.2 cm for
1997–98. For the averaged results, the standard deviations are, however, large (4.6 and 4.3 cm for winter and
summer) and an asymmetric response is not statistically
significant at the 95% level.
Last, we return to the relationship between currents
and sea level. As noted, the average change in sea level
and alongshore currents are 11 cm and 18 cm s⫺1 during
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El Niño winters. For El Niño summers, the changes are
both effectively zero. Now, Li and Clarke (2004) assumed that geostrophy should pertain and their results
suggest that sea level changes little across the shelf at
interannual periods. Let us adopt these assumptions
and an exponential model for sea level  ⫽ c(t)
exp(⫺x⬘/L), where c(t) denotes coastal sea level and x⬘
is the distance from the shelf edge. For the changes in
sea level c(t) ⫽ 11 cm and velocity (18 cm s⫺1) at the
shelf break (x ⫽ 0) the required length scale is L ⫽ 75
km, which is comparable to the internal deformation
radius for the region (40–80 km) and is consistent with
the analysis of Li and Clarke (2004).
The velocity response per unit centimeter change in
sea level for winter is 1.6 cm s⫺1. Averaged over a year,
this is halved to be 0.8 cm s⫺1 per centimeter in sea
level and is close to that estimated from the EOF analysis of Li and Clarke (2004): they find a 4–6 cm s⫺1 (0.8–
1.2 cm s⫺1) amplitude response to a 5 cm (1 cm) amplitude change in ENSO sea level signal from an interannual analysis. Thus, an asymmetry in the summer and
winter response is not inconsistent with annual results
of Li and Clarke (2004).
In conclusion, from the analysis here, there is evidence to support significant ENSO-induced changes in
shelfbreak velocity (⬃18 cm s⫺1) and sea level (⬃10
cm) during El Niño winters but with smaller changes
during the subsequent summers. The results are not
inconsistent with the annual ENSO analysis of Li and
Clarke (2004). Winds likely play a role here as well and
for the 1983 and 1997 winters; the shelf-edge and possibly shelf currents may have been largely shutdown.

5. Results from a global ocean model
Here we examine recent monthly averaged output
from the 1⁄10° POP global ocean model (Maltrud and
McClean 2005). The temperature and salinity of the
model is initialized with a global climatology and driven
using NCEP–NCAR daily atmospheric fluxes of heat,
salt, and momentum. Results for the period 1994 to
2000 are presented. Along Australia’s southern shelves,
the cross-shelf grid spacing is about 9 km and the shelf
slope is barely resolved off Kangaroo Island.
Some model results for this period are in striking
qualitative agreement with the data: the largest minima
in sea level occur during the summer El Niños of 1995
and 1998, and the coldest water (strongest upwelling) is
found on the slope during these years and also in 1999.
The model results also support aspects of the hypotheses advanced above, including that the ENSO signals
are remotely driven and that downwelling and wintertime shelf/slope currents during El Niños are sub-
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coast. Note: negative values are directed to the east so
that the results are in phase with the ⫺Niño-3.4 index
and the upwelling component of NCEP wind stress.
The transports bounded by 200 and 400 m are similar.

b. Thermohaline effects

FIG. 14. Upper dashed curve: the scaled wind stress such that
values below ⫺4 are upwelling favorable. Middle curves: the
monthly averaged zonal transports of the POP global model
through the section off Kangaroo Island (137.5°E). The transports
are of all water within 1.5° of the coast to depths of 200 (dashed
curve) and 400 m (solid curve). Negative transports are to the
east. The ⫺Niño-3.4 index is indicated.

The first feature of the results in Fig. 14 is that the
maximum amplitude of the transports leads those of the
wind by 1–2 months and occurs in December (summer)
and May (winter). This phase lead provides likely evidence of the importance of the thermohaline circulation. Indeed, the maximum amplitude of summer heating (winter cooling) of the NCEP fluxes occurs in January (July) and likely explains the maximum amplitude
of the SST anomalies that occur about one month later
in February (August). The anomalies and implied thermohaline circulation are thus a maximum when the
winds are. However, for both seasons, the thermohaline
circulation will oppose that driven by the winds so that
the maximum transports occur 1–2 months earlier as
found (in December and May).

c. Transports
stantially reduced. Moreover, the model results provide
an overview of the 1998 El Niño and change to the
1999–2000 La Niña conditions. There are deficiencies in
the model results and the temperature, sea level, and
shelf currents differ quantitatively from that expected
from the data record. For this reason, our discussion is
only descriptive.

a. Sea level
We begin with the monthly averaged sea level from
POP (1994–2000) at the Thevenard and Portland sites,
presented in Fig. 13 along with the observations. For
clarity, the results for Thevenard are again offset by 10
cm. The model results are in crude agreement with the
observations, with summer minima and winter maxima
that differ by about 15–20 cm within each year. The
lowest sea level is found for the El Niño summers of
1995 and 1998, while the largest sea level occurs during
the winters of 1996, 1999, and 2000—the strong La
Niñas (see Fig. 14). We have traced the ENSO and sea
level signals back along the West Australian shelf to
Port Headland, indicating remote forcing from the west
Pacific.
As noted, the shelf currents and transports associated
with the ENSO signals are of interest, particularly during the winter and summer of the El Niño events. In
Fig. 14, we present the net transport for a meridional
section at 137.5° (Kangaroo Island) that is bounded by
the 200-m (and 400 m) isobath and within 1.5° of the

We now consider the winter transports and focus on
the largest 1997–2000 El Niño/La Niña event (Fig. 14).
The smallest and largest winter transports for the 9-yr
period occur during 1997 and 1998, respectively, despite
the fact that the NCEP winds (Fig. 14) are very similar
during these seasons (⫺0.04 Pa). The eastward transport increases by a factor of 2 during the transformation
from the 1998 El Niño to 1998–99 La Niña conditions.
A similar result pertains to the winters of 1995 and
1996, but the larger winter transports may be in part
due to the larger winds. The 1997–98 results are certainly consistent with hypothesis iii that El Niño events
can substantially change the wintertime shelf-edge currents.
Now consider the summer transports. For both the
normal summer 1997 and El Niño summer of 1998, the
transports (and wind stress) are comparable. Such a
result is consistent with the speculation below that the
transports during summer El Niños are not increased,
owing to the opposing thermohaline circulation associated with the strong upwelling. This anomalously cold
upwelling is illustrated by the model results off Kangaroo Island (Fig. 15). The results for winter and summer
also provide support for the hypothesis iii that El Niño
events can substantially reduce wintertime (but not
summertime) shelf-edge currents.

d. Transition to La Niña conditions
The summer of 1999 (La Niña) is also an anomalously cold year, as shown by the data above and model
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FIG. 15. Monthly averaged near-bottom temperature from the
POP global model (97 m in 104-m water) at two sites (138°E: solid
curve and 136.5°E: dotted curve) along the southern coast of Kangaroo Island.

results for Kangaroo Island (Fig. 15). The mechanism
for enhanced model upwelling in this La Niña summer
is again likely to be due in part to the stronger NCEP
winds at this time (Fig. 14). However, the summer 2000
winds are similar, but upwelling in the model is reduced
from that in 1999 (Fig. 15). Possibly the degree of upwelling in 1999 is preconditioned by the previous 1998
winter downwelling and summer upwelling that arises
from both winds and ENSO events. The winter maximum temperature for 1998 is close to the smallest for
the 9 years of output, indicating smaller downward displacement of the thermocline.
The transports and upwelling between summer 1999
and summer 2000 illustrate the continued effect of La
Niña conditions. The wind stress for both summer seasons is almost identical and yet the 2000 summer transports (Fig. 14) and upwelling (Fig. 15) are much reduced. These results are consistent with the expected
effects of the extensive La Niña that should act to reduce the westward currents and lower the thermocline.
The progressive lowering of the thermocline after the
summer of 1999 is indicated by the increasing summer
and winter temperatures in Fig. 15.

e. A spatial overview
The ENSO effects are not just confined to the Kangaroo Island region. In Fig. 16, we present the horizontal temperature field between mid bight and Portland
and at a depth of 149 m. In Figs. 16a,b, the February
monthly averaged temperature for the “normal” summer of 1997 and El Niño summer of 1998 are shown.
Note that, from Fig. 14, the up- and downwelling favorable NCEP winds are similar for both years, so the
anomalies are not directly wind driven. For the mid
bight region (132°E) the spatial extent of the relatively
cold 13°C near-slope water is larger during the El Niño
1998 summer. Similar results are found off the Robe–
Portland region where the extent of the 12°C water is
larger during 1998.
The winter (August) temperature fields are pre-
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sented in Fig. 16 for 1997 (an El Niño winter) and 1998
(a La Niña/normal winter). We hypothesized (ii) that
downwelling of the thermocline is smaller (larger) during El Nino (La Niña) winters and this is supported by
the POP global model results where the near-slope water for El Niño August 1997 is generally 0.5°–1°C colder
than for August 1998. Again, winds are not the likely
cause of this difference since the NCEP wind stress is
similar for these periods (Fig. 14).
In summary, the results of the global POP model
provide support for the hypotheses (i) that ENSO effects are important and driven by the shelf/slope waveguide, (ii) that wintertime downwelling (summertime
upwelling) is reduced (enhanced) during El Niño
events, and (iii) that wintertime (but not summertime)
transports are substantially reduced during El Nino
events.

6. Summary and discussion
We have examined oceanographic and meteorological data and output from a global ocean model so as to
examine the importance of ENSO signals to the ocean
circulation and temperature structure of the waters of
the South Australian region. ENSO events can alter the
local meteorology, but also affect sea level and the
height of the thermocline through remote forcing along
the shelf/slope waveguide from the west Pacific (e.g.,
Clarke 1991). During El Niño events, the effects are
opposite to those off the Americas: sea level is lowered
and the thermocline raised.
Three hypotheses were tested against the data from
the region. The first stated that, while upwelling favorable winds in the eastern bight have been more persistent since 1982, local ENSO-related events are driven
largely through the shelf waveguide from the west Pacific. An analysis of 40 years of wind and sea level data
provides support for this hypothesis. Results show upwelling favorable winds to have been stronger since
1982 although the correlation with the ENSO index
(Niño-3.4) was weak. Moreover, in contrast with the
suggestion by Voice (1984), wintertime downwelling
winds were not found to be statistically related to El
Niño events. Indeed, the correlation between 3monthly (or annually) averaged wind stress and ⫺Niño3.4 was found to be small (⬍0.06) and statistically insignificant, indicating that ENSO events off Southern
Australia are forced by the shelf waveguide. Results
from the global POP model and the original analyses of
Pariwono et al. (1986) and Li and Clarke (2004) also
show that this is the case. Both ENSO and local winds
were shown to be important to driving 5–10-cm changes
in the local coastal sea level. A regression showed that
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FIG. 16. Horizontal temperature of the POP global model at a depth of 149 m for February 1997 (normal
summer), February 1998 (El Niño summer), August 1997 (El Niño winter), and August 1998 (La Niña winter). The
contour interval is 0.5°C and 11.5° (blue), 12.5° (green), and 13.5°C (red).

these variables explain 55% to 62% of 3- and 12monthly averaged sea level variability.
Our second hypothesis was that, since 1983, wintertime downwelling of the thermocline during the onset
of an El Niño is reduced and the following summertime
upwelling is enhanced. Collectively, the SST, CTD, and
logger data provide support for the second part of this
hypothesis. The subsurface data for both Kangaroo Island and Bonney Coast regions indicates that during
the El Niño summers of 1998 and 2003 anomalously
cold 10.5°–11.5°C water is found at depths of 120–80 m
and is some two to three standard deviations cooler
than the mean. That is, to more than 95% probability,
the data come from a different El Niño population.
Alternatively, the anomalously cold water found during
El Niño summers lies some 150 m above the mean
depth of the 10.5°–11.5°C water. A regression showed
that averaged sea level can provide a statistically significant proxy for these subsurface temperature
changes and indicates a 2.2°C decrease in temperature
for the 10-cm decrease in sea level that was driven by
the 1998 El Niño event. The importance of ENSO was

ascertained by determining the correlation between
temperature and sea level, where the effects of ENSO
were removed. The fraction of explained variance
dropped from 46% to 27%. Evidence for a decrease in
downwelling of the thermocline during El Niño winters
comes from the data analysis of Feng et al. (2003) and
from the results obtained here from the POP global
model.
As noted, both ENSO and local winds are important.
Indeed, very cold 11.5°C water was also found on the
shelf (Kangaroo Island) during the La Niña summer of
1999 and summer of 1984 (Bonney Coast). The presence of this anomalously cold water was ascribed to
preconditioning by 1) weaker wind-forced downwelling
during 1984 and 1998 and 2) the very strong upwelling
winds during the 1984 and 1999 summers. We also
speculate that preconditioning of the thermocline may
well arise from the previous strong El Niño that acts to
raise the thermocline.
Our third, related, hypothesis states that El Niño
events can substantially reduce wintertime (but not
summertime) shelf-edge currents. This hypothesis re-
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ceived support from both the data and POP model. For
both the 1983 El Niño and other non–El Niño summers,
the observed alongshore currents and sea level anomalies were similar and smaller than the winter values. For
the two El Niño winters for which current and sea level
data were available (1982, 1997), an average 18 cm s⫺1
and an 11-cm reduction in currents and sea level was
found compared to non–El Niño years. The results,
however, might be due to a corresponding reduction in
the alongshore strength of the wind stress, although a
simple geostrophic model for the winter shelf observations was shown to be consistent with the analysis of
annual ENSO signals made by Li and Clarke (2004).
Moreover, the wintertime SST anomalies were found to
be generally warmer (cooler) during La Niña (El Niño)
events, suggesting that ENSO events do effect shelf
circulation.
An analysis was also made of the long sea level
record and provides further evidence that an asymmetry exists between winter and summer during El Niño
years. Based on all El Niño year sea level anomalies
(demeaned and seasonal cycle removed) between 1972
and 2003, the winter average was found to be larger in
magnitude (⫺4.0 cm) than that for summer (⫺2.6 cm).
The standard deviations here were large (⬃4.5 cm) and
the difference in the means not statistically significant.
Nonetheless, for the two largest El Niño events, the
asymmetry in the sea level anomalies is strong with
winter and summer values of ⫺8.0 and ⫹6.3 cm for
1982–83 and ⫺10.1 and ⫺6.2 cm for 1997–98. In addition, the POP model output showed the alongshore
winter (but not summer) transports to change by a factor of 2 during the transition from the 1998 El Niño to
non–El Niño conditions.
The cause of the asymmetry in the summer and winter shelf/slope current response to El Niño events is
unknown. We speculate that it could result in part from
simple feedback mechanisms of the thermohaline circulation associated with the warm eastward inflow of
the Leeuwin Current during winter and slope upwelling
during summer. In both cases, the changes in density
result in a cross-shelf pressure gradient that can act to
drive an eastward shelf current. Since the warm Leeuwin Current is reduced during El Niño events, the associated eastward thermohaline circulation will be further reduced: a positive feedback mechanism. We have
no proof of this mechanism, although Cirano and
Middleton (2004) have demonstrated the importance of
the thermohaline circulation to the region, and the SST
winter anomalies presented here indicate that the
strength of the inflow of warm Leeuwin Current water
is influenced by ENSO events. During summer El Niño
events, the eastward thermohaline currents may offset
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the westward “upwelling” currents that would be otherwise enhanced by the El Niño event itself. Thus, a
large ENSO response might be expected during winter,
while during summer the shelf and slope currents may
exhibit little change.
While an asymmetric response does occur, the precise role of ENSO events, winds, and the thermohaline
circulation remains to be determined. Additional data
and idealized numerical experiments would be most
useful.
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APPENDIX
Surface Heat Fluxes
We consider the net flux of heat into the ocean as
given by the NCEP reanalysis fields (Kalnay et al.
1996). The fluxes are determined on an ⬃2° ⫻ 2° grid
and the monthly averaged flux was obtained for regions
off Kangaroo Island and Robe (Fig. 1). These were
then averaged over summer (January–February) and
winter (August–September) fluxes (Q) and then converted into a monthly change in temperature (␦T ) of a
surface mixed layer depth H. Following Gill (1982), the
change in temperature per month is given by ␦T ⫽
tQ/( CH )⫺1, where  ⫽ 1026 kg m⫺3 is the density of
seawater, C ⫽ 4000 J (kg K) ⫺1, and t is 1 month (see
Fig. 5a).
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