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1.

INTRODUCTION

The Leeuwin Current is the longest boundary current in the world oceans (Ridgway; Condie
2004). It carries warm, low-salinity tropical water poleward, affecting the coastal climate and
ecosystems along the western and southern Australia (e.g., Waite et al. 2007). In a changing
climate, how will it change and impact the regional climate and coastal ecosystems? In the
recent IPCC Fourth Assessment Report (AR4), a warmer climate is predicted for the future by
coupled climate models due to anthropogenic influences. However, these coarse-resolution
climate models cannot resolve the Leeuwin current. To address this shortcoming, climate
downscaling approaches have been adopted. In this project, a dynamical downscaling approach
is being tested: an eddy-resolving ocean general circulation model, the BLUELink Ocean
Forecasting Australia Model (OFAM), is used to simulate future ocean climate forced by largescale climate model forcing. A statistical downscaling approach is currently under
investigation.
However, before embarking on this journey, first we need to evaluate the accuracy of the
climate model simulations. Since no validating observations exist for the future climate, the
best we can do is to assess climate model simulations in terms of the current climate (Reichler;
Kim 2008). Assuming that models capable of reproducing current climate are reliable in
predicting future climate, a suitable climate model for climate downscaling of Leeuwin Current
in the future climate can be identified, based on how well it simulates the present.
Studies have shown that the Indian Ocean has warmed up in the past 50 years (e.g., Alory and
Meyers, 2009; Alory et al., 2007), the thermocline in the tropical Indian Ocean has shoaled (Cai
et al., 2008), and the Leeuwin Current transport has weakened (Feng et al., 2008). How well
can climate models simulate the current climate?
In this report, we evaluate several climate models which were identified by Reichler and Kim
(2008) to be among the best performing models based on their simulations of the 20th century,
with a focus on the factors which are most important for the Leeuwin Current. Reichler and
Kim based their rankings of climate models on how well the climate models reproduce current
time-mean climate signals. In this report, we focus on the simulation of wind stress and
dynamic height by climate models, since these are good predictors of the Leeuwin Current. We
evaluate both spatial and temporal variability of these variables simulated by the models. For
future predictions, we focus on the A2 scenario from the IPCC AR4 report (denoted SRES A2),
since it has tracked most closely the recent trend in the global temperature. We investigate
climate model projections to gain insight into the likely evolution of the Leeuwin Current. In a
companion technical report by Chamberlain et al. (2009), a test case of climate downscaling
using the CSIRO climate model Mk3.5 is reported.

2.

WIND STRESS SIMULATION FOR THE CLIMATE OF THE
20TH CENTURY AND ITS FUTURE TRENDS

Reichler and Kim (2008) evaluated three generations of IPCC climate models based on their
comparison with the time mean of the current climate (Table 1). They developed a performance
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index that is based on weighted difference of model simulation and all available observations
(Fig. 1). Based on Reichler and Kim (2008), we focused on four climate models: GFDLCM2.1, MPI-ECHAM5, UKMO-HadGEM1, and the CSIRO Mk3.5 climate model. The first
three models are among the best performing climate models, and the last one was used in the
test experiments of dynamical downscaling (Chamberlain et al., 2009). These four climate
models have different resolutions in their ocean model component (Table 2), which affects their
performance.
Since the Leeuwin Current is maintained by meridional pressure gradient established by the
Indonesian Throughflow (e.g., Wijfles and Meyers 2004; Batteen et al. 2007), which is mainly
driven by large-scale wind patterns in the Indian and Pacific Oceans (e.g., Feng et al. 2007,
Domingues et al, 2007), we compare wind stress and wind stress curl patterns from IPCC AR4
climate model simulations with observations of the 20th century climate. We also compare the
steric height simulated by climate models with CARS climatology.
We use atmospheric reanalyses as a proxy for observations of the current climate. ERA40 is a
state-of-the-art atmospheric reanalysis product (Uppla et al., 2005) that incorporates satellite
and in situ observations into an atmospheric general circulation model to provide the best
estimate of the atmospheric state over a 45-year period (from 1957 to 2002). We use it as a
benchmark to evaluate climate model performance, and loosely refer to it as the “observation”.
When appropriate, we also compare with other atmospheric reanalysis products, such as
NCEP/NCAR Reanalysis (Kalnay et al., 1996; hereafter NCEP1) and NCEP/DOE AMIP II
Reanalysis (Kanamitsu et al. 2002; Roads 2003; hereafter NCEP2), to establish confidence
limits for the observations. NCEP1 is an atmospheric reanalysis products developed by NCEP.
NCEP-2 is a rerun of NCEP-1 with the same input data and vertical and horizontal resolution,
focusing on the period since 1979. NCEP2 improves the physical process and corrects some
known errors in NCEP-1. Note that NCEP2 covers a shorter time period (1979 - present) as
compared to NCEP1 (1948 - present).

2.1

Simulating present climate 1981-2000

Using ERA40 as a benchmark, we investigate bias in climate model simulation of the zonal
wind stress. The difference between the time mean zonal wind stress from a climate model and
ERA40 is computed over the tropical Pacific-Indian Oceans over a common 20-year time
period (1981-2000). This difference represents the bias in the climate models. Overall, the
GFDL coupled climate model CM2.1 has the smallest bias, while the other three models have
significant bias south of 40ºS (Fig. 2).
As the Mk3.5 climate model is used in a downscaling test case, its performance in simulating
present-day zonal wind stress in the Pacific and Indian Oceans is evaluated against several
atmospheric reanalysis products, namely, the NCEP1, NCEP2 and ERA40 Reanalysis. In Fig.
3, zonally-averaged zonal wind stress (taux) averaged over two twenty-year periods (1951-1970
and 1981-2000) from Mk3.5 and the observations are shown. It is clear that there is a climate
shift from the time period before the 1970s to the time period after 1970s, with an increase in
the magnitude of the westerlies. This shift has been well documented in the literature, and
attributed to contributions of anthropogenic forcing and decadal variability of the climate
system (e.g., Trenberth and Hurrel 1994, Meehl et al., 2009, Cai et al. 2007). However, the
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Mk3.5 climate model produces biased zonal wind in the Antarctica Circumpolar Current
region, which is too large in both 20-year periods.
There is also an issue of using either monthly-averaged forcing fields or daily-averaged forcing
fields to drive OFAM. The point of using daily-averaged fields is demonstrated in Fig. 4, which
shows the comparison of standard deviation in daily vs. monthly zonal wind stress (taux) in
ERA40 reanalysis averaged over 1981-2000. It is obvious that daily fields should be used by
downscaling; otherwise the range of variability could be missed.
We also investigated simulated variability by Mk3.5 in the daily zonal wind as compared to that
of the NCEP2 reanalysis (Fig. 5). The standard deviation of the zonal wind is computed over
their common time period (1991-2000). There are substantial differences in the equatorial
Pacific and Indian Oceans, as well as in the Southern Ocean.
Biases in the meridional wind stress in climate models are shown in Fig. 6. The Mk3.5 climate
model has the largest bias in the Southern Ocean among the four climate models.
Sverdrup balance indicates that when there is a large change in the wind stress curl, a large
change in the wind-driven ocean circulation can be expected (e.g., Cai et al., 2005). Using
ERA40 as a proxy for the observations, we computed the modelled and observed (ERA40)
wind stress curl (Fig. 7). The GFDL and UKMO climate models have smaller biases. However,
the Mk3.5 has large positive and negative biases south of 30ºS, while the MPI climate model
has very prominent negative biases south of 40ºS.
To see if there is significant different in wind stress curl by different atmospheric reanalysis
products, the time mean of wind stress curl over 20 years (1980-1999) from NCEP2 and
ERA40 are computed. Their difference is shown in Fig. 8. They are consistent over most of the
southern oceans except in regions south of 60ºS.

2.2

Predicting future climate 2060-2080

It is also indicative to examine the trend in zonal wind stress to anticipate what kind of changes
in the ocean circulation will likely occur in the Western Australian region. Figure 9 shows the
trend simulated by the four climate models for years 2060-2080 for the A2 scenario (SRES
A2). Interestingly, the GFDL climate model predicted the largest change in zonal wind stress in
the Southern Ocean.
Figure 10 shows the trend in meridional wind stress. Mk3.5 predicts a large reduction of
meridional wind stress in the Southern Pacific Ocean south of 40ºS, in disagreement with the
other three climate model predictions.
The trend in wind stress curl for 2050-2100 is shown in Fig. 11. The GFDL and MPI coupled
models are expected to project larger changes in the ocean circulation than the other two
climate models due to a greater increase in wind stress curl.
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3.

STERIC HEIGHT SIMULATION IN THE LEEUWIN
CURRENT REGION

The spatial resolution of climate models is too coarse to actually simulate the Leeuwin Current.
However, it is well established that the Leeuwin Current is largely driven by a north-south
pressure gradient (Godfrey; Ridgway 1985), which is quite broad zonally and meridionally. If
this pressure gradient can be resolved by climate models, and if this pressure gradient can be
used as a proxy of the strength of the Leeuwin Current, then we can make predictions of the
Leeuwin Current in the future based on climate model projections. Here we examine how well
the structure and patterns of this pressure gradient are simulated by various climate models, and
compare with observations in the current climate. The simulations in the future climate are
explored.
The time mean steric height (referenced to 300m) over a fifty-year period (1951-2000) of steric
is calculated from the climate model simulations (Fig. 12). These are compared with steric
height derived from observations: the CARS 2006 climatology (Ridgway et al. 2002; Dunn and
Ridgway 2002). Overall, all climate models capture the patterns of the north-south gradient
quite well. However, the CSIRO Mk3.5 climate model produced too strong a gradient. The
coarse resolution of its ocean model (Table 2) is likely the cause. The UKMO model may not
have enough vertical resolution to resolve the vertical structure to 300m depth. The two higherresolution ocean models in GFDL-CM2.1 and MPI-ECHAM5 models seem to best capture the
spatial pattern of steric height derived from CARS2006 climatology.
The fifty-year time mean of steric height over 2051-2100 is shown in Fig. 13. There are
qualitative changes in the patterns, which are currently under further study for its implication
on the Leeuwin Current in the future climate.

4.

DISCUSSIONS AND EARLY FINDINGS

To make a reliable projection of future climate change on regional scales using dynamical
downscaling, which requires a high-resolution ocean model, it is necessary to force the ocean
model with the best available climate forcing. In this report, we have evaluated how well
climate models simulate the current climate, as an indicator for future predictions. We focused
on four climate models: three of them are among the best in simulating the time mean of the
current climate; the fourth is the CSIRO climate model which is used in a test case for
dynamical downscaling.
Overall, these climate models capture the variability and large scale patterns of the wind
forcing, which is the main driver of the Leeuwin Current. The GFDL-CM2.1 climate model has
the best performance with respect to simulating the wind stress and wind stress curl, as well as
the steric height in the eastern Indian Ocean. Mk3.5 tends to have larger biases compared with
other climate models.
In a test run, the CSIRO climate model Mk3.5 is used to dynamically downscale the OFAM
(see the technical report by Chamberlain et al., 2009). The Mk3.5 is a coupled climate model
developed by the CSIRO Marine and Atmospheric Research Division. The reason that Mk3.5
was used in the test run is that CSIRO scientists are familiar with this model and there exists a
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climate run with the biogeochemical model coupled with it (Dietz et al., 2008). This test run
will familiarize us with the climate downscaling methodology and serves as a learning tool. The
rationale is that we will use what we learn from this downscaling experiment to make a climate
projection using the best climate model once it is identified.
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GFDL-CM2.1

MPI-ECHAM5

CSIRO Mk3.0

UKMO-HadGEM1
Figure 1: Performance index I2 for individual models (circles) and model generations (rows).
Best performing models have low I2 values and are located toward the left. Circle sizes indicate
the length of the 95% confidence intervals. Letters and numbers identify individual models (see
supplemental online material at doi:10.1175/BAMS-89-3-Reichler); flux-corrected models are
labeled in red. Grey circles show the average I2 of all models within one model group. Black
circles indicate the I2 of the multimodel mean taken over one model group. The green circle
(REA) corresponds to the I2 of the NCEP/NCAR reanalyses. Last row (PICTRL) shows I2 for
the preindustrial control experiment of the CMIP-3 project. From (Reichler; Kim 2008) with
permission.
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(a) <GFDL-ERA40>

(b) <UKMO-ERA40>

(c) <Mk3.5-ERA40>

(d) <MPI-ERA40>

Figure 2: Zonal wind stress bias in climate models using the ERA40 reanalysis as a benchmark
computed over 20 years (1981-2000). (a) Bias in GFDL climate model; (b) in UKMO; (c) in
Mk3.5; and (d) in MPI.
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Pacific Ocean (PO)

Indian Ocean (IO)
NCEP2 (1981-2000)

ERA40 (1957-1977)
ERA40 (1981-2000)

NCEP1 (1951-1970)

MK3.5 (1951-1970)

NCEP1 (1981-2000)

MK3.5 (1981-2000)

Figure 3: Zonally averaged taux (zonal wind stress) over two twenty-year periods: 1951-1970 and 19812000 for the Pacific Ocean basin (130E to 80W) and the Indian Ocean basin (30E to 130E).
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(a) Indian Ocean (30E to 130E)

(b) Pacific Ocean (130E to 80W)

Figure 4: Standard deviation computed from daily (blue) and monthly (red) averaged ERA40
zonal wind field over 1981 to 2000.
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Figure 5: Difference in zonal wind standard deviation in NCEP2 and Mk3.5 (1991-2000).
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GFDL – ERA40

UKMO – ERA40

CSIRO – ERA40

MPI – ERA40

Figure 6: Same as in Fig.2, but for bias of meridional wind stress (tauy) in climate model simulations.

REFERENCES

GFDL – ERA40

CSIRO – ERA40

UKMO – ERA40

MPI – ERA40

Figure 7: Biases in wind stress curl from climate models. ERA40 reanalysis data averaged over 19801999 is used as the benchmark.
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Figure 8: Difference in wind stress curl averaged over 20 years (1980-1999) from NCEP2 and ERA40
reanalyses.
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(a) GFDL

(b) UKMO

(c) CSIRO

(d) MPI

Figure 9: Trend in zonal wind stress from the climate models (SRES A2 – 20C3M). The trend is defined
as the difference of two 20-year time periods: <2061-2080> - <1981-2000>.
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GFDL

UKMO

CSIRO

MPI

Figure 10: Trend in meridional wind stress τy from the climate models (SRES A2 – 20C3M).
The trend is defined as the difference of two 20-year time periods: <2061-2080> - <19812000>.
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GFDL

UKMO

CSIRO

MPI

Figure 11: Trend in wind stress curl predicted from the climate models (SRES A2 – 20C3M).
The trend is defined as the difference of two 50-year time periods: <2050-2099> - <19501999>.
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GFDL CM2.1

UKMO Hadcm3

CSIRO Mk3.5

MPI ECHAM5

DH from CARS2006

Figure 12: Dynamic height climatology from the four climate models over 1950-2000, and the climatology
from observations in CARS2006.
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GFDL CM2.1

UKMO Hadcm3

CSIRO Mk3.5

MPI ECHAM5

Figure 13: Dynamic height climatology in 2050-2100 for the four climate models.
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Table 1: Climate variables and corresponding validation data. Variables listed as “zonal mean” are
latitude–height distributions of zonal averages on twelve atmospheric pressure levels between 1000 and
100 hPa. Those listed as “ocean,” “land,” or “global” are single-level fields over the respective regions.
The variable “net surface heat flux” represents the sum of six quantities: incoming and outgoing shortwave
radiation, incoming and outgoing longwave radiation, and latent and sensible heat fluxes. Period indicates
years used to calculate observational climatologies. From (Reichler; Kim 2008) with permission.
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Ocean model
resolution in
coupled climate
models
GFDL CM2.1

Zonal (degree)

Meridional (degree)

Vertical (levels)

1.0

50

UKMO-Hadcm3
CSIRO Mk3.5
MPI ECHAM5

1.25
1.875
1.0

1.0 (telescoping to
0.3 degree near the
equator)
1.25
0.93
1.0

20
31
40

Table 2: ocean model resolutions in the coupled climate models.
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