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ABSTRACT 
 
Ocean boundary currents are poorly represented in existing coupled climate models, partly because of 

their insufficient resolution to resolve narrow jets. Therefore there is limited confidence in the 

simulated response of boundary currents to climate change by climate models. To address this issue, 

we use the eddy-resolving Ocean Forecasting Australia Model (OFAM), forced with bias-corrected 

output in the 2060s under SRES A1B from the CSIRO Mk3.5 climate model, to provide downscaled 

regional ocean projections. Mk3.5 captures a number of robust changes common to most climate 

models and are consistent with observed changes, including the weakening of the equatorial Pacific 

zonal wind stress and strengthening of the wind stress curl in the Southern Pacific, important for 

driving the boundary currents around Australia.   

The 1990s climate is downscaled using air-sea fluxes from the ERA40 reanalysis. The current 

speed, seasonality, and volume transports of the Australian boundary currents show much greater 

fidelity to the observations in the downscaled model. Between the 1990s and the 2060s, the 

downscaling with the OFAM model simulates a 15% reduction in the LC transport, a 20% decrease in 

the ITF transport, a 12% increase in the EAC core transport, and a 35% increase in the EAC extension. 

The projected changes by the downscaling model are consistent with observed trends over the past 

several decades, and with changes in wind-driven circulation derived from Sverdrup dynamics. 

Although the direction of change projected from downscaling are usually in agreement with Mk3.5, 

there are important regional details and differences that will impact response of ecosystems to climate 

change.  



Sun et al.  climate downscaling of the Australian currents 3 

 
  

1. Introduction  

Ocean boundary currents are poorly represented in the current climate models that contribute to the 

Coupled Model Intercomparison Project (CMIP3), an initiative by the World Climate Research 

Programme (WCRP). This representation is partly due to insufficient horizontal resolution of about 1-

2° (about 100-200 km) in the ocean component of climate models, too large to realistically simulate 

these narrow jets. As a result there is limited confidence in the structural changes in these boundary 

currents projected by climate models. However, the response of these currents to climate change may 

directly affect marine ecosystems and regional climate (e.g., Stock et al., 2011). Around Australia, both 

the eastern and western boundary currents flow poleward, bringing warm tropical water to the colder 

regions.  The East Australian Current (EAC) is a relatively strong western boundary current with an 

annually averaged volume transport of 20-30 Sv (1 Sv ≡ 106 m3 s-1) (Mata et al., 2000; Ridgway and 

Dunn, 2003). The Leeuwin Current (LC) is a narrow, weak eastern boundary current, with an annually 

averaged volume transport of ~3.4 Sv at 32°S (e.g., Feng et al., 2003). These currents are responsible 

for maintaining the marine ecosystems along the east and west coasts of Australia, both as a result of 

higher temperatures and alongshore dispersal (e.g. Booth et al., 2007; Lenanton et al., 2009).  

As both the EAC and LC are primarily driven by large-scale wind forcing that are resolved by 

coarse-resolution climate models, more realistic simulations of the currents in a future climate could be 

obtained with an eddy-resolving ocean general circulation model using climate-model output as 

forcing.  The present study uses the Ocean Forecasting Australia Model (OFAM; Oke et al., 2005) to 

downscale a future climate scenario from the CSIRO Mk3.5 climate model (Gordon et al., 2002). 
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Dynamical downscaling methods have been routinely applied to regional atmospheric circulation 

studies and hurricane simulations and projections (e.g., Emanuel 2006; Emanuel et al. 2008; Caldwell 

et al. 2009). However, there are relatively few studies of dynamical downscaling of ocean circulation 

for climate projections (e.g., Meier, 2006; Auad et al., 2006; Ådlandsvik and Bentsen, 2007; 

Ådlandsvik 2008).  This study applies ocean dynamical downscaling to investigate the impact of 

climate change on the boundary currents in the Australian region. In Section 2, we present the models 

and forcing configurations for the downscaling experiments for two time periods, the 1990s and 2060s. 

In Section 3, we compare the downscaling results with the climate model projections, and discuss the 

changes between the two periods. In Section 4, we summarize and discuss the strengths and 

weaknesses of our ocean downscaling approach for climate change projections.  

2. Methods 

a. The models  

The CSIRO Mk3.5 is one of the contributing CMIP3 climate models which informed the Fourth 

Assessment Report of the Intergovernmental Panel on Climate Change (IPCC AR4; Solomon et al., 

2007). In Mk3.5, the ocean component is the Modular Ocean Model version 2 (MOM2) with a 

horizontal resolution of 1.875°×0.933° (Gordon et al., 2002). The Mk3.5 climate model is chosen in 

this study for the following reasons: (1) it is a model configured by CSIRO so we have ready access to 

both the developers and the forcing files; (2) it captures the average climate signals globally (Reichler 

and Kim, 2008) and in the southern hemisphere (Sen Gupta et al., 2009); (3) it simulates the 

teleconnection between the Indian and Pacific Ocean (Cai 2006). This teleconnection is the principal 

driving mechanism for the Leeuwin Current.  
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In this study, the bias-corrected atmospheric output from Mk3.5 model is used to force the 

OFAM (Oke et al., 2008) to simulate future ocean circulations. This approach is motivated by the 

understanding that most climate models have biases when simulating present climate. OFAM is based 

on the MOM4 ocean model (Griffies et al, 2005). While the domain is global, the resolution is 

enhanced to 10 km resolution in the greater Australian region (90°E-180°E, 72°S-16°N). Outside this 

domain, the horizontal resolution decreases to 0.9 degrees across the Pacific and Indian basins and to 2 

degrees in the Atlantic Ocean. OFAM has 47 vertical levels, 35 of which are in the top 1000 m, and 20 

in the top 200 m with 10-m resolution. OFAM is capable of simulating the current systems in the 

Australian region realistically, including their seasonal cycles and volume transports (e.g., Schiller et 

al. 2008). A major advantage of using OFAM for marine downscaling is its global configuration; there 

is no need to nest it inside a lower-resolution ocean model or apply open-boundary conditions. The 

disadvantage is higher computational costs compared to a regional-domain model.   

b. Forcing configurations for downscaling 

1) THE 1990S FORCING 

To evaluate the downscaling approach and provide a reference state for interpreting results for 

the 2060s, a control experiment is run, forced by surface fluxes (heat, freshwater, and wind stress) 

derived from the ERA40 reanalysis (Uppala et al., 2005) in the 1990s. A repeat-year forcing dataset 

typical of average climatological conditions at the end of the 20th century is used to remove the 

complexity associated with interannual variability from external forcing. This was achieved by 

constructing a monthly climatology of air-sea fluxes based on the years 1993-2001 from ERA40. A 

correction to the heat and fresh water fluxes is added. This is calculated from an existing OFAM spin-

up run for 1993-2001, forced by the ERA40 fluxes with the sea surface temperature (SST) and sea 
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surface salinity (SSS) weakly restored to observed values with a 30-day time scale. This ensures that 

the forcing applied does not cause the upper ocean state to drift. In addition, to account for daily 

variability, ERA40 daily anomalies from year 1995 are added (defined as the difference between daily 

values and monthly mean). The year of 1995, which is neither an El Niño nor La Niña year, is chosen 

as “normal”, to obtain daily variability independent of ENSO signals. To summarize, the forcing terms 

are: 

forcing (1990s) =  ERA40 monthly climatology (1993-2001) + ERA40 daily anomaly (1995) +  

flux correction (from 1993-2001 OFAM spin-up run)   (1) 

 The experiment with this repeat-year forcing is denoted “CTRL”. The initial condition is the 

December climatology from the OFAM spin-up run from 1993 to 2001 (Table 1).  

2)  THE 2060S FORCING 

In CMIP3 present-climate simulations, large regional differences exist between the simulated 

surface fluxes of heat, freshwater and momentum and the observed fluxes (e.g., Sen Gupta et al., 

2009).  Figure 1 shows bias in zonal wind stress in four CMIP3 climate models compared with ERA40 

analysis. The existence of biases in the CMIP3 climate models requires some thought when using these 

fluxes as forcing for OFAM.  We hence employ a bias-correction technique, commonly used for 

atmospheric downscaling, to account for the surface flux biases of the Mk3.5 simulation. We take the 

difference of Mk3.5 surface fluxes between the decades of 2060s and 1990s and add it to present-day 

surface fluxes (used in the CTRL experiment) to produce bias-corrected surface fluxes for the 2060s. 

The Mk3.5 change in surface fluxes (heat, fresh water, and momentum fluxes) are from the SRES A1B 

simulation in the 2060s and the 20C3M simulation in the 1990s. A monthly climatology is computed 

from the monthly fields of Mk.35 output in the 1990s and 2060s to generate a repeat-year forcing 
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dataset similar to that in the CTRL experiment. This approach of generating the surface fluxes for the 

2060s assumes both the bias in Mk3.5 surface fluxes and the daily variability in the surface fluxes do 

not change between 2060s and 1990s.   

The terms used in the 2060s forcing are: 

forcing (2060s ) = forcing (1990s) + Mk3.5 projected changes (2060s -1990s)  (2) 

The initial condition for the OFAM downscaling run for the 2060s is created by adding 

projected changes in December between the two decades in Mk3.5 ocean fields (temperature, salinity, 

and velocity), interpolated to OFAM grid, to the initial condition used in the CTRL run. This 

experiment is denoted “FUTR” hereafter. No further information from Mk3.5 ocean state is used in this 

experiment.  

To deal with the mismatch near the ocean/land boundaries in the low-resolution Mk3.5 fields 

and high-resolution OFAM fields, the land values in Mk3.5 are masked out first, then interpolated (and 

extrapolated near the land boundary) to the high-resolution OFAM grid for both initial condition and 

forcing fields.  This approach is based on the understanding that local winds near the coast are 

unimportant compared to large-scale wind field in the Pacific in driving the EAC and LC (Ridgway 

and Dunn, 2003; Feng et al., 2003).  

A summary of the downscaling experiments is provided in Table 1. Note both experiments are 

run with repeat-year forcing. While the CTRL run is 26-year long, the FUTR run is 16-year long. It is 

known that tropical and subtropical thermocline equilibrates to external forcing on a 10-20 year 

timescale (Sarmiento, 1983; Cox and Bryan, 1983). However, computational constraint precludes long 

runs. We tested for the stability of our simulations and found little drift in the upper ocean after 5 years. 
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In the following analyses, the last 10 years of simulation for each experiment are used to compute 

annual and seasonal fields.  

3.  Results 

a. Overview  

In presenting our results, we focus on the similarities and differences between climate 

projections from the MK3.5 coupled climate model and ocean downscaling simulations from OFAM. 

Overall, the Mk3.5 simulates relatively broad currents with little fine detail, due to its coarse resolution 

(Figure 2a).  Mk3.5 time-mean circulation does not show a well-defined Leeuwin Current – no 

coherent flow down the Western Australia coast and around Cape Leeuwin - only weak broad 

southward flow in the South Indian Ocean (Figure 2a). In comparison, the time-mean circulation in the 

1990s simulated by OFAM (Figure 2b) shows much stronger flows with finer structure. In particular, 

the Leeuwin Current can be seen clearly in OFAM starting from the Northwest Cape (around 22°S), 

going down the Western Australia coast, turning around the Cape Leeuwin at about 35°S, and 

extending all the way to the Tasmania Coast to form the South Australian Current (between the eastern 

Great Australian Bight and western Bass Strait) and the Zeehan Current (off western Tasmania). These 

features of the LC are consistent with observations (Ridgway and Condie, 2004).   

 The difference in the upper ocean circulation of the two models is even more pronounced in 

monthly snapshots (Figure 2c, d). In Mk3.5, the circulation is still smooth (Figure 2c) and shows little 

difference to the time-mean circulation (Figure 2a). By contrast, a snapshot of OFAM's circulation is 

dominated by eddies and jets (Figure 2d), features that are averaged out in the time-mean circulation 

(Figure 2b). 
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 The EAC is a western boundary current that flows poleward from the southern Coral Sea to the 

coast of northern New South Wales, then separates from the coast between 32-34°S to form the 

eastward flowing current along the Tasman Front and the EAC Extension, a southward flowing eddy 

field (Ridgway and Dunn, 2003). Mk3.5 simulates the EAC as a western boundary current; however, 

the current magnitude of the EAC is too weak (Figure 2a, c). Note that the current speed showing in 

Figure 2 is depth-averaged over the top 200m. This depth-averaged current speed is proportional to 

volume transport in the top 200m, so it can be used as a proxy as volume transport. Hereafter, we will 

use the word circulation and transport interchangeably when referring to depth-averaged current speed.  

Note the banded structure in the EAC extension from OFAM (Figure 2c) is a consequence of long-term 

averaging of warm core eddies moving down the coast, which produce a pattern of southward flow 

near the coast (first band of high flow) and northward flow off-shore (second band of high flow) 

separated from the EAC (Figure 2d).  

 To aid in the comparison of Mk3.5 and OFAM simulations, we focus on three upper ocean 

regions identified in Figure 2a and 2c: the magenta line shows the section to compute Indonesian 

Throughflow transport, the blue box for the Leeuwin Current, and the Red box for the EAC. 

b. The Indonesian Throughflow (ITF) 

In OFAM there are three exit straits of the Indonesian throughflow (ITF): the straits of Lombok, 

Ombai, and Timor, while MK3.5 only resolves outflow through Timor Passage, which is too wide (Fig. 

3a).  Thus, the strength of the ITF in OFAM is estimated as the combined transport through the three 

exit straits, following Schiller et al. (2008).  The ITF strength in Mk3.5 is approximated by the net 

zonal transport across a section at 115°E (Fig. 3b), similar to the approach by England and Huang 

(2005), where they calculated the ITF transport in an ocean reanalysis product. The MK3.5 time-mean 
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zonal velocity along 115°E is mostly westward down to 1200m depth, similar to but weaker than the 

OFAM zonal velocity along 115°E (Fig. 3d).  OFAM-simulated zonal velocity at Timor Strait at 

124.5°E is shown in Fig. 3c, which has predominantly westward flow with greatest flow in the upper 

200 m.  

Both Mk3.5 and OFAM simulate a reduction in the ITF transport between the 2060s and 1990s 

(Table 2). In Mk3.5, the ITF transport decreases from 14.5 Sv in 1990s to 13.0 Sv in the 2060s (Table 

2). In comparison, the downscaled ITF transport declines by about 20%, from 9.6 Sv in the 1990s 

(CTRL) to 7.7 Sv in the 2060s (FUTR). The CTRL estimate of 9.6 ± 2.1 Sv (standard deviation of the 

annual transport) is consistent with the estimate of 9.7 ± 4.4 Sv (standard deviation of the daily 

transport) from an ocean reanalysis, the Bluelink Ocean ReAnalysis (BRAN), from October 1992 to 

June 2006 (Schiller et al., 2008).  However, these values are lower than a recent calculation of 15 Sv 

from the 3-year INSTANT field observation from January 2003 to December 2006, but agree with 

other pre-INSTANT observations reported in the literature (e.g., Spintall et al., 2009; Gordon et al., 

2010). The differences among the pre-INSTANT observations, INSTANT observations, Mk3.5, and 

OFAM values could be due to many factors, such as interannual and decadal variability, different 

large-scale wind forcings in Mk3.5 and OFAM, model resolution, model parameterizations, etc. 

However, it is beyond the scope of this paper to address this issue in more detail here.  

The seasonal cycle of ITF transport from Mk3.5 and OFAM, as well as individual transport 

from each outflow strait in OFAM are shown in Figure 4. OFAM exhibits a more pronounced seasonal 

cycle than Mk3.5. There is also a suggestion from OFAM that there is some seasonality in the 

projected change, with the greatest decline in the months of January-April.  

c. The Leeuwin Current (LC) 
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On the west coast, the Leeuwin Current is the prominent ocean current.  However, probably due 

to its coarse resolution, Mk3.5 lacks a clearly defined boundary current north of 30°S, and has only a 

weak broad southward flow in the Southern Indian Ocean next to the Western Australia coast (Fig. 5).  

In January, there is no southward flowing boundary current in Mk3.5; flow is instead slightly 

northwards. The differences in Mk3.5 upper ocean circulation off the coast of Western Australia 

between the 2060s and 1990s show little changes in summer (Fig. 5c), but a clear weakening in the 

winter (Fig. 5f).  

By contrast, OFAM shows a well-defined LC both in the austral summer and winter, with a 

much stronger current in the winter (Fig. 6), consistent with observed seasonality (Feng et al., 2003). A 

zoomed view of the LC extending from the coast to 110E is shown in Fig. 7. The LC is much weaker 

in austral winter in the 2060s than in the 1990s (Fig. 7f), while the change in the austral summer, when 

the current is much weaker, is small (Fig. 7c).  

To provide a more quantitative analysis, we examine the LC strength at in a latitude band 

between 32°S and 34°S. Within this latitude band, a well defined boundary current exists throughout 

the year in both models, and there exists observational estimate of LC transport at 32°S (Feng et al., 

2003). In Mk3.5, we choose the longitude of 108°E as the western extent to estimate the Mk3.5 LC 

transport from southward flow in the top 200m. The Mk3.5 LC transport (averaged over 32°S and 

34°S) is 1.7 Sv in the 1990s and 1.3 Sv in the 2060s, a reduction of about 20%. In OFAM, LC transport 

is calculated from southward flow in the top 200m from the coast to 114°E between 32°S and 34°S. 

The OFAM annual mean LC transport is 2.2 Sv in the 2060s from FUTR, about 15% weaker than 2.7 

Sv in the 1990s from CTRL (Table 2).  
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Both models show that the LC is stronger in the winter and weaker in the summer (Figure 8), 

with the highest transport in June, consistent with observed seasonality (e.g., Feng et al., 2003). The 

biggest projected reduction in the LC transport in OFAM is during the season when the mean flow is at 

its maximum from April to July, while Mk3.5 has the greatest reduction from June to October. 

d. The East Australian Current (EAC) 

With climate change, Mk3.5 simulates a strengthening in the EAC extensionregion, which is in 

general agreement with most other CMIP3 climate models (Sen Gupta et al, 2009).  However, Mk3.5 

simulates a slight weakening in the core of the EAC between 26°S and 32°S (Fig. 9). By contrast, 

OFAM simulates a vigorously strengthening EAC system; both the core of the EAC and the EAC 

extensionstrengthen with climate change. The strengthening can be seen along the EAC main path 

between 24°S and 33°S, where it separates from the coast, and also further south in the EAC 

extensionregion (Fig. 9).  

 To quantify the difference in EAC transport between Mk3.5 and OFAM, we compute the EAC 

transport as depth-integrated southward flow from 148°E to 157°E in the top 600m as a function of 

latitude (Fig. 10). The Mk3.5 EAC transport changes with latitude smoothly and gradually, and peaks 

at about 29°S in both periods of the 1990s and 2060s.  The EAC transport from OFAM in both periods 

changes more drastically with latitude and peaks around 32°S, but remains nearly constant from about 

35°S to 42°S.  Both the EAC core and extension strengthen in OFAM, but there is slight decrease in 

the recirculation region around 33°S to 36°S. Note that the absolute value of the EAC transport will 

depend on the choice of longitudinal extent and the vertical extent chosen. To obtain representative 

values in Mk3.5 and OFAM for the core and extension of EAC transport, we computed the transport 

over two latitude bands: 28°S to 32°S for the EAC core, and 38°S to 42°S for the EAC extension. 

Between the 1990s and 2060s, the OFAM EAC transport increases about 12% (from 34 Sv to 38 Sv) in 
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its core region, and 35% (from 18 to 25 Sv) in its extension, while Mk3.5 EAC transport decreases 

about 6% (from 19 to 18 Sv) in the core, and increases about 40% (from 6 to 9 Sv) in its extension 

(Table 2).  

 With climate change, Mk3.5 simulates a slight weakening in EAC transport along its main path 

(north of 32°S) between the two time periods, but OFAM simulates a strengthening in the EAC 

transport both north and south of the peak value at 32°S, with the development of a second maximum 

at 39°S as the EAC extensionentrains more off-shore water into its flow. 

 

4. Summary and discussion 

The present study seeks to quantify the response of the Australian boundary currents, the EAC 

and LC in particular, to climate change using ocean dynamical downscaling.  The approach uses bias-

corrected surface fluxes from climate change projections under the SRES A1B scenario by the CSIRO 

Mk3.5 climate model to force an eddy-resolving ocean model in the Australian region, the OFAM 

model. The EAC and LC are generally poorly represented by coarse-resolution climate models. 

However, they are primarily driven by large-scale wind fields, which are resolved by climate models. It 

is therefore feasible to simulate the changes in these boundary currents in a future climate by forcing a 

high-resolution ocean model with output from climate model projections. To this end we investigate 

the impact of climate change on the LC, EAC and the ITF by examining the difference in these 

currents between the 2060s and 1990s.  

The 1990s climate is downscaled by driving OFAM with the air-sea fluxes from the ERA40 

Reanalysis. OFAM is able to reproduce key features of the EAC and LC in the 1990s, such as their 

spatial structure, seasonality, and volume transports, which are poorly represented in the Mk3.5 model. 
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To produce the downscaled climate in the 2060s, we apply a bias correction technique, whereby the 

difference between the Mk3.5 2060s and 1990s air-sea fluxes (momentum, heat, and fresh water 

fluxes) are added to the ERA40 forcing used in the control experiment.  

While it is possible to assess the response of ocean boundary currents to climate change from 

coupled climate models, important features such as spatial structure are missing in climate models due 

to the resolution. The downscaling captures finer-scale features and realistic volume transports of the 

boundary currents, thus provides additional information on the impact of climate change.  

The downscaling projects a 15% decrease in the LC transport (between 32°S and 34°S) 

between the 1990s and 2060s. The weakening of the LC in the 2060s can be attributed to changes in 

the large-scale wind forcing in the equatorial Pacific simulated by Mk3.5. A weakening of the tropical 

atmospheric circulation in response to global warming is a robust feature across an ensemble of 22 

IPCC AR4/CMIP3 climate models, including Mk3.5 (Vecchi and Soden 2007). Mk3.5 zonal 

windstress in the equatorial Pacific displays a weakening trend from 1850s to 2100 under SRES A1B 

scenario (Fig. 12), consistent with the sign of change observed in the 20th century (Vecchi et al. 2006, 

Fig. 4). The weakened zonal windstress in the equatorial Pacific leads to weakened ITF and LC in both 

Mk3.5 and the downscaling, as the LC is primarily forced by the meridional pressure gradient 

associated with the ITF (Godfrey and Ridgway, 1985; McCreary 1986).  The projected weakening of 

the ITF and LC in the 2060s from the Mk3.5 and ocean downscaling are similar, but Mk3.5 does not 

resolve the coastal waveguide and has an unrealistically wide LC that is non-existent in the summer. In 

the downscaling projection, the largest reduction in the LC occurs in the austral winter, when the 

current is also the strongest. The weakening trend of the ITF and LC into the future is consistent with 

observations from the past several decades (Feng et al., 2004; Wainwright et al., 2008), although a 
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recent study suggests the trend over the past 15 years has reversed sign with increasing transport, likely 

a result of decadal variability (Feng et al., 2010; Feng et al., 2011). 

The EAC strengthens in the 2060s due to the strengthening and southward shift of basin-wide 

wind stress curl in the South Pacific simulated by Mk3.5, which is also a robust feature in the majority 

of CMIP3 climate models (Cai 2005; Sen Gupta et al., 2009). This strengthening is consistent with 

observations and modeling results over past decades (e.g., Cai 2006; Ridgway et al. 2007, 2008; Hill et 

al. 2008), as a result of increased wind stress curl in the South Pacific, as explained by Sverdrup 

dynamics (e.g., Roemmich et al., 2007; Hill et al. 2008). However, in Mk3.5, the EAC core does not 

strengthen and only the EAC extension strengthens. The downscaling projects a consistent 

strengthening of both the EAC core and EAC extension, about 10% increase in the EAC core and 35% 

increase in the EAC extension.  

To assess if the difference between the two decades of 2060s and 1990s is representative of 

long term trends, we compute the Mk3.5 EAC core transport (averaged over 28-32°S) and EAC 

extension transport (averaged over 38-42°S) from 1980 to 2100 (Fig. 12). The change between the two 

decades used in this study is consistent with the Mk3.5 long-term trend, which shows that the EAC 

core slightly weakens but the EAC extension strengthens. The changes in ITF and LC between 1990s 

and 2060s in Mk3.5 are also consistent with the long-term trend in Mk3.5 simulations (not shown).  

The present study focuses on hydrodynamic changes in the boundary currents, which provides 

an important first step for investigating the ecological impacts of climate change. The differences 

between the ocean downscaling and Mk3.5 in the projected changes in the 2060s for both the LC and 

EAC will have important implications for marine biology, connectivity, and water mass formation 

(e.g., Poloczanska et al., 2008, 2009; Diteze et al., 2009; Stock et al., 2011).  
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One caveat of marine downscaling is that there is no feedback of the ocean state to the 

atmosphere. The use of an ocean-only model for downscaling neglects the potential feedback a change 

in the ocean state may have on the exchange of heat, water and momentum between the atmosphere 

and ocean.  In this study, the ocean climate change projection is based on the difference of climate 

projections between two decades from one climate model and one emission scenario.  To assess the 

robustness of climate projection, different projections from different climate models under various 

scenarios could be used to force the ocean downscaling model. Further, the use of the climate anomaly 

approach (Eq. 1) to reduce climate model biases assumes we could treat climate change independently 

of the ocean state of the climate model. The consequence of this assumption on the downscaled 

projections needs to be investigated.  It is conceivable that downscaled atmospheric forcing could also 

alter ocean downscaling (e.g. Langlais et al., 2009) and should be investigated.  

Finally, as in all climate model projections, the assessment of projections is limited by lack of 

future data. An important next step is to assess the robustness of projections from ocean downscaling 

against past trends and to investigate the limitations discussed above on the climate projections.  
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 CTRL FUTR 

Ocean initial 
condition  

December 1990s  December 2060s=  CTRL 
initial condition + Mk3.5 
(December 2060s-December 
1990s) 

Forcing   forcing (1990s) =  ERA40 
monthly climatology + 
ERA40 daily anomaly (1995) 
+ OFAM spinup flux 
correction  

forcing (2060s) = CTRL 
forcing + Mk3.5 monthly 
climatology (2060s-1990s)  

Length of 
simulation  

26 years 16 years 

 

Table 1: Summary of surface forcing and initial conditions in different experiments.  
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 OBS  Mk3.5 

(1990s) 

OFAM 

(1990s) 

Mk3.5 

(2060s) 

OFAM 

(2060s) 

ITF 9.7±4.4 (BRAN)                     

15 Sv (INSTANT) 

14.5 ± 0.8  9.6±2.1 13.0 ± 0.9 7.7±2.8 

LC (32°S-

34°S) 

3.4 Sv at 32°S (Feng et al. 

2003) 

1.7±0.3 2.7±0.3 1.3 ±0.2 2.2±0.3 

EAC core 

at 28°-32°S 

22.1 ± 4.6 Sv at 30°S, coast to 

154.4°E  (Mata et al., 2000);        

27.4 to 36.3 Sv at 28°S, coast to 

155.7°E (Ridgway and 

Godfrey, 1997) ; 22 to 42 Sv at 

29°S, coast to 154.8°E 

(Chiswell et al., 1997)                  

25 Sv at 29°S, 37 Sv at 33°S 

(Ridgway and Dunn, 2003) 

19.3 ± 1.3  33.7±3.0 18.0 ± 1.3 

 

37.9±2.3 

EAC 

extensionat 

38°-42°S 

 7.1 Sv at 44°S (Ridgway and 

Godfrey, 1997) 

6.4 ± 0.7  18.3 ± 

2.2 

9.3 ± 1.0 25.0±  

2.4 

 

Table 2: Time-mean volume transports of the Indonesian Throughflow (ITF), Leeuwin Current (LC), and 

the EAC from Mk3.5 and downscaling, and estimates from observations.  Note the numbers after ±  are standard 
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deviations of annual volume transports. The LC transport is averaged over a latitude band between 32°S and 

34°S, the EAC core transport over 28°S-32°S, and the EAC extensiontransport over 38°S-42°S. BRAN is the 

Bluelink ReAnalysis from 1992 to 2006 (Oke et al, 2008, Schiller et al. 2008). INSTANT estimate is from a 3-

year field program from January 2003 to December 2006 (Spintall et al., 2009; Gordon et al., 2010). 
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Figure 1: Zonal wind stress biases in four CMIP3 climate models: (a) GFDL CM2.1; (b) UKMO Hadgem1 

(c) CSIRO Mk3.5, and (d) MPI ECHAM5. The bias is calculated over 1981-2000 in N/m2, using the ERA40 

Reanalysis as benchmark.
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Figure 2: Time-mean circulation in the 1990s from (a) Mk3.5 and (b) OFAM (top), and examples of 

snapshots (bottom). The colors show the depth-averaged current speed over 0-200m in m/s; color scale is the 

same in all panels and is shown in (d). Vectors in (a-c) show the direction and magnitude of the depth-averaged 

current; vector scales are shown. Vectors are omitted in (d) to help visualize the eddies and jets in the flow field. 

Boxes denote the domain shown in Figure 7, 7 and 8. The magenta lines in (a) and (b) denote the sections used 

to calculate the ITF transport. The locations of Ombai and Lombok Straits that are used in OFAM for ITF 

transport calculations are shown in Fig. 2. Shaded gray areas show the land masks in the model.  
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Figure 3: (a) Land masks in Mk3.5 (gray area) and OFAM (black area). Red lines denote the three locations 

where ITF outflow straits in OFAM used to compute the ITF transport. The blue line is the section at 115°E 

used to calculate ITF transport for Mk3.5. (b) and (d): 1990s time-mean zonal velocity at 115°E from Mk3.5 

and OFAM. (c) 1990s time-mean zonal velocity at Timor Strait from OFAM (124.5°E). Colors in (b-d) are 

zonal velocity in m/s; eastward is positive (red), westward is negative (blue).  



Sun et al.  climate downscaling of the Australian currents 31 

 

Figure 4: Seasonal cycle of ITF transport from Mk3.5 (a) and OFAM (b): 1990s (black), 2060s (red). 

Mk3.5 transport is from a section at 115E, from 22S to 8.2S, with westward transport positive. Note the 

scales of the transport on the plots are different.  



Sun et al.  climate downscaling of the Australian currents 32 

 



Sun et al.  climate downscaling of the Australian currents 33 

 

Figure 5: Mk3.5 seasonal circulation off Western Australia from 1990s (a, b), 2060s (c, d), and 

differences between the two time periods (e, f) for January (left column) and July (right column). Colors 

show the magnitude of currents (in m/s) depth-averaged over the top 200 m. Vectors show the direction 

of the depth-averaged current; vector scale shown in (a). Gray shading indicates model land areas; the 

black lines indicate the actual coastline.  
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Figure 6:  OFAM time-mean circulation off Western Australia from CTRL (left) and FUTR (center). 

Colors show the magnitude of currents (depth-averaged over 0–200 m) in m/s. Vector lengths correspond to 

velocity magnitude, scale shown in (a).  (c, f): Velocity difference in January (c) and July (f) between the two 

time slices of 2060s and 1990s. The magenta lines indicate 100m and 2000m isobaths.  
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Figure 7:  The same as Fig. 6, but for a zoomed view.  
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Figure 8:   Seasonal cycle of the Leeuwin Current transport from (a) Mk3.5 and (b) OFAM (b): 1990s 

(black) and 2060s (red). Southward transport is positive. The Mk3.5 transport is estimated from southward flow 

averaged over 32°-34°S (0-200m, coast to 108°). LC transport from OFAM is calculated from southward flow 

(0-200m, coast to 114°E) averaged over 32°-34°S.  
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Figure 9: Time-mean circulation off the east coast of Australia from Mk3.5 (left) and OFAM (right) in the 

1990s (top) and 2060s (center) and the differences between the two decades (bottom). Colors show current 

speed depth-averaged over 0–600 m in cm/s. Vector length represents current speed averaged over 0-600m in 

cm/s, and the corresponding vector scales are shown in (a-d). Note the scale in (f) is 10 times larger than (c ).
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Figure 10: Annual-mean EAC transport along its path: Mk3.5 (dashed) and OFAM (solid). 

Red line is 2060s, black 1990s. Transport is calculated as depth-integrated southward flow from 

148°E to 157°E, 0-600m.  
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Figure 11: Equatorial Pacific zonal-mean zonal wind stress anomaly (N/m2) from the Mk3.5 

20C3M experiment (1860-2000) and SRES A1B (2001-2100) simulations. The zonal wind-stress 

anomaly is averaged 120°E–70°W, 5°S–5°N. The cyan curve is the monthly mean, black line the 

annual mean, and red line the trend. Note that zonal windstress in the equatorial Pacific is 

westward (negative in this figure), so a positive anomaly indicates a weakening of windstress 

there. The monthly difference in the wind stress over the global domain from the two time slices 

(2060s and 1990s) is used to compute a 10-year averaged monthly climatology in the future 

forcing used in the downscaling experiments.  
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Figure 12: Mk3.5 EAC transport from 1980 to 2100. (a) EAC core transport averaged over 

28°-32S; and (b) EAC extensiontransport (averaged over 38S-42°S). Mk3.5 transport is 

integrated from southward flows 148°E to160°E, 0-600m. The cyan curve is the monthly mean, 

blue line the annual mean, and red line the trend.  
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