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Abstract. At present, global climate models used to project Until such a time when it is feasible to regularly run
changes in climate poorly resolve mesoscale ocean featuresglobal climate model with eddy resolution, our framework
such as boundary currents and eddies. These missing featurées ocean climate change downscaling provides an attractive
may be important to realistically project the marine impactsway to explore the response of mesoscale ocean features with
of climate change. Here we present a framework for dynami-climate change and their effect on the broader ocean.
cally downscaling coarse climate change projections utilising
a near-global ocean model that resolves these features in the
Australasian region, with coarser resolution elsewhere.

A time-slice projection for a 2060s ocean was obtained?!

by adding climate change anomalies to initial conditions and . .
surface fluxes of a near-global eddy-resolving ocean modelGlObal'Scale Atmosphere-Ocean General Circulation Mod-

Climate change anomalies are derived from the dif'ferencegIs (AOGCMs) are used extensively to project the response

between present and projected climates from a coarse glob:%f cullmatert]o |ncr?a5|ng co_nc?;l\tratltons ofr:nfrare: -ab sorb|rc11g,
climate model. These anomalies are added to observed fieldd! 9'€€NNOUSE’, gases in the almosphere. However, due

thereby reducing the effect of model bias from the climate© the complexny of these mgdels, at prese_nt they are for-
model. mulated at relatively low horizontal resolution (e.g. ar

The downscaling model used here is ocean-only and doe;oo km). This enables AOGCMs to run relatively quickly and

not include the effects that changes in the ocean state wil° project the climate evolution over decadal and centurial
have on the atmosphere and air—sea fluxes. We use restorirli. e scales for various future climate scenarios. While global

of the sea surface temperature and salinity to approximat GCMs are valuable for providing global- and basin-scale

real-ocean feedback on heat flux and to keep the salinity Stat_rends in future climate, they are not designed to resolve all

ble. Extra experiments with different feedback parameteri-Of the important ocean featgres,. suph as mesoscale ed@es
sations are run to test the sensitivity of the projection. Con-2nd ppundary_ currents. Marine life in Australian waters is
sistent spatial differences emerge in sea surface temperatur@?ns't've to climate chang@@loczanska et' al2007), anq
salinity, stratification and transport between the downscaled"2"Y of these potential climate change impacts are influ-

I ; ; d by mesoscale features, which are poorly resolved by
projections and those of the climate model. Also, the spa’uaPnCe i _
differences become established rapidly 8 yr), indicating AOGCMs Hartog et al. 2011, Stock et al, 2011 Hobday

the importance of mesoscale resolution. However, the dif-and Lough 2011). Some marine impact methods are based

ferences in the magnitude of the difference between experi9n mesoscale features, such as eddy-kinetic endpg}l (

ments show that feedback of the ocean onto the air—sea fluxe‘%t al, 2011), which are absent from AOGCMs.

is stillimportant in determining the state of the ocean in these In_order to_make fme-scgle projections from coarse
projections. AOGCMs, various downscaling methods have been ap-

plied. Most downscaling methods can be classified as either

Introduction
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Fig. 1. Boundary currents around Australia, basedP@foczanska et a{2007).

statistical or dynamical downscaling. Statistical downscalingopen boundary scheme use results from an AOGRIgier
requires defining relationships between local phenomena an(200§ employs a two-step process to dynamically downscale
large-scale features that can be found in coarse AOGCMsthe Baltic Sea. First a regional climate model is nested within
using observational records (eldeyen et al.1996. Statis- an AOGCM, where the AOGCM drives the open boundaries.
tical downscaling has the advantage that it is quick to applySecond, the change in the atmospheric surface fields from the
once relationships are defined, though it does assume thaegional model are added to climatologies of reconstructed
these relationships are invariant as the climate changes. Dyfields to drive the ocean model. Although the regional mod-
namical downscaling involves using a new circulation modelels provide an economical way to increase ocean resolution,
that can resolve properties with higher resolution. The ad-the limited spatial extent of such models makes them unsuit-
vantage of dynamical downscaling is that the models carable for investigating basin-scale phenomena like boundary
explicitly resolve dynamics and linkages from the coarse tocurrents.
fine scales without assumptions. However, running models This present study focuses on climate change in the oceans
at higher resolution is computationally expensive and experi-around the Australian region. Important boundary currents
ments are generally limited to time slices. We present here aare found west and east of Australia (FIg. In the west,
approach that is based on a high-resolution ocean model thahe Leeuwin Current is a unique, poleward flowing east-
explicitly resolves features of interest, such as the boundargrn boundary current containing warm, low-salinity water
currents and eddy fields around Australia, to do dynamicalsourced from the West Pacific via the Indonesian Through-
ocean downscaling. flow (e.g.Cresswell and Goldindl980. This current warms

In the atmosphere, regional atmospheric models havéhe Western Australian coast relative to other coasts at the
a long history of being used to dynamically downscale globalsame latitudeReng et al.2003. During the austral winter,
weather predictions to provide regional predictions (e@. the Leeuwin Current continues along the south coast of Aus-
et al, 2008 Laprise et al.2008, and now these dynamical tralia, driven by winds and onshore Ekman flow as far as
downscaling techniques are being modified and applied toTasmania Ridgway and Condie2004. The Leeuwin Cur-
make regional atmospheric climate change projections (e.grent, whose strength depends in part on EiddSouthern
Wang et al. 2004). However, there are few examples of dy- Oscillation cycles of the tropical Pacifie¢éng et al.2003,
namical downscaling of climate change projections for theis intimately linked to biological processes in the water off
oceanAdIandsvik(ZOO& nests a high-resolution model for the west coast of Australia. It is associated with the shelf
the North Sea into an AOGCM,; the surface forcing and thebloom of phytoplanktonKoslow et al, 2008 Moore et al,
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20079, the production of anti-cyclonic eddies with high phy- global without nesting, our climate change signals from the
toplankton biomasdiietze et al.2009 Moore et al, 2007, AOGCM are contained within the initial conditions and forc-
rock lobster biomas®Japuti et al.2003 2010 and other fish  ing fields.
speciesliobday et al.2008. In the east, the East Australia ~ While AOGCMs are the best tools to assess climate sce-
Current (EAC) is a strong western boundary current origi- narios on time scales of several decades and beyond, the cli-
nating from the South Equatorial Current and flowing southmate states in these models are biased with respect to the ob-
along the east coast of Australia. While the main flow of the served climate. Like thiMeier (2006 model, we reduce the
EAC separates from the coast at aroun8iS2nd turns east- effect of this model bias by using only the changes in climate
ward between 33S and 35S (Ridgway and Dunn2003, from the AOGCM. On the other hand, ODMs are the best
some of the EAC continues south, influencing marine con-tools to study the upper ocean due to the explicit resolution
ditions as far south as Tasmania {&). Mesoscale eddies of mesoscale features. However, ODMs are computationally
driven by the EAC are prominent throughout this region. Dy- expensive and are rarely run for more than a decade or so,
namical studies show there is a good correlation between thevhich is too short to stabilise deep, slow ocean processes.
strength of the EAC and the curl of the wind stress in theHence, the effect of climate change on the upper ocean is the
Pacific OceanHill et al., 2008. EAC variability impacts the  focus of the projections in this study.
biodiversity and fish distributions along the east coast of Aus- From an original spinupdke et al, 2008, we ran a con-
tralia (Poloczanska et al2007). trol experiment (CTRL) with present-day climatology of sur-
This paper describes a framework to downscale AOGCMface fluxes, from which we simulate the current ocean state.
projections to provide regional projections of ocean climateOutput from this CTRL experiment is used as a reference in
change. We first present the models used for the downscalindhe setup and analysis of the ODM projections.
as well as methods used to generate the initial conditions and The target of our time-slice projections is the decade of the
the atmospheric forcing fields required for the ocean down-2060s from the “Alb” medium emissions scenalakicen-
scaling model (ODM). We then discuss how we handle theovic et al, 2000. Climate signals from the AOGCM are then
feedback of the ocean state on the air—sea fluxes. Finallythe change in ocean state and change in air—sea fluxes be-
we present several numerical experiments to investigate theveen the 1990s and 2060s, which are added to the observed
feedback parameterisation on the climate change projectioncean state and observed fluxes to produce initial conditions
of the ODM. These experiments are used to demonstrate thand forcing fields for the ODM experiments. These proce-
robustness of ocean projections from the ODM. To gauge thelures are described in sections that follow.
influence of resolving mesoscale features of the future ocean ODM experiments here are ocean-only. Like other ocean-
state, we compare the response of the ODM simulation toonly experiments, we apply feedback from the ocean state
the simulated AOGCM response. The approach used here t the surface forcing to: emulate realistic feedback in the
downscale the ocean in a future climate is generic and cawbserved oceari(ankignoul et al.1998, and avoid uncon-
be applied to any combination of AOGCM, climate scenario trolled drift and instabilities (e.gZhang et al. 1993. Ex-
and ODM. tra experiments with different feedback parameterisations are
also presented to test the sensitivity of projections to feed-
back mechanisms. The ODM experiments are summarised

2 Experiment setup in Tablel.
2.1 Methodology 2.2 Models

Ideally we would like an AOGCM that has an eddy-resolving 2.2.1 Global climate model

ocean for future marine projections. Unfortunately, it is com-

putationally prohibitive to pursue decadal to centurial time In this study, the future climate projections from the CSIRO
scale simulations with such a model and we are restricted tCommonwealth Scientific and Industrial Research Organi-
coarse AOGCMs for long simulations. We use a near-globalsation) Mk3.5 Global Climate ModelJordon et al.2010
ODM that is eddy-resolving in the Australian region and hasare used to drive our climate ODM simulations. This
the spatial scales that better resolve boundary currents (e.AOGCM is an updated version of the CSIRO Mk3®q(-
Leeuwin and East Australia Currents, Flg. their source re-  don et al, 2002, which was a contribution to the Intergov-
gions, and the eddies associated with these currents3Fig. ernmental Panel on Climate Change Fourth Assessment Re-
Unlike either of the ocean downscaling examples describegort (Solomon et a].2007). Mk3.5 contains improvements in
above Adlandsvik 2008 Meier, 2006, our ODM is near-  all components of the AOGCM from Mk3.0, in particular in
global with no open boundaries. When a dynamic down-the ocean eddy transfer coefficients and mixed layer scheme.
scaling model is nested within a coarser model, much ofThe ocean resolution of the Mk3.5 AOGCM i8 & 2° with

the climate signal from the coarse model is passed througl31 vertical depth layers, 15 of which are in the upper 500 m
the open boundary conditions. However, since our ODM is(Fig. 2a).

www.geosci-model-dev.net/5/1177/2012/ Geosci. Model Dev., 5, 111184 2012
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Table 1. Details of ODM experiments presented.

Experiment Initial Run Surface fluxes
name conditions length  (details Sez#)
(details Sect2.3) (yn)
Spinup World Ocean Atlas 16 Forced with reanalysis fluxes,
(Levitus 2002 restored to observed SSand SS$*
CTRL End of year 16, Spinup 26 Present-day climatology,
no feedback
RELX End of year 16, Spinup 14 Projected climatology, feedback
plus climate anomaly on heat and freshwater with restoration
to SST and SSS (see Seztb)
FREE End of year 3, RELX 3 Projected climatology,
no feedback
STRS End of year 3, RELX 7 As for RELX with

stress feedback

(* Sea Surface Temperatuf®; Sea Surface Salinity)

AOGCM (1990-1999) ODM (1990s)
5°5 - 5°S
- L ‘ 0.5
15°S = 15°
| | 0.4
) ||
L w28 oy & 25°S
=
=1 A 2
€ E - £
S s o 3 3505 4
2 | [ F°-
45°S _:’::::: e | 0.1 45°s {07 D ’
n{////—v_.-/ 7/ ~ ’ ’%Jf;?%if; A
55°S T o 55°S LA
90°E 130°E 170°€ 90°E 130°€ 170°€
LONGITUDE LONGITUDE
5°S
0.5
P
) 15°S
3 0.4
N
T w 25°
o 3 S o
-5 5
> 38 0.2
Z .
et
g |
45° ||
= 0.1
= == - 55°S Lo
90°E 130°€ 170° 90°E 130°% 170°€
LONGITUDE LONGITUDE

Fig. 2. Comparison of the surface currents from AOGCM (left column) and ODM (right). Shown are 10-year mean (top row) and monthly
snapshots (bottom) of surface current velocity. Colours show the velocity magnitude (), msows indicate direction.

As part of the preparation for climate simulation, Mk3.5, climate for centurial time scales. The stability in the climate
like other AOGCMSs, has been spun up so that the model driftstate in these control experiments means that there is no need
is reduced to a negligible level. This is confirmed in AOGCM to correct for model drift in the Mk3.5 projections.
control experiments run in parallel to climate simulations, in
which the climate models continue to simulate pre-industrial

Geosci. Model Dev., 5, 1177194 2012 www.geosci-model-dev.net/5/1177/2012/
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Fig. 3. Monthly snapshots of SST (top rofC) and mean sea surface salinities (bottom, practical salinity units — psu) for AOGCM, ODM
and satellite AVHRR (Advanced Very High Resolution Radiometer) observations with the present climate.

2.2.2 Ocean downscaling model In experiments with present-day climate, our AOGCM and
ODM generally show similarities in results at coarse scales,
We use the high-resolution Ocean Forecasting Australisout have differences in details. The mean surface velocity
Model (OFAM version 1) to dynamically downscale and ex- fields from each model are broadly the same (top row, Big.
plicitly resolve the effects of mesoscale currents and eddie${owever, while the monthly field from the AOGCM (bot-
on the projection of climate change. OFAM is based on thetom left) is very similar to the mean field, the monthly field
Modular Ocean Model, version 4.0 (MOM&yiffies et al,  from the ODM shows a lot of mesoscale variability that
2004. OFAM is configured with variable spatial resolution even masks the mean fieBchiller et al (2009 demonstrate
on a near-global grid; the model does not include the Arc-that transports of the main boundary current systems around
tic Ocean. The vertical resolution in the upper 200 m of the Australia in the reanalysis experiment with this ODM are
water column is 10 m. The model grid has variable horizon-consistent with observations. Broadly speaking, the sea sur-
tal spacing, which is eddy-resolving around Australia {0.1 face temperatures (SST, top row, F8yin the AOGCM and
resolution in Iongitude and latitude betweer? @hd 180 E, ODM are very similar to observed SST (top r|ght) However,
and south of 18N), with coarser resolution outside this re- mesoscale dynamics within the ODM introduce variability in
gion, ultimately “telescoping” to 2resolution far from the  the SST similar to observations, which is missing in the SST
region of interest. OFAM is used extensively to model dy- simulated by the AOGCM. Mean sea surface salinity fields

namics in the Australian region (e.§chiller et al. 2009  (SSS, bottom row, FigB) show a clear bias in the AOGCM.
Oke and Griffin 2011). OFAM is the core of the Bluelink

Ocean Data Assimilation System, which produces 7-day op2.3 Initial Conditions

erational forecasts of the ocean stadéé et al, 2005 Brass-

ington et al, 2007) and has been used to produce a reanaly-10 prepare the ODM there was an initial spinup where the
sis of the ocean state around Australia over the last decad@igh-resolution ocean model was forced with reanalysis flux
(Bluelink ReanalysisQke et al, 2008, as well as to explore  Products (ERA-40Uppala et al.2003 and relaxed to ob-
the processes controlling spatial distribution of phytoplank-Served surface temperature and saliritgynolds and Smith

ton off both WesternRietze et al.2009 and EasternMlon- 1994 Levitus 2002; seeOke et al.(2008 for more de-
gin et al, 2011) Australia. tails. The ODM was spun up for 16yr, once with forcing

fields from 1991 up to 2004 and then for a second “loop”
of the forcing starting from 1993. The model at the end of

www.geosci-model-dev.net/5/1177/2012/ Geosci. Model Dev., 5, 111184 2012
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Fig. 4. Average forcing fields of heat (top), freshwater (middle) and surface stress (bottom) applied to ODM experiments. Forcings from
present climatology are in the left column, climate anomalies in the right. The centre column shows the diagnosed fluxes for heat and
freshwater based on the ODM spinup as the ocean was restored to observed surface fields, and the ocean feedback calculated to surface str
(see Sec2.5.2.

1994 on this second loop was used as the initial conditionchanges in ocean state and atmospheric forcing between the

for a present-day ODM simulation (CTRL), since this was two decades despite these biases.

atime when the ocean was neither in a strong Bid\or La Shorter projection experiments to test sensitivity to feed-

Nifa state. backs were branched from the main projection. There is a
Climate change anomaly fields in temperature and salinitylarge “shock” to the ocean state due to the addition of the

from the AOGCM are added to the CTRL initial condition to AOGCM climate change anomaly, which would mask any

construct initial conditions for the ODM climate projections. differences, so we start these feedback experiments from an

These anomalies are calculated and applied as global 3-Dcean state that has already run for 3 yr, after which most of

fields. The anomalies are shown in Se8t2and3.3, where  the shock has dissipated. This approach made it easier to as-

they are compared to changes in the ocean state with clisess differences in the feedback experiments with less com-

mate change in the ODM. The climate change anomaly fieldguter resources.

are defined as the change from the decadal averages in the

1990s to the decadal averages in the 2060s. Climate change4 Forcing fields

anomaly fields were used instead of the actual ocean state of o )

the AOGCM in 2060 to remove the potential regional biases ' € ©PM control and projection experiments are all forced

in the AOGCM-simulated ocean state (like SSS in . with constructed flux climatologies of heat, freshwater and

This approach assumes the AOGCM can correctly simulatdnomentum. Using climatologies removes interannual vari-
ability from the forcing and reduces the variability in the

Geosci. Model Dev., 5, 1177194 2012 www.geosci-model-dev.net/5/1177/2012/
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ocean state, which simplifies the comparison of results anqSW+LW+Lat+Sens) is the largest component of the heat
so makes it easier to identify the response of the ocean tdorcing (up to~ 80 Wni 2, top row, Fig.4). HC and H are
climate change. The climatology of forcing fields for CTRL smaller components, each20 W 2.
was built from fluxes applied to the spinup experiment. The The freshwater flux (FW, E) is the sum of: precipita-
spinup was forced with observed surface fluxes (ERA-40tion (Prec), evaporation (Evap), a correction term (FC) de-
Uppala et al. 2009, and it was also restored to observed rived from the ODM spinup by relaxing the simulated SSS
surface states, which allowed the model to diagnose thavith a time scale of 30 days to a monthly climatolodgeyi-
correction fluxes used to maintain observed ocean states dfis 2002, the climate change freshwater flux anomaly from
temperature and salinity. The heat, freshwater and momenAOGCM experiments (FW, a feedback term (F¥edback
tum fluxes of the spinup from years 1993—-2001 are averagediscussed below), and diurnal variability (Y Present-day
to produce a monthly climatology for present-day forcing. fluxes (Prec and Evap) are again the largest term in the con-
In building this climatology, diurnal variability is lost. Diur-  structed freshwater fluxes (middle row, F#), though this
nal variability is added back with ERA-40 fluxes from 1995; time the FC is larger than the FW
1995 is used since major ocean climate indices (e.g. EbNi Stress (Eg.3) gives the zonal and meridional com-
Indian Ocean Dipole) were neutral at this time. Diurnal vari- ponents of momentum flux as the sum of. present-day
ability in the fluxes is determined from the differences be- stresses (Stress), climate change stress anomalies calculated
tween the daily values and their monthly mean. Most com-from the AOGCM simulations (Stregs a feedback term
ponents of heat flux can be treated as a single flux into the to§Stresgedback discussed below), and the stresses due to di-
ocean layer. However, shortwave radiation penetrates into tharnal variability (Stress). The present-day forcing is much
ocean, for which we use a monthly climatology computedgreater than the climate anomaly for surface stress (bottom
from 1993-2001 ERA-40 shortwave flux for our CTRL and left and bottom right of Fig4).
ODM projection experiments.

In the ODM climate projections, climate change anoma-2.5 Ocean feedback on air—sea forcing
lies from the AOGCM are added to these present-day fields.
Like the anomaly applied to the initial conditions, climate All ODM simulations in this study are done with an ocean-
anomalies are applied to the ODM forcing to reduce the ef-only model, which lacks the potential coupling of the ocean
fect of bias from the AOGCM. The approach of applying state with the atmospheric forcing. However, we do expect
anomalies to forcing fields has been used before to keep modesolving mesoscale features to alter the future ocean state
els close to expected climatology (ekgrtman et al, 2002. and for this to influence the fluxes of heat, freshwater and
The climate change anomalies are calculated as the changeaomentum between the atmosphere and ocean. We use the
in the monthly averaged fluxes between the decades of theerm “feedback” to denote the impact that the change in
2060s and 1990s from the AOGCM. The ocean feedbacks pascean state predicted by ODM may have on these fluxes. Ide-
rameterise how the ocean state in the ODM alters the fluxesally, one could do climate downscaling with a coupled model,

as detailed in the next section. but at this stage we have taken a simpler and more computa-
The following equations summarise the components usedionally efficient strategy of using an ocean-only model and
to construct ODM fluxes. relying on simple formulations of the feedback terms to ac-

count for the coupling. While our feedback parameterisations
are simple, we try several different formulations to assess the

HF = SWoresentt LW presentt S€Ngresent (1) sensitivity of the ODM climate change projection to the feed-

+Latpresent HCpresent+ H' + Hreedbackt Ho back parameterisation. The following section discusses how
we parameterise the heat, freshwater and momentum flux

FW = Pregresen— EVaresentt FCpresent ) feedbacks in the simulations performed. TabBummarises

feedbacks used with a list of these simulations.
+FW/ + Feredback+ FWo

Stress= StreSgresentt Stresé+ Stresgedpackh Stress (3) 2.5.1 Feedback of heat and freshwater

The heat flux (HF, Eql) is the sum of: present-day short- To represent the ocean feedback on the air-sea heat and
wave solar radiation (SW), longwave radiation (LW), sen- freshwater fluxes, we include additional heat and freshwa-
sible heat flux (Sens), latent heat due to evaporation (Lat)ter fluxes based on a simple restoring of SST and SSS to
a correction term (HC) derived from the ODM spinup by re- guide fields (SSduide and SSguige). Guide fields are con-
laxing the simulated SST with a time scale of 30 days to ob-structed by adding the monthly climate change anomalies
servations Reynolds and Smithl994), the climate change from the AOGCM simulation to the monthly surface tem-
heat flux anomaly from AOGCM experiments’fHa feed-  perature and salinity climatologies from the control experi-
back term (KHeedback discussed below), and diurnal variabil- ment. The form of the equations for restoring is a straight-
ity (H,). The applied forcing from the present-day climate forward damping relationship: tkbdback= ¢H(SSDpM —

www.geosci-model-dev.net/5/1177/2012/ Geosci. Model Dev., 5, 111184 2012
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SSRuide and FWeedback= arw(SSpm — SSSuide). The 2.5.2 Feedback of wind stress
time scale for restoring was 30 days for both SST and SSS,

which gives feedback coefficients with this ODM @f; = To quantify how changes in the ocean state impact the atmo-
—16Wm 2K~ andary = +10mmday ! psu? (assum-  spheric circulation, we conducted atmosphere-only simula-
ing a salinity of 35 psu). tions using the CSIRO Mk3L modePhipps et al.2011).

There is a clear physical argument for linking the SST The atmosphere component of this model is a reduced-
anomaly with heat flux, which is quantified in bulk flux for- resolution version of the atmospheric model used in the
mulas (arge 2005. Heat loss via longwave radiation, evap- Mk3.5 AOGCM. Two simulations were conducted to assess
oration/latent heat and sensible heat are all strong functionthe impact of SST change on the wind stress field. Firstly,
of temperature, in addition to other properties such as windve used a climatology of the monthly SST fields from the
speed. This approach has been shown to approximate thdk3.5 AOGCM decade of the 2060s. Secondly, we con-
feedback of the real ocean and air—sea fluxeBraykignoul  structed a new SST climatology by adding the change in SST
et al. (1998, who found an average observed feedback co-from the 1990s to 2060s found with the ODM (RELX experi-
efficient of —20 W m2K~1 for the North Atlantic, which  ment) to the Mk3.5 SST in the 1990s. Both simulations were
is comparable to our coefficienferankignoul et al(1998 run for 60yr, and we used the average of the last 30yr to
found that ideally the feedback coefficient would be a func-compute the differences in the monthly surface wind stress
tion of latitude and season as well. Here, however, we use thbetween the two simulations, which we call the wind stress
surface restoring capability of the model, which is constantfeedback. The 30-yr averaged wind stress feedback (bottom
and uniform everywhere. centre, Fig4) was added to the wind stress used in the RELX

Itis less clear that SSS anomalies and freshwater fluxes arend FREE experiments to assess the impact of wind stress
linked. SSS restoring is applied for two main reasons. Firstly,feedback (experiment STRS, Taldle The magnitude of the
the freshwater fluxes that control the surface salinity arewind stress feedback is much less than the applied stress.
poorly defined for even the present ocean. Secondly, we wisfiowever, the feedback term is comparable to the climate
to ensure that the upper ocean density does not undergo a dranomaly (bottom right, Figd).
matic transition within the ODM that would be induced by
differences in advection and/or vertical mixing between the
models. In general, simulations without feedback typically
drift away from observed salinity fields and exhibit instabil- In this section we use various ODM experiments (FREE,
ities in the thermohaline circulation (e ghang et al.1993 RELX and STRS from Tabl&) to simulate the consequence
Weaver et a].1993. In particular, ocean-only experiments of resolving mesoscale features in the Australian region on
with “mixed boundary conditions”, i.e. with constrained tem- the projected ocean state in a future climate. Firstly, we
perature with either restoring or bulk formulas and uncon-present results from extended runs of the CTRL and RELX
strained salinity, lead to oscillations in thermohaline circu- experiments to demonstrate the temporal stability of the
lation on time scales of decades and centuries, which we&DM results.
want to avoid.Cai and Godfrey(1995 find that loosening To help discuss the results for both the AOGCM and
the constraints on SST to allow SST to feedback onto the cirrODM, we define “projected climate change” as the differ-
culation has a stabilising effect. There is also potential forence in ocean state from a single model between the 2060s
coupling between the restoring freshwater flux with SST andand 1990s. For the AOGCM, change is calculated as the dif-
the heat flux through latent heat (evaporation or condensaference between decadal averages of the 2060s and 1990s.
tion). However, for typical magnitudes of heat flux feedback, For the ODM, the change is calculated as the average of one
the equivalent freshwater flux is small relative to the appliedor more years in the projection minus a decadal average from
freshwater feedback. For instance, the typical latent heat fluxhe CTRL experiment.
feedback of 5Wm? would equate to a freshwater flux of ~ We also define “difference in climate change” as projected
0.17mmday?, and this is an order of magnitude less than climate change (as defined above) from the ODM minus the
the typical freshwater flux feedback in our experiments. projected climate change of the AOGCM. If the projected cli-

Restoring to surface fields of temperature and salinity alsanate changes were the same in the ODM and AOGCM, the
has the effect of keeping the changes in the ODM projectiondifference in climate change would be zero. In the following
looking like those of the AOGCM. If resolving mesoscale discussion, we focus on the difference in climate change by
features had no impact on the projected climate change, thecomparing annual or multi-year averages of four key fields:
feedback terms would be zero. To quantify how the heat(1) SST, (2) SSS, (3) upper ocean currents, and (4) stratifica-
and freshwater feedback restrain the ODM-projected climatdion. By identifying differences common to each experiment,
change, we do another experiment without this feedbackesults are less sensitive to the bias in any of the individual
(FREE). model setups.

In some figures, for consistency, we compare results
from just one year from each experiment, since the FREE

3 Climate change projections
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Fig. 5. Time series of monthly SST averaged over the region of interest for the RELX ODM projection. Also shown is the same SST smoothed

with a 12-month filter.

gle location can be reduced by taking the average of the pro-
jected state over several years.

3.1 Temporal stability in ODM output

Extended integrations of the experiments CTRL and RELX
are used to assess temporal stability of the ODM projections.
Of particular interest is the run time required for the ocean
state in the ODM climate projection to dissipate any shock
in the initial conditions and adjust to the new forcing condi-
tions.

Given the ocean’s inertia and the time it takes the ocean to
respond to a change in atmospheric forcing, the ODM projec-
tion is not expected to be in a steady state. To initially assess
the temporal evolution of the experiment, both the season-
ally resolved and annual averaged SSTs around Australia are
shown in Fig.5 for the RELX projection. The trend from
Fig. 6. Taylor diagram of the convergence of SST in the RELX ex- RELX has stabilised from the shock of the climate anomaly
periment. The radial position is the standard deviation of the dif- applied to the initial condition after 3 yr.
ference between the annual SST and the guide field for each year Average SST is stable in Fi§; however, there is no spa-
of the experiment (irfC). The angular position gives the correla- g information in this average. We assess the temporal sta-
tion of SST difference fields with the field of the following year, so bility of the spatial pattern in the difference of SST change

point “5” is the correlation of SST from years 5 and 6. A perfectly between the ODM and AOGCM. and compare this differ-
correlated (or anti-correlated) field would appear somewhere on the ’ P

x-axis on the Taylor diagram, a completely uncorrelated field would ence field between subsequent years. On a Taylor diagram

Standard Deviation — deg. C

0.0 9 T T T

T T T — 0
05

T T T
0.2 0.3
Standard Deviation — deg. C

be on they-axis. The value of the difference in the average for the
Australian region to the average of the final y&aZ)is represented
by the colour of each point.

we display the standard deviation of each annual difference
and the correlation of difference fields between sequential
years (Fig6). The correlation increases significantly after the

first few years as the pattern in the difference in SST change

becomes established. Due to eddy variability in the ODM,

we do not expect any two years to look identical, but by the
experiment only ran for 3yr from when it branched from fifth year the changes in SST correlations converge to 0.6 to
RELX. In these figures, the third year from the common 0.7, and a standard deviation in the SST difference field is
branch point is shown for each experiment. Since the ODM~ 0.4°C.
resolves mesoscale dynamics, there is considerable variabil- To gauge the stability of the ocean circulation in the Aus-
ity in the annual averages at the mesoscale. However, wéalian region, we examine a time series of volume trans-
restrict ourselves to comparisons of broader-scale featureqort through a section of the EAC at28 and 153-157E
which are more consistent. Alternatively, variability at a sin- (Fig. 7). We focus on the EAC because it is Australia’s
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Fig. 7. EAC volume transport (1 S 108 m3 s_l) in ODM experiments through a section at®Z8 Volume transports shown are annual
averages of the integrated north—south flow through 153*&5&nd 0—-600 m depth; values are negative since the flow is to the south.
Transport in CTRL is a thin dashed line, which is shifted in time, RELX is a solid line, STRS is a dash—dot line. Note that all these
experiments use repeat-year forcing, so the year values only indicate the year into each simulation, not the calendar year.

strongest boundary current, and the change in wind stresgsons used to set up the ODM projection (SexB). While
in the Eastern Pacific in our future climate change simula-there are similarities between the projected changes from
tions may generate slowly propagating Rossby waves thatach model, as described above, there are also significant
alter the EAC transportHill et al.,, 2008. The CTRL and differences showing where the ODM has modified the cli-
RELX experiments do not appear to have any discerniblemate anomaly imposed on the initial condition. The projected
drift or trend in EAC transport. All ODM climate change change in SST according to the AOGCM shows a strong
simulations have similar EAC transport, with large interan- warming feature off the coast of Tasmania (1&) 40 S),
nual variability due largely to the eddy variability still in- whereas in the ODM this warming is found in the central
fluencing the section used to calculate the transport. StudieSasman Sea. The difference in the projected change in SST
that focus on these transports in models use multi-year avebetween the models (right, Fig) also highlights other dif-
ages (e.gSchiller et al, 2009 Sun et al. 2012, though in  ferences in the warming pattern found with the ODM, such
this work our intention is to demonstrate there is no signif- as greater warming in the Indian Ocean and near Indonesia,
icant drift in the model and that results are broadly similar and reduced warming in the Great Australian Bight.
between experiments with different setups. In order to confirm that the features found in the projected
We find that the shock from the addition of the climate changes and the differences in projected change are not sen-
anomaly to the ODM ocean state is gone from the uppersitive to the setup of the experiments, we compare results
ocean after the first few years. After this, we find the broad-from ODM experiments with different parameterisations of
scale features are stable and are independent of which yeair—sea feedbacks (Fi§). For consistency, the average of
is shown. We branch the experiments to assess the impathe third year from the common branch point is shown for
of different feedback (FREE and STRS) from 3yr into the each experiment (which is the sixth year from the projected
RELX projection to avoid this shock. Also, 3yr allows the initial condition), since the FREE experiment was not inte-
upper ocean in these extra experiments to respond to the difyrated long enough for a multi-year average. The difference

ferent feedback parameterisation. in climate change of annual SSTs exhibits a similar spatial
structure for each experiment (centre column, RBg.The
3.2 SST amplitude of the difference in climate change for SST, as

measured by the standard deviation of these differences over
The projected climate change in SST in both the AOGCM the region shown in Figd, is significantly larger for FREE
and the ODM shows a warming of generally 1 t6Qin (0.69°C) than for experiments with SST resForlng (|.g. RELX
SST over the Australian region (Fig). Both models show ~0-40°C and STRS 0.43C). However, despite the different
somewhat less warming in regions around Indonesia and iMPplitudes, SST differences are well correlated spatially be-
the Southern Ocean, though the Southern Ocean in the ODN¥V€€n all experimentst = 0.65 between FREE and RELX,
also has regions of enhanced warming. There is also les@Nd, R = 0.63 between STRS and RELX. For comparison,
warming around New Zealand in both models. Note thattypical R values found in SST differences between different
the projected SST change from the AOGCM is the same a¥€ars of the same experiment are between 0.6 and 0.7.
the surface field of the anomaly applied to the initial condi-
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Fig. 11. Annual averages of: projected climate change in SSS from the ODM (left column, in psu), differences in climate change for SSS
(centre, psu), and freshwater flux feedback (right, mnTddyFor comparison, the average climate change freshwater flux anomaly is shown
in the bottom right panel. The RELX experiment is shown along the top, STRS is in the middle, and FREE is at the bottom.

The consistent spatial pattern in different experiments in-heat flux feedback ranges fror25 to+25 W m~2 over the
dicates the mechanism driving the SST difference is insenfegion (right column, Fig9), yet the difference in SST re-
sitive to the feedback parameterisation. For instance, RELXsponse (centre column) retains the prominent warmer and

Geosci. Model Dev., 5, 1177194 2012 www.geosci-model-dev.net/5/1177/2012/



M. A. Chamberlain et al.: Downscaling the climate change for oceans around Australia 1189

AStrat 2060s — 1990s AStrat — AStrat
oom ) ODM AOGCM Observed
5°S 5°5 5°
T 1.3
16°S — 0.9 15°S - 15°5
0.5
< w255 w 25° - 25°
5 8 01 S
w E T E
3 505 -0.3 3 3505 35°s
7 -0.7
45°S | _qq 455 45°5
] [S-15
55°S T T T T T T T T 55°S T T T T T T T T 55°8
90°E 110°E 130°E 150°E 170°E 90°E  110°E 130°E 150°F 170°E
LONGITUDE LONGITUDE
5°5 5°5 Ll L 5°s
R0k 3 1
1.3 ‘ ] 0.8
16°S 0.9 15° * - 0.6 15°S
25°8 05 25°5 o 25°8
wn w -1 w 25°S 0.2 w 25°
m [=] a (=}
EE - o g o ¢
3 3505 | -0.3 3 3505 - -02 3 35
i —0.7 i -0.4
45°S _1q4 45°5- 0.6 455
i | N i | £1-0.8
a -1.5 -1
55°S T T T T T T 55°S T T T T T T 1 55°S
90°E  110°E 130°E 150°E 170° 90°E  110° 130°E 150°E 170°E 90°E 110°E 130°E 150°E 170°%
LONGITUDE LONGITUDE
AOGCM (1990-1999)
5°S 5°S 5°
1.3 6
15°S — 0.9 15°S - 15°5 5
0.5 4
Wy 25°S w 25° y 26°
€ E A o1 3 E 3
S 305 ! L -0.3 3 3505 - S 3805 2
y ' -8 -0.7 .
45°S | - 14 455 45°5
i o Y| : 0.5
1.5
55°S T T T T T T T T 55°S T T T T T T T T 55°8 0
90°€ 110°E 130°E 150°E 170° 90°E 110° 130°E 150°F 170°E 90°€ 110°E 130°E 150°E 170°
LONGITUDE LONGITUDE

Fig. 12. Annual averages of: projected climate change in stratification from the ODM (left column, irﬁ’(}; and differences in climate
change for stratification (centre, kgm). In these columns, the RELX experiment is shown along the top, STRS is in the middle, and FREE
is at the bottom. The right column shows stratification for the 1990s in the ODM and AOGCM compared to obserkatitins 2002.
Stratification is shown here as the difference in density of water at a depth of 200 m and at the surface.

cooler regions of the FREE experiment, in which the heatport and mixing explicitly rather than relying on parameteri-
flux feedback is zero. The wind stress feedback (STRS) doesations. Also, the resolution of cyclonic and anti-cyclonic ed-
not significantly affect the spatial structure of the difference. dies allows for a better representation of vertical movement
But the STRS experiment does show a larger decrease iand mixing. It is beyond the scope of this work to attribute
warming in the Tasman and Coral Seas than the RELX experthe exact role of these processes to the various features iden-
iment, which is more consistent with the FREE experiment.tified in the differences found in the projected changes; our
However, feedback parameterisation does influence the magsbjective at this time is to demonstrate that these features are
nitude of the difference pattern. While the feedback paramerobust with respect to surface fluxes.

terisations here are relatively simple and could be improved

in the future, these experiments indicate that the pattern oB.3  Salinity

the difference would be likely to be the same.

Where these spatial differences are independent of the Sufrhe projected climate SSS changes of the AOGCM and all
face fluxes implies that they are driven by ODM mesoscaleihe ODM projections (Figs10 and 11) are more consis-
resolution, such as differences in the transport and mixingtent than they were for SST. The projected change from
Since the ODM is eddy-resolving, it can calculate eddy transyhe AOGCM was the anomaly added to the ODM initial
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Fig. 13. The average current over the top 250 m, inThsis used here as a proxy for transport; colours indicate magnitudes, arrows show
direction. Multi-year averages are shown of: transport in the upper ocean from the ODM (left column), and projected climate change in
transport (centre). Transport changes are calculated in the direction of the present-day transport. The RELX experiment is shown along the
top (average of 10yr), STRS is in the middle (5yr), and FREE is at the bottom (1 yr). For reference, the transport fields for the 1990s in the
ODM and AOGCM are shown in the right column.

condition, so it appears that this initial condition is a sig- As found with SST, with the freshwater feedback (restor-
nificant component in the projected change found from theing to SSS guide fields), the magnitude of the SSS difference
ODM for salinity. The projected climate changes in SSSdeclined. The standard deviation of the SSS difference in
show a prominent decrease in salinity in the Coral Sea andFREE is 0.19 psu, compared to 0.10 and 0.11 psu for RELX
Western Equatorial Pacific, and a prominent increase in salinand STRS, respectively. However, the spatial pattern evident
ity in the mid-latitude Indian Ocean off Western Australia in the FREE experiment remained in the RELX and STRS
and around the island of Java (left column, Hig). The dif- experiments, e.g. the spatial correlation coefficigdt ife-
ference in climate change annual SSSs (ODM climate changeveen FREE and RELX is 0.77. As for SST and heat fluxes
— AOGCM climate change) shows freshening in the mid- in the previous section, the consistent pattern in experiments
latitudes west of Australia, and saltier conditions in the trop-with respect to different feedback indicates that the differ-
ics at~ 10—15° S and in most of the Southern Ocean (middle ence produced by mesoscale resolution is robust. Note that in
column, Fig.11). experiments with SSS restoring, the freshwater flux feedback
is greater than the climate anomaly flux (bottom right panel,
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Fig. 11). This large freshwater flux feedback still does not  Projected climate change in transport (centre column,
modify the spatial pattern of the difference in SSS responsefig. 13) is presented as a scalar field that is calculated as the
even though it certainly affects the size of the difference.  change in the flow in the direction of transport of the con-
trol experiment (i.e(Au.u)/|u|). Therefore, positive values
3.4 Upper ocean vertical stratification represent an increase in transport in the direction of the con-
trol experiment. The projected climate change displays more

To assess projected climate changes in the upper oceanfme-scale spatial structure due to mesoscale eddies in the
vertical stratification, we calculate the annual averaged dif-FREE experiment, which is only a one-year average. In all
ference in water density between a depth of 200 m and thexperiments, in the region where the EAC flows as a single
surface Behrenfeld et a).2006§. The ODM climate change jet (latitudes 25 to 30S), there is a strengthening of the EAC.
projections show increased stratification almost everywherél he experiments also give the suggestion of a southward shift
in the Australian region (left column, Fig.2). The largest in the point where a large component of the water turns east
increases in stratification are equatorward 6f80In the ex-  along the Tasman front. Also demonstrated is the high spatial
periments with heat and freshwater feedbacks (RELX andvariability of transport in the ODM, indicating the need for
STRS), the greatest increases in stratification occur in theverages over a long time or large spatial domains to quan-
tropical Pacific. The FREE experiment shows large increasesify results. Further analyses of boundary currents in down-
in stratification occur in the Indian Ocean, too. scaled projections around Australia are present&dimet al.

For reference, upper ocean vertical stratification of the(2012.
present day is shown for the ODM and AOGCM (right col-
umn, Fig.12). The ODM stratification is similar to the ob-
served stratification (top right, Fig. 12) gvitus 2002. In 4 Discussion and conclusions
contrast, the AOGCM tends to overestimate the vertical strat-
ification, particularly north of 15S. Ideally, we would like to increase the ocean resolution in

Differences in the change in upper ocean stratification ina global coupled climate model, but the limited computa-
all experiments (centre column, Fig2) show a similar pat- tional resources currently make such an approach unfeasi-
tern of reduced stratification change in the Pacific and in-ble. We present here a framework to combine an AOGCM
creased stratification change in the mid-latitude Indian Ocearprojection with an eddy-resolving ODM to downscale the ef-
relative to the AOGCM-projected changes. As for SST andfects of climate change on the marine environment. We inte-
SSS, the magnitudes of differences in stratification changegrate a high-resolution ODM with forcing fields computed by
are greater in the FREE experiment than RELX or STRS.adding climate change anomalies in the heat, freshwater and
These stratification difference patterns are similar to the dif-momentum air—sea fluxes from the AOGCM to the present-
ferences in SSS change. In the Indian Ocean, regions of inday (1990s) forcing fields.
creased stratification correspond to regions that are fresher, In our main projection (RELX), we restore the ODM’s
while in the Pacific Ocean, regions of decreased stratificaSST and SSS fields to monthly guide fields constructed by
tion correspond to regions that are saltier (Aig). The cor-  adding the SST and SSS climate change anomalies from the
relation coefficient R) of the stratification difference with AOGCM to the present-day SST and SSS fields. The effec-
the SSS difference is-0.65 for the FREE experiment, and tive heat feedback coefficient in RELX (-16 WRK 1) is
—0.49 for RELX. It appears that differences in vertical strat- close to observed valueBrankignoul et al.1998, and the

ification are closely related to differences in SSS. salinity feedback is useful for stability and keeping the pro-
jected changes close to those from the AOGCM. An extended
3.5 Upper ocean transport integration of the RELX projection is used to assess temporal

stability of the ODM results. SST fields rapidly adjust in the
To assess changes in the upper ocean circulation, we calctirst years and a consistent pattern emerges. Aftéryr SST
late the mean velocity averaged over the upper 250 m fronfields stabilise and year-to-year differences converge. A time
each experiment (left column, Fig@3), which we use here series of EAC transport shows no trend or drift in circulation.
as a proxy for transport. In Fid.3, just the Tasman Sea re- The extended simulation is suitable for studies such as analy-
gion is shown, which includes the prominent EAC boundary sis of projected mesoscale dynamics (for exanple et al.
current, in order to demonstrate the consistency between ex2012, marine impact analyses that benefit from the high res-
periments of features that are indiscernable at larger scaleslution (Stock et al. 2011), or impact studies that explicitly
To assess the various ODM simulations of climate changerequire mesoscale properties like eddy-kinetic eneBsil(
we focus on how the transport differs between our three proet al, 2011).
jection experiments rather than on making a comparison to Two additional experiments explored the sensitivity of
the coarse-resolution AOGCM, as it is simply unable to re-ODM projections to feedback parameterisations of ocean
solve the fine structures present in the transport field (bottonthanges on air—sea fluxes. One experiment was run with no
right panel). feedback (FREE). For another experiment (STRS), we use
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