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Abstract. Changes in the physical environment of aquatic systems consistent with climate change have been reported
across Australia, with impacts on many marine and freshwater species. The future state of aquatic environments can be
estimated by extrapolation of historical trends. However, because the climate is a complex non-linear system, a more
process-based approach is probably required, in particular the use of dynamical projections using climate models. Because
global climate models operate on spatial scales that typically are too coarse for aquatic biologists, statistical or dynamical
downscaling of model output is proposed. Challenges in using climate projections exist; however, projections for some
marine and freshwater systems are possible. Higher oceanic temperatures are projected around Australia, particularly for
south-eastern Australia. The East Australia Current is projected to transport greater volumes of water southward, whereas
the Leeuwin Current on the western coast may weaken. On land, projections suggest that air temperatures will rise and
rainfall will decline across much of Australia in coming decades. Together, these changes will result in reduced runoff
and hence reduced stream flow and lake storage. Present climate models are particularly limited with regard to coastal and
freshwater systems, making the models challenging to use for biological-impact and adaptation studies.
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marine fishes.

Introduction

The climate of Australia’s marine environments has already
changed compared with historical baselines (Lough 2008;
Poloczanska et al. 2009; Lough and Hobday 2011). On both
eastern and western coasts, water temperatures have warmed
and salinity has increased in the poleward-flowing currents
(Pearce and Feng 2007; Ridgway 2007). In the ocean sur-
rounding Australia, these physical changes coincide with bio-
logical changes in a range of marine species, including changes
in local abundance, geographic range, phenology and commu-
nity structure (e.g. Hobday et al. 2007; Poloczanska et al. 2007;
Figueira and Booth 2010; Last ef al. 2011). Climate change is
already affecting many marine fishes and other organisms,
although its effects are often exacerbated or concealed by
chronic and widespread anthropogenic disturbances.

Given the physical changes observed over the Australian
continent, for example in air temperature and rainfall
(e.g. Hughes 2003; CSIRO 2007; Hennessy et al. 2007), it is
likely that freshwater environments such as rivers and lakes are
also being affected, although the evidence is less coherent
(Lough and Hobday 2011). Changes in vegetation cover have
exacerbated the effects of higher temperatures caused by climate
change, resulting in longer-lasting and more severe droughts
(e.g. Deo et al. 2009; Ummenhofer et al. 2009). The droughts
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and general drying in some parts of the country have reduced
runoff into fish habitats such as estuaries, rivers and lakes.
Victoria has seen a decline in autumn rainfall of 40% in the
period 1950-2006 (Cai and Cowan 2008a). In the Murray—
Darling Basin, rainfall has declined by 11% since 1950, yet
river flow has declined 55% below the long-term average
(Steffen 2009). An increase of 1°C in air temperature has been
associated with a 15% reduction in stream flow over this period
(Cai and Cowan 2008b). In south-western Western Australia,
stream flow into dams and reservoirs has fallen dramatically
since the early 1900s, from an average of 338 GL before 1974,
to less than 90 GL for the period 2001-2006 (Steffen 2009).
Since 2006, stream flow has declined even further (http:/www.
watercorporation.com.au/D/dams_storage.cfm, accessed 24
August 2011).

Given the sustained and ongoing emissions of greenhouse
gases, and the long residence time of carbon dioxide (CO5) in the
atmosphere, future changes are inevitable (IPCC 2007; Solomon
et al.2009). At a global scale, climate change that takes place as
a result of increases in CO, concentration is considered to be
largely irreversible for 1000 years after emissions stop
(Solomon et al. 2009). Sea level, temperature and ocean pH
will continue to change over the coming centuries (IPCC 2007),
with major effects on biological systems. However, immediate
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Climate-change scenarios used to generate projections. (a) Scenarios (known as Special Report on Emissions Scenarios, SRES) used for the third and

fourth assessment reports of the Intergovernmental Panel on Climate Change (IPCC), with change expressed as temperature change. (b) New-generation
scenarios being used for the fifth IPCC assessment report, known as Representative Concentration Pathways, with change measured in units of radiative forcing

(Moss et al. 2010).

reductions in greenhouse-gas emissions are still important to
limit future impacts below dangerous levels (e.g. Schneider
2009).

Planning for adaptation responses requires information on
the expected condition of future ocean and freshwater environ-
ments. Timely development of appropriate adaptation strategies
should increase the flexibility in management of vulnerable
species and ecosystems (Hulme 2005). Thus, access to informa-
tion on future climate is critical for many biologists and
managers working to determine species and ecosystem impacts.
In the present paper, we first explain how climate projections are
obtained, discussing some of the associated caveats and limita-
tions. We then provide a range of projections for Australia’s
aquatic environments. Given the rapid progress in development
of climate projections, improving the ability of aquatic scien-
tists, managers and policy makers to access the most up-to-date
and appropriate projections will lead to a range of benefits in
delivering better biological projections, and is a major goal of
the present paper. In turn, improved biological projections
will underpin appropriate adaptation strategies and decision-
making.

Projecting future conditions

One way to estimate future environmental conditions is simply
to extrapolate on the basis of historical trends. This approach is
not widely used because it would be useful only over short time
periods (decades at best) and may not allow for dynamical
(non-linear) changes in the ocean—atmosphere system. In prin-
ciple, it could be used to examine near-term changes; however,
on these time scales, natural climate variability tends to obscure
climate trends. Future conditions for the Earth’s climate system
will depend not only on the planet’s system response to changes
in greenhouse-gas concentrations and radiative forcing, but also
on how humans respond through changes in technology, econ-
omies, lifestyle and policy (Moss et al. 2010). To account for

that wide range of possible futures, the Intergovernmental Panel
on Climate Change (IPCC) developed alternative future emis-
sion scenarios to be used for driving global models (see fig. 1 in
Moss et al. 2010). A set of scenarios known as Special Report on
Emissions Scenarios (SRES) was used in the Third Assessment
Report (TAR) in 2001 and the Fourth Assessment Report (AR4)
in 2007 (IPCC 2007) (Fig. 1). These scenarios represent a range
of warming, and have been widely used in biological studies
(e.g. Anthony et al. 2008; Hobday 2010). Relatively low
(e.g. SRES B1, CO, concentration stabilisation at 549 ppm by
2100 and global temperatures ~2-4°C higher than the 1990
levels), medium (e.g. A1B, 717 ppm of atmospheric CO, by
2100 and global temperatures ~3-5°C higher) and high
(e.g. A1FI, 970 ppm of atmospheric CO, by 2100 and global
temperatures ~5-6°C higher) scenarios are often used in
projection studies as a way of bracketing the future change.
However, given the present rates of greenhouse-gas emissions
and observed climate change (Rahmstorf et al. 2007; Le Quéré
et al. 2009), low scenarios are now seen as less realistic. For the
period up to 2030, all the scenarios are similar, and then diverge
to the end of the century.

Unfortunately, just as biologists and other ‘user’ scientists
were becoming familiar with these scenarios and their nomen-
clature, an updated set of scenarios is now being used for IPCC
ARS, based on radiative forcing (Moss et al. 2010). Radiative
forcing describes a change in the radiation balance, such as may
be caused by changes in atmospheric concentrations of green-
house gases. Positive forcing, for example, drives warming of
the Earth system. These new four main scenarios, known as
Representative Concentration Pathways (RCP), differ from the
SRES set in that they include scenarios that allow for climate-
change mitigation and adaptation (Fig. 1). The four main RCPs,
namely RCP 8.5, RCP 6.0, RCP 4.5 and RCP 2.6, correspond to
CO; equivalent (CO, plus other greenhouse gases) concentra-
tions of 1370, 850, 650 and 490 ppm in 2100 (Moss ef al. 2010).
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Although the currency has changed (gas concentration (ppm) to
radiative forcing (W m™?)), the SRES and RCPs are related in
that increasing concentrations of greenhouse gases affect the
balance between incoming solar radiation and outgoing heat
radiation which determines the Earth’s average temperature.
Previously, SRES greenhouse-gas concentrations were con-
verted to radiative forcing of the climate system by using
radiation conversion codes located within each global climate
model (GCM), which represented an unnecessary additional
source of variation now removed under the RCP approach (Moss
et al. 2010). Biologists will likely continue to use the SRES
scenarios for some time, because many climate models and
projections are based on these scenarios. A similar lag and
transition period occurred when the IS92 scenarios used in the
Second Assessment Report of 1995 were superseded by the
SRES set (e.g. Orr et al. 2005; Poloczanska et al. 2007).
Alternative emission scenarios presented by the IPCC are
global and based on changes in greenhouse-gas concentrations
(SRES) or radiative forcing (RCP), necessitating complex
conversion into a range of relevant climate variables at finer
scales, using GCMs developed by several research organisations
around the world. These models are based on the general
principles of fluid dynamics and thermodynamics and have
their origin in weather prediction (Stute ef al. 2001). GCMs
describe the dynamics of the atmosphere and ocean in an explicit
way, typically at horizontal spatial scales of 1-3 degrees, and
with varying numbers of vertical layers in the ocean and
atmosphere, and provide a way to run quantitative experiments
on climate conditions during the past, present and future.
Advances in development of GCMs used for climate modelling
are typically oriented around the IPCC reporting timelines, with
transition periods as for emission scenarios when both old and
new models are available to the wider research community.
Uncertainties in future projections based on climate models
should not be underestimated, and result from a combination
of scenario uncertainty (what will be the future level of
greenhouse-gas emissions), climate sensitivity to these emis-
sions, difference among climate models (e.g. how each model
incorporates ocean—land—atmosphere processes) and model
scale (IPCC 2007). Although single model—scenario combina-
tions may have considerable uncertainty, there are several
approaches to improve confidence in future projections such
that dependent biological projections can be useful, as outlined
in the following sections. However, all model outputs consis-
tently show that rates of warming are likely to increase to the end
of this century, unless there is an immediate and marked
reduction in greenhouse-gas emissions (Schneider 2009).
Future IPCC projections have been used to justify and design
biological and ecological studies on effects of climate change
(e.g. Anthony et al. 2008; Byrne et al. 2009). The challenge for
biologists is to identify a restricted number of appropriate
experimental treatments that are not only relevant to the specific
regional setting for their studies (contingent on appropriate
downscaling), but that also account for different temporal scales
of interest. For example, there are several instances where clear
thresholds have been identified from experimental studies
(Anthony et al. 2008; Byrne et al. 2009) and the challenge then
is to assess when or how often this threshold is likely to be
exceeded in future. Care should be taken in using future
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projections because considerable uncertainty is known to exist
for some variables, areas and models. Partnership with climate
modellers is recommended when using projections for the first
time. We encourage such cross-disciplinary collaboration that
will lead to more integrated biological projections; the present
paper should help inform conversations between biologists and
climate modellers.

Which model to use and how to get it

Biologists can be challenged in several ways in their attempts
to use data from the range of available GCMs. Model selection
and validation, model scale and model access can all be prob-
lematic. The first two issues will be discussed briefly before we
describe how to access model data and use examples to illustrate
potential future environmental conditions in Australian aquatic
environments.

Not all climate models perform equally well for all variables
in all regions. Whereas the ability of models to project future
conditions cannot be assessed, performance in reproducing
current climate conditions and historical patterns can be
assessed. For example, Suppiah et al. (2007) used statistical
methods to test how well 23 AR4 models simulated observed
average patterns of mean sea-level pressure, temperature and
rainfall over the Australian region. They then used the 15 best
models to derive projections for 2030 and 2070 for the variables
of interest. This process, known as validation, is considered best
practice when attempting to use GCMs to forecast future
conditions. Unfortunately, the observational data to validate
models are often not available for aquatic biologists, nor are they
within their typical skill set. Thus, using a suite of models to
make an ensemble average will be the best available option for
marine and freshwater researchers, although there is some
debate as to whether this approach provides the most robust
projections for regionally specific climate-change projections,
because inclusion of poor models can bias the ensemble average
(Perkins et al. 2009; Pierce et al. 2009; Shukla et al. 2009; Smith
and Chandler 2010). Even though the resolution of climate
models is improving, model scale is still considered coarse
(~100-200 km) with regard to representation of the environ-
mental and biological processes that many aquatic biologists are
interested in (<10km), such as reef-specific recruitment or
growth. Thus, downscaling of climate models is considered
necessary before projections are meaningful.

In this context, downscaling is the process of transforming
information from coarse-resolution GCMs to a finer regional
spatial resolution. Downscaling is necessary where the meso-
scale processes (in the ocean, these operate at scales of
<100km) are very sensitive to local climate, and the drivers
of local climate variations, such as topography, are not captured
at coarse scales. There are two broad categories of downscaling,
namely dynamic (which simulates physical processes at fine
scales) and statistical (which transforms coarse-scale climate
projections to a finer scale, on the basis of observed relationships
between the climate at the two spatial resolutions) (e.g. Whetton
et al. 2005; Schmidli et al. 2006; Vasiliades et al. 2009; Tabor
and Williams 2010).

Dynamic downscaling uses regional climate models (RCMs)
to translate the large-scale weather and ocean evolution from a
GCM into a physically consistent evolution at higher resolution
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(Tabor and Williams 2010) (Fig. 2). Marine RCMs represent the
processes that are subgrid scale in the GCMs, which makes them
computationally expensive, because they solve multiple equa-
tions regarding the transfer of heat and energy in multiple depth
layers at time steps as short as 30 min. Statistical downscaling is
based on empirical relationships between the regional climate
(e.g. local sea-surface temperature, SST) and large-scale pre-
dictor variables (e.g. heat content in the tropical ocean) derived
from the GCM. Advantages include computational simplicity
and that large-scale predictors can be relatively robust in terms
of the relationship with local variables. Different relationships
occur in different regions, thus downscaling must be calculated
anew for each study region. This approach assumes that the
relationship between large-scale processes and local variables is
stationary over time (Tabor and Williams 2010). This assump-
tion is unlikely to be met over longer time scales, and is a
fundamental problem with statistical downscaling. The relation-
ship between variables is projected to change in future, such that
present combinations of climate variables cease to occur and are
replaced by novel combinations (Williams et al. 2007).

The primary source of information on future projections
comes from the output of GCMs, such as, for example, the set
of World Climate Research Program CMIP3 models used to
support the IPCC AR4. The volume of data from these GCMs
can be overwhelming and disparate in file structure and notation.
Central repositories were established to facilitate access to
consistently formatted model output (www2-pcmdi.llnl.gov/
esg_data_portal, accessed 24 August 2011). However, down-
loading and accessing complete suites of data requires indepen-
dent data programming. Recently, data portals have been
developed that allow extraction of the desired data without
downloading the original files (e.g. http://www.ipcc-data.org/
ddc_visualisation.html, accessed 24 August 2011). These data

Downscaling from a global climate model to generate finer-scale projections using a regional

are coarse in time (e.g. monthly fields) and space and, in the case
of marine waters, do not resolve mesoscale features such as
eddies, coastal upwelling, realistic boundary currents or fronts
(Fig. 3a). At this resolution, only broad latitudinal patterns of
warming can be seen.

Secondary processing of GCM data (e.g. Whetton et al.
2005; Harwood et al. 2010; Tabor and Williams 2010) offers
some options for biologists; however, the flexibility of data
selection and limited number of variables available can be
problematic. A set of GCM ensembles for the Australian region
was released in 2007, and allows web-based access to a limited
set of variables for a range of time periods and seasons
(www.climatechangeinaustralia.gov.au, accessed 24 August
2011). For marine users, only a single variable is available
(SST), although wind-speed projections also cover the ocean
region. For freshwater users, only proxies such as air temperature,
solar radiation, potential evapotranspiration and rainfall are
available. The spatial resolution in these products is again quite
coarse (0.1°), and mesoscale features are not resolved (Fig. 4). At
this stage, the raw data cannot be downloaded from this portal.

Finer-scale data are currently available via rescaled GCMs
(statistical downscaling based on pattern matching in OzClim
and OzClim for Oceans, www.csiro.au/ozclim/home.do,
accessed 24 August 2011; Whetton et al. 2005), again with a
limited number of variables for aquatic users (marine: SST,
temperature at a depth of 250m, and salinity; freshwater:
rainfall, potential evapotranspiration, air temperature). Even
though the resolution is improved, mesoscale features are still
not resolved, although in the ocean, the major boundary currents
on the eastern and western coasts of Australia can be detected
(Fig. 3b). This data source may be the most useful for biologists
seeking general patterns of future change, and has been widely
used to inform managers and policy makers in a range of
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Fig. 3. Resolution in projected sea-surface temperature. (a) Example data from global climate model (GCM), showing projected average sea-surface
temperature for April 2064 from the CSIRO Mk3.5 model. (b) Example of statistically downscaled data available via the OzClim approach, showing projected
average sea-surface temperature for April 2064 downscaled from the CSIRO Mk3.5 model. (¢) Example of dynamically downscaled data, showing sea-surface
temperature data from the Bluelink model forced by GCMs data in April 2064. See text for explanation of models and scenarios.

terrestrial sectors. More recently, even finer-scale downscaling
for terrestrial variables has been completed by using the
OzClim data, with a topographical correction at a scale of
1 km? (Harwood e al. 2010).

At present, dynamical downscaling approaches using RCMs
for the Australian region are ‘experimental’ only. For example,
in the ocean, the Bluelink model (Oke et al. 2008) has been
nested in the CSIRO Mk3.5 model and has a limited number of
future years (2063-2065) of data at a 10-km resolution, that are
useful in projecting future habitat distribution of marine species
(e.g. Hartog et al. 2011). Mesoscale features are resolved
(e.g. Fig. 3c), although there are ongoing challenges with
evaluating the reliability of the downscaling (M. A. Chamberlain,
C. Sun, R. J. Matear and M. Feng, unpubl. data). Tabor and
Williams (2010) discussed some additional limitations with
downscaling GCMs to a finer resolution.

We now illustrate some of the future projections for Australian
aquatic environments out to the Year 2100 on the basis of a
variety of these approaches. We encourage biologists to become

primary users of climate-model output through one of the access
options described above. Both absolute values and relative
changes compared with a baseline period are used by biologists
for both experimental studies and predictive biological models,
and we use both styles of projection in the following sections.

Australia’s future aquatic climate

At a national scale, a recent summary by the CSIRO and the
Bureau of Meteorology (BOM) indicated that Australian aver-
age air temperatures are projected to rise by 0.6-1.5°C by 2030,
relative to 1990 temperatures (State of the Climate 2010). If
global greenhouse-gas emissions continue to grow at present
rates, warming is projected to be in the range of 2.2-5.0°C by
2070. Warming is projected to be lower near the coast and in
Tasmania because the oceans (and adjacent land masses) warm
at a slower rate than do more inland areas, and areas higher
in central and north-western Australia. These changes will be
felt through an increase in the number of hot days. Thus, drying
and decreased runoff into freshwater habitats is also likely.
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is the B1 scenario, medium is A1B and high is A1FI. Source: www.climatechangeinaustralia.gov.au (accessed

24 August 2011). See text for explanation of scenarios.

While direct projections of stream flow are not available, his-
torical relationships between declines in rainfall and stream flow
suggest that a 1 : 4 reduction ratio is realistic (e.g. Steffen 2009).

Warming is also expected in seas around Australia. By the
2030s, SSTs are projected to be ~1°C higher (than those in
1980-1999) around Australia, with slightly less warming in
southern Australia. By the 2070s, SSTs are projected to be
1.5-3.0°C higher (on the basis of SRES scenarios), with slightly
less warming to the south of the continent and the greatest
warming east and north-east of Tasmania (Poloczanska et al.
2007; Lough 2009).

Marine environments

The marine environments of Australia range from coastal bays
and estuaries, near-shore shallows and reefs, across the conti-
nental shelf to the deep ocean where depths exceed 3000 m
(e.g. Poloczanska et al. 2007). Monitoring in this environment is
very limited, and many gaps in time series and spatial coverage
exist (e.g. Lough and Hobday 2011). The advent of satellite-
based measurements has allowed synoptic coverage, but only of
near-surface properties such as SST, ocean colour and sea-
surface height. Thus, projections of change in variables derived
via GCMs for historical periods (hindcasts) cannot always be
validated against historical observations. In the following
sections, we provide examples of projected future change in
variables that are relevant to marine species, including SST, sea
level, ocean currents, ocean chemistry and extreme events.

Sea-surface temperature

Projections of SST based on a suite of climate models used for
IPCC AR3 and AR4 downscaled with the OzClim approach
(Whetton et al. 2005) show considerable variability in some
parts of Australia, such as north-western Australia (Fig. 5).
In south-eastern Australia, there is more agreement among
model projections, and warming appears in all model realisa-
tions. When an ensemble average is generated, south-eastern
Australia shows the greatest projected rate of warming to the end
of this century, as a result of both atmospheric warming and the
EAC intensification. By 2050, average temperatures in this
region are projected to be 2°C higher than the 1990-2000
average (Fig. 6). In contrast, much less warming is evident in the
upwelling regions of western Victoria, which has been attributed
to increased upwelling (Hobday ez al. 2007). Biologists seeking
to determine appropriate temperature rises to use in experi-
mental work should select a range of temperatures around a
mean value in their region of interest to account for inter-model
variability, and to ensure that results remain relevant, even as
scenarios change.

Sea level

Globally, sea levels are currently rising at the upper end of
current projections (Rahmstorf et al. 2007). Sea level will
continue to rise during the 21st century and beyond in response
to increasing concentration of greenhouse gases. The IPCC
projections are for a global sea-level rise of 18—79 cm by 2095,
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Fig. 5. Model variability in projections of sea-surface temperature rise (°C) for the month of January in the
Year 2050, compared with a baseline period of 1990-1999, using the OzClim suite of nine models and the A1B
scenario. See text for explanation of models and scenarios.

compared with 1990 (IPCC 2007; Church et al. 2009). However,
there is limited understanding of the response of ice sheets to
global warming and a larger rise is possible. Rising sea levels
will result in inundation of low-lying coastal regions and greater
coastal erosion, which will be particularly critical for estuarine
habitats (Gillanders er al. 2011). Coastal sea-level rise and
resulting impacts are elevated during storm events and at times
of high tides. Where coastlines are highly modified, such as in
the densely populated south-east of Australia, the ability of
coastal species and habitats such as mangroves to naturally
adapt to sea-level rise and migrate landwards is reduced;
a process referred to as the ‘coastal squeeze’ (Church et al.
2009). As for temperature, sea-level rise will not be uniform
around Australia; however, confidence in regional projections is
low because GCMs show little agreement at this scale (Church
et al. 2009). That caveat noted, the average from 17 climate-
model simulations based on the A1B scenario suggest a higher
than global average sea-level rise off the south-eastern coast of
Australia for both 2030 and 2070 (see Church et al. 2009).

Ocean currents

The observed warming along the eastern coast of Australia is
associated with systematic changes in the surface currents,
including strengthening of the East Australia Current (EAC) and
increased southward flow as far south as Tasmania (Cai et al.
2005; Poloczanska et al. 2007; Ridgway 2007). Historical
change in the EAC has been explained by a southward migration
of the high-latitude westerly wind belt south of Australia
(Cai 2006). In turn, this movement of the wind belt has been
attributed to both ozone depletion and increases in greenhouse
gases (Gillett and Thompson 2003). Climate-model simulations

show consensus that these trends will continue over the next
100 years, with Cai et al. (2005) reporting a 20% increase in the
mean flow of the EAC by 2070, on the basis of projections using
CSIRO MK3. This continued intensification will compound the
direct regional warming caused by increased solar radiation
received at the surface. This eastern-coast region is projected to
remain a globally important hotspot of climate change for at
least the next 50 years (A. J. Hobday and G. Pecl, unpubl. data).

Along the western coast of Australia, the Leeuwin Current
(LC) also carries warm water southward, but the smaller trans-
port volume of this current makes projection more difficult than
for the EAC (Hobday et al. 2007; Poloczanska et al. 2007). From
the mid-1970s to mid-1990s, a trend of subsurface cooling in the
equatorial western Pacific, coupled with a weakening trend of the
Pacific trade winds, was transmitted into the south-eastern Indian
Ocean and the LC region and caused a multi-decadal weakening
of the LC strength. Since the mid-1970s, the volume transported
in the LC has declined by 10-30%, and thus its southward heat
transport has also declined (Feng et al. 2009). Despite this
decline in transport, there have been persistent warming trends
and an increase in salinity in the LC and associated shelf waters
over the past 50 years (Pearce and Feng 2007).

Although change in the LC is difficult to directly project
from climate models because of scale issues, more recent
analysis of climate-model simulations suggest that the LC trend
is related to reductions of trade-wind strength in the tropical
Pacific, increase in the frequency of Indian Ocean Dipole
events, and the upward trend of the Southern Annular Mode
(SAM). The LC trend in recent decades is mostly due to the
effect of increased greenhouse gases in the atmosphere,
although ozone depletion has also played a role in the trend of
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Fig. 6. Ensemble average change in monthly sea-surface temperatures (°C) for the Year 2050, compared with a baseline average from 1990 to 1999, based on
all nine models in the OzClim suite and the A1B scenario. See text for explanation of models and scenarios.

the SAM (Cali et al. 2005). Climate-model projections suggest
that these climate trends are likely to continue in the future.
Therefore, on the basis of these various indicators, the LC could
continue to weaken slowly in future years (Feng et al. 2009).

In the south, the Great Australian Bight region will experi-
ence more westward transport from the Indian Ocean as global
temperatures rise, but a reduction in the strength of the LC will
mean reduced coastal flow to the east. Along the north-western
and north-eastern coasts, an increase in the northward flow
water has been projected (Poloczanska et al. 2007).

Ocean chemistry

The pH of the surface oceans is projected to decrease by 0.2—0.3
units by 2100 (Orr et al. 2005; Howard et al. 2009). As for sea
level, regional projections around Australia are difficult to
make, and global averages are the most robust estimates cur-
rently available because surface ocean chemistry largely tracks
atmospheric concentrations of CO,. That said, spatial variation
in projected change around Australia does exist, and a single
model projection is used as an example (Fig. 7). Oceanic pH is
lower in north-eastern Australia, and continues to decline to

lower levels by 2100. The aragonite saturation state is initially
higher in northern Australian waters, but is projected to drop
below 3 by 2060. Calcite saturation state also declines to the end
of the century (Fig. 7).

Of critical importance for marine calcifying organisms is
when pH drops to levels where waters become under-saturated
in carbonate (in the form of the more soluble aragonite or less
soluble calcite). This is because, without additional energy
being expended to maintain structural carbonate, weaker struc-
tures result (e.g. Doney et al. 2009) and even dissolution is
possible (e.g. Howard et al. 2009). Around Australia, the time at
which saturation states approach these thresholds varies (Fig. 7).

The acidity of ocean waters, and the saturation states, can
vary on daily, seasonal and inter-annual time scales, and much
work remains to be conducted to understand the effect of
variation in pH for biology. In the high-latitude Southern Ocean,
aragonite saturation thresholds may be crossed in winter by
about 2040 (McNeil and Matear 2008). By 2100, the surface of
the entire Southern Ocean (south of the Polar Front) is projected
to become under-saturated for aragonite (Orr et al. 2005).
Declining aragonite saturation states in tropical waters have
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Fig.7. Projected pH, CO%" calcite (OCA) and aragonite (OAR) saturation state at the surface around Australia for each decade from 2000 to 2100, based on
the 1S92 scenario (~SRES A2) and the French IPSL CM4 model (Marti et al. 2010). Data courtesy of Richard Matear, CSIRO. See text for explanation

of models and scenarios.

already been implicated in declining coral growth rates (De’ath
et al. 2009), and this trend is expected to continue, threatening
the structure of coral-reef communities as they exist today
(Hoegh-Guldberg et al. 2007). Tropical fish may also be affected,
in ways that are only becoming apparent as a result of novel
experiments (e.g. Munday et al. 2009; Pankhurst and Munday
2011). Aragonite saturation horizons will occur at shallower
depths in future, especially in the Antarctic and Australian
southern margins, threatening a wide range of larval and adult
benthic and pelagic calcifying organisms (e.g. Przeslawski et al.
2008; Sheppard Brennand et al. 2010).

Freshwater environments

Climate projections for freshwater environments are not avail-
able at a national scale. Water bodies such as rivers and lakes are
below the resolution of grid cell-based GCMs, and trend or
statistical analysis is required to generate local projections on
the basis of proxy data such as air temperature, solar radiation,
evaporation rates and rainfall. General patterns are illustrated
for air temperature and rainfall, with additional data projections
freely and easily available, as described in previous sections.

Surface-air temperatures

Air temperatures in the Australian region are projected to con-
tinue to rise through the 21st century, with a magnitude com-
parable to the global average. Atmospheric temperatures over
land are projected to rise more than those of the surrounding
ocean, with slightly less warming in Tasmania and coastal
regions (see Lough 2009). Ensemble projections based on multi-
modal averages show that warming relative to the 1980-1999
baseline is greatest in north-western Australia, with an increase

of 2.5°C by 2050 on the basis of a medium-emission scenario
(A1B) for the average set of models (Fig. 8). Given current
trends in global warming (Rahmstorf ez al. 2007; Le Quéré et al.
2009), warming patterns observed from higher-emission sce-
narios (A1FT) are also likely. Warming patterns similar to those
based on analyses presented in Suppiah et al. (2007) are
obtained using the OzClim online scenario-generation tool for
individual models and range of scenarios (wWww.csiro.au/
ozclim, 24 August 2011). The spatial resolution in both pro-
jection sets is coarse (0.25 degrees), and for some biological
uses, will not be suitable for resolving differences at local scales.
When considering local scales, higher air temperatures may heat
the water bodies, increasing stratification and lowering oxygen
concentration, with negative effects on fish physiology (Ficke
et al. 2007).

Rainfall and river-flow variability

Rainfall is generally projected to decline over most of Australia,
with a small increase in the far north according to some models
(Poloczanska et al. 2007). Confidence in these projections is,
however, less than for temperature changes because there is
relatively poor agreement as to the sign of the precipitation
response over many parts of Australia. Even without significant
changes in rainfall amounts, the effectiveness of rainfall will
decrease because of warmer temperatures, as has already been
observed in the climate record (Lough and Hobday 2011). At a
regional scale, by 2070 for a medium emission scenario (SRES
A1B), annual rainfall is projected to decline by 5—10% for south-
eastern Australia and by 10-20% for south-western Australia
(Fig. 9) (Suppiah et al. 2007). High-emission scenarios show
these reductions occurring earlier, i.e. between 2030 and 2050.
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Fig. 8. Projected annual air temperature change for the 50th percentile of climate models.
Extracted from www.climatechangeinaustralia.gov.au (accessed 24 August 2011).
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Fig.9. Projected annual percentage rainfall change for the 50th percentile of climate models for
the periods 2030, 2050 and 2070 for low-, medium- and high-emissions scenarios. Source:
www.climatechangeinaustralia.gov.au (accessed 24 August 2011).
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Fig. 10. Projected January rainfall, evaporation and maximum temperature for the periods 2030, 2050 and 2070,
based on downscaled data from the CSIRO Mk3.5 climate model and the A1FI SRES scenario. Data courtesy Tom
Harwood, CSIRO. See text for explanation of models and scenarios.

Seasonal differences are also apparent, with winter rainfall
declining over most of the country, whereas summer rainfall
may increase in some parts of northern Australia (Suppiah et al.
2007; see www.climatechangeinaustralia.gov.au, 24 August
2011). Salinity problems, which can occur throughout lower
parts of a river system and are problematic in south-western
Australia and the Murray—Darling regions, may be exacerbated by
changes in rainfall, temperature and stream flows (Morrongiello
et al. 2011; Pratchett et al. 2011). Lower flows and higher tem-
peratures may also reduce water quality within the catchment. For
example, low flows, higher temperatures and elevated nutrients
create a more favourable environment for potentially harmful
algal blooms.

Projections of rainfall and temperature at finer scales, down
to 1 km?, are being generated for several regions on the basis of
the OzClim data, and involve combining a pattern of observed
historical rainfall distribution with the coarser OzClim projec-
tions. This ‘correction’ can be used to generate finer patterns.
Corrections for topography have also been used (e.g. Harwood
et al. 2010; Fig. 10) and the software to generate these down-
scaled scenarios is publicly available (http://www.csiro.au/
products/OzConverter-Software.html, accessed 24 August
2011). These maps show that regional differences in climate
change can be dramatic. Generating historical data at fine
resolution also requires statistical interpolation of data, because
the stations collecting these data are not distributed at this scale,
and so errors can also be introduced (e.g. Chiew et al. 2008).

Generating fine-scale projections is likely to advance local
adaptation; however, issues of ‘reliability’ should lead to cau-
tion in using these as they become available in future.

Water chemistry

As aresult of the changes to freshwater systems discussed in the
sections above, several additional changes may occur to the
chemistry of inland waters, including pH, salinity and nutrient
dynamics. Potential future changes in these properties cannot be
obtained directly from climate models for individual water
bodies in Australia; however, some general trends are antici-
pated on the basis of the projected changes in temperature and
rainfall. Catchment and watershed models can likely be enhanced
to allow local scenarios of future change to be investigated for
inland waters (Ficke et al. 2007; Post et al. 2007) and partnership
with modellers will be particularly important for freshwater fish
biologists assessing future impacts.

Like marine waters, dissolution of CO, in freshwater will
lead to changes in pH. In natural freshwater bodies, pH generally
varies between 6.5 and 8, and dissolution of additional CO, will
lead to pH declining, just as for oceanic systems. The pH of
inland waters can also change as a result of changes in soil
chemistry. If sulfidic sediments are present in the soils or
wetland margins, drying can result in oxidisation of the sulfidic
minerals and generate acid sulfate soils (Hall et al. 2006;
Baldwin et al. 2007). This may be a common problem in some
parts of Australia. For example, more than 20% of 81 wetlands
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in the Murray—Darling Basin had sulfidic sediments at levels
that could lead to ecological damage (Hall ez al. 2006). Oxida-
tion of sulfidic sediments can also cause other problems such as
anoxia in the overlying water column and mobilisation of metals
from the sediments (see Baldwin et al. 2007). Thus, increased
drying as a result of climate change, followed by flooding or
rewetting may lead to major changes in water chemistry
(depleted oxygen, very low pH), resulting in fish kills. Water
managers should consider this potential when managing
(Baldwin et al. 2007) or restoring (Hall ez al. 2006) water bodies
adjacent to acid sulfate soils, because the drying trends projected
for the Murray—Darling and south-western Australia will exac-
erbate the existing problems.

Reduced runoff and increased drying in some areas have
elevated salinity levels (e.g. south-western Australia). Some
inland ‘freshwater’ habitats in Australia are already considered
hypersaline (e.g. Lake Eyre basin) and the fauna that inhabit
them possess characteristics that promote tolerance of such
extreme environments (see discussion in Morrongiello et al.
2011). However, critical thresholds for most species are
unknown. Reduced ‘average’ runoff followed by intense flood-
ing or bushfires may also increase sedimentation input (Steffen
2009). If fertiliser inputs to land continue, reduced average
flows followed by extreme flooding could also lead to increased
nutrient load that arrives all at once (i.e. large single input
v. small continuous inputs). Catchment models at a watershed
scale could be used to generate future scenarios of nutrient loads
(e.g. Post et al. 2007) and these projections would be useful to
biologists and water-resource managers.

Extreme events

Climate change is intensifying the global hydrological cycle,
with water being cycled more rapidly between atmosphere and
ocean (Held and Soden 2006). As a result, more intense storms
are projected to occur, although this is an area of considerable
debate amongst scientists, even for the historical record
(e.g. Graham and Diaz 2001; Emanuel 2005). In the Australian
region, there is evidence for a decline in the frequency of tropical
cyclones (see Lough and Hobday 2011; http://www.bom.
gov.au/cyclone/climatology/trends.shtml, accessed 24 August
2011). Some climate models project that although there maybe
fewer tropical cyclones in the future, those that do occur may be
of higher intensity (IPCC 2007). Increased wind speed has also
been detected in some climate models; however, future pro-
jections regarding extreme events must be viewed cautiously at
this time. Accepting this caveat, increases in storm intensity
have been coupled with sea-level trends to model coastal
impacts. For example, McInnes et al. (2003) used a RCM for
Cairns in north-eastern Australia, and showed that projected
increases in cyclone intensity based on a doubling of CO, by
2050 can result in a storm-surge event with a return period of
100 years, becoming a 55-year event by 2050 and a 40-year event
when sea-level rise is included. On land, greater fire frequency
and intensity could contaminate water catchments with sedi-
ment and ash, and floods may be more intense if projections of
increased storm intensity are correct (Steffen 2009). With regard
to future impacts, an important area of research for biologists is
to determine the relative influence of extreme events versus
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long-term gradual changes in environmental conditions in
driving population responses.

Prospects for Australian aquatic ecosystems

Changes in the physical environment of aquatic ecosystems
have already been observed around Australia (Lough and
Hobday 2011), and the rate of change is likely to increase with
ongoing climate change. Drastic cuts in global greenhouse-gas
emissions are necessary to curtail the impact of future change,
and prevent devastating effects of extreme climate change.
However, inertia in the climate system will lead to ongoing
warming and sea-level rise throughout the 21st century, even if
emissions stop today. The projections for Australian marine
systems show higher temperatures, rising sea level and lower pH
in the coming years, whereas for freshwater systems, inferences
based on declining rainfall in many parts of the country suggest
that stream flow and lake levels will also decline in these
locations.

To improve performance of GCMs and the use of
GCM-based projections, improved resolution of mesoscale
processes is critical. One way to achieve this is to link RCMs
with GCMs to project impacts at a regional scale (e.g. Hartog
etal.2011). A challenge given the computing time this involves
is to generate a suitable suite of scenario-model combinations so
that future conditions and the associated uncertainty can be
assessed. To improve confidence in model-based projections,
historical validation is important (Smith and Chandler 2010). In
the case of Australia, this means a commitment to maintaining
critical in situ ocean-climate observations, now realised under
the IMOS program (www.imos.org.au, accessed 24 August
2011). These provide important verification for longer-term
but less spatially detailed datasets, ground-truthing of satellite
observations and linking the physical and biological compo-
nents of the marine environment at scales relevant to the
physiological processes of marine organisms (Lough 2009;
Lough et al. 2010). Equally important is to continue to maintain
high-quality remote sensing for Australian waters. Integration of
both in situ and remote-sensed products with longer-term
datasets will be valuable to many users.

Whereas the present paper has focussed on the use of climate
projections in biological application, improved understanding
of the biota, community and ecosystem is essential to credibly
translate the climate projection into biological impacts. For
many impacts, such as ocean acidification, a lack of biological
information is limiting our ability to project future biological
impacts. Experimental studies may help address this concern
and help in parameterising impact models.

A critical question for aquatic biologists working on climate-
change impacts centres on the adaptation potential of affected
species and habitats. Vulnerability assessments (e.g. Hobday
et al. 2007; Johnson and Marshall 2007) rely on estimates of
present or future exposure to climate change to determine
species or habitat vulnerability. Similarly, information on future
physical changes is a pre-requisite to more detailed study of
biological impacts, such as quantitative population models
(e.g. Wolf et al. 2010). These more detailed biological models
are necessary to consider the effect of adaptation options, and
tradeoffs between competing human needs. With improved
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physical information on historical and future trends, and
awareness of how to use the available information, the impacts
of climate change for Australian aquatic environments can be
better predicted, and effective and cost-efficient adaptation
options implemented to ‘manage the avoidable’, while continu-
ing to implement mitigation efforts to ‘avoid the unmanageable’
(SEG 2007).
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