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Abstract Australian agriculture has operated successfully
in one of the world’s most hostile environments for two
centuries. However, climate change is posing serious chal-
lenges to its ongoing success. Determining what might
constitute dangerous climate change for Australian agri-
culture is not an easy task, as most climate-related risks are
associated with changes in the highly uncertain hydrological
cycle rather than directly to more predictable changes in
temperature. In addition, the adaptive capacity of Australian
producers is generally high, as they have had to cope with a
highly variable climate in which periodic, severe droughts
are the norm. As the underlying global trends in climate
interact with the continent’s patterns of natural variability,
producers can generally deal with gradual changes in climate
but are most concerned about high rates of change in regional
and local climates and with abrupt, unexpected shifts in
climate patterns. Perhaps the best indicator of dangerous
climate change for Australian agriculture is the persistence,
or not, of the drying trends in many of the Country’s most
productive regions and the strength of the linkage between
these trends and global climate change.
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Introduction

Determining what may be tolerable levels of climate
change for Australian agriculture is a daunting task and
differs from similar attempts in other parts of the world,
especially the northern hemisphere, in several significant
ways. First, for most types of Australian agriculture, water
availability is a more important climate-related parameter
than temperature, making temperature-based estimates of
“dangerous climate change” based on scenario analysis
less useful for Australian agriculture than for other sectors
and other countries. Second, because of Australia’s high
natural climate variability, many producers and agricultural
industries already have high adaptive capacity with regard
to climate pressures. Third, given that Australia is a large
continent spanning tropical, sub-tropical and temperate
climatic zones, there is enormous variability in the types of
agriculture undertaken in the country, in the sensitivity of
the various industries to a changing climate and in their
adaptive capacity.

Here, we explore the nature of climatic risks to, and the
adaptive capacity of, Australian agriculture in the context
of attempting to determine what might constitute danger-
ous levels of climate change (cf. Article 2 of the United
Nations Framework Convention on Climate Change, UN-
FCCC 1992). We first describe the nature of Australian
agriculture as a background for examining the sensitivity of
Australian agriculture to current and future climate risks.
Next, we discuss the sector’s adaptive capacity to deal
effectively with climate risks. Both sensitivity and adaptive
capacity are required to estimate the sector’s vulnerability
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to climate change. Then, we describe contemporary climate
trends in Australia, with a special emphasis on those of
importance for agriculture. Finally, we analyse the most
significant climate risks for Australian agriculture through
the twenty-first century in the context of what types and
levels of climate risks might be tolerable and what might
be beyond the limits of adaptability.

Nature of Australian agriculture

Australian primary producers operate in one of the world’s
most hostile environments for agriculture. Australia is the
driest inhabited continent, it has a high degree of climate
variability, and its soils are generally poor in both nitrogen
and phosphorus. Despite these constraints, over the past
200 years, Australian agriculture has developed not only to
supply a large proportion of the food requirements for
22.5 million Australians, but also to become a significant
agricultural exporting nation.

Figure 1 shows the distribution of agricultural land use
across the continent. Cropping systems are concentrated in
a belt from central Queensland through central New South
Wales and around the southeast corner of the continent into
Victoria and South Australia. The south-western corner of
West Australia, with its pronounced Mediterranean cli-
mate, is the other region of significant cropping activity.
The boundaries of these cropping regions towards the
interior of the continent are defined by moisture avail-
ability. Grains dominate the cropping sector, with wheat
being the most important single crop. Horticulture and
viticulture, however, are growing in importance.

Most of Australia’s cropping regions are areas of mixed
agriculture, with the grazing industry also playing a major
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Fig. 1 Map of land use across Australia, showing major agricultural
zones in the continent

@ Springer

role. The belt of mixed grazing-cropping from southern
Queensland around into Victoria, the so-called wheat-
sheep region, is the traditional backbone of Australian
agriculture. The grazing industry covers by far the most
land area under agriculture, with large semi-arid and arid
regions across the north and centre of Australia used
mainly for cattle production. Although important in an
economic sense, irrigated agriculture occupies a very small
fraction of Australia’s land area. The most significant
concentration of irrigated agriculture is located in the
south-central region of the Murray-Darling basin.

The productivity of Australian agriculture on an annual
basis correlates strongly with the well-known El Nifio-
Southern Oscillation (ENSO) phenomenon and the Indian
Ocean Dipole (I0OD), along with a number of other climatic
influences like the Madden-Julian Oscillation (MJO), the
Southern Annular Mode (SAM) and the subtropical ridge.
The subtropical ridge is a zone of high pressure that usually
lies over the south of the continent in summer and migrates
northward in winter. Its northward movement allows cold
fronts that are embedded in the westerlies to bring rain to
Australia’s ‘Mediterranean regions’. Although it is not yet
clear, it seems likely that ENSO and the IOD (and possibly
the SAM) interact with each other so that certain combi-
nations of ENSO and IOD produce the unusually wet or dry
years (e.g., Ummenhofer et al. 2009; Hendon et al. 2007,
Meyers et al. 2007).

ENSO is a cyclical (events recur on 2- to 7-year inter-
vals) climatic pattern centred in the tropical Pacific Ocean,
related to fluctuations between unusually warm and cold
ocean conditions. The phenomenon involves an intricate
coupling between Pacific trade winds, atmospheric pres-
sure and sea surface temperature. Although centred in the
tropical Pacific Ocean, ENSO has global effects through
teleconnections to atmospheric patterns elsewhere on the
planet (McPhaden et al. 2006).

The IOD is similar in some respects to ENSO and
involves fluctuations between unusually warm and cold
ocean conditions in the Indian Ocean. The term ‘dipole’
refers to the tendency of the IOD to oscillate between two
states: cool waters around Indonesia and warm water in the
western Indian Ocean and warm waters around Indonesia
and cool water in the western Indian Ocean. Periods of
drier than average conditions appear to be associated with
an absence of negative IOD events (Ummenhofer et al.
2009).

The El Nifio phase of ENSO is associated with droughts
in eastern Australia and thus to reduced agricultural pro-
duction. The severe droughts in eastern Australia associ-
ated with El Nifio events in 1982, 1994 and 2002-2003 led
to sharp reductions in the net value of farm production. For
example, the 2002-2003 drought reduced Australia’s Gross
Domestic Product by about 1% (A$ 6.6 billion) and led to
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the loss of about 70,000 jobs (Steffen et al. 2006a). Another
El Nifio during 2006 and 2007 also came with a widespread
drought in southwestern, southern and eastern Australia,
continuing an extended period of low rainfall in these
regions similar to that of 1895-1903. Both these periods
(1895-1903 and 2002-2009) lacked significant negative
10D events (Ummenhofer et al. 2009).

Sensitivity of Australian agriculture to future climate
risks

The ways in which Australian agriculture deals with nat-
ural climate variability and the ways in which it is coping
with the climatic trends of the twenty-first century give
important insights into its sensitivity to current and future
climate risks. The increasing recognition that climate
change intensifies some of the risks associated with climate
variability and perhaps presents new risks has led to an
ongoing consultative process among producers, industry
representatives, researchers and policy makers to ensure
the continued sustainability and profitability of Australian
agriculture in the face of a changing climate (Steffen et al.
2006b).

Complementary to this process, Hennessy et al. (2008)
used General Circulation Model (GCM) outputs to inves-
tigate the impact of climate change on the nature and fre-
quency of exceptional climatic events, focusing on
droughts. They showed that the extent and frequency of
exceptionally hot years has increased over recent decades
and is likely to continue for the next 40 years at least; this
trend was evident generally across the country. The trend
for exceptionally low rainfall years was less general—
because of decadal variability—but certain areas, like the
southwest of Western Australia, showed a clear trend
towards more frequent and more severe dry events.

Although the sensitivity to climate varies considerably
across Australian industry according to the nature of the
production system, there are some general features of cli-
mate to which most Australian agricultural industries are
sensitive. Most of these features are related to the hydro-
logical cycle and, in particular, to the timing of moisture
availability through the growing season. Knowledge about
other water-related parameters, such as stream flow, over-
land flow and relative humidity, is often more useful in
management applications than is rainfall per se. Linking
these climate-related parameters to underlying trends in
mean temperature, the commonly used indicator of climate
change, is very difficult, complicating the task of defining
what might be dangerous levels of climate change for
Australian agriculture.

There are, however, some other specific features of
climate that are more closely related to temperature to

which particular Australian industries are sensitive (Steffen
et al. 2006b), for example:

e Annual cropping: The grains industry, Australia’s
largest crop-based industry, is sensitive to the timing
of frosts with respect to the phenology of the plant and
to cumulative temperature sums.

e Dairy cattle: The dairy industry is one of the more
vulnerable to rising temperatures due to the sensitivity
of dairy cattle to heat stress (high temperature coupled
with high humidity).

e Horticulture: Higher night temperatures are a risk for
some late harvested varieties of fruit, maximum
temperature limits exist for some varieties, and chilling
requirements are common for many varieties.

In addition to the direct impacts of changes in moisture
availability and temperature on production systems, many
producers identified that indirect climatic effects are just as
important as the direct effects for the viability of Australian
agriculture. The most important of these is the change in
the distribution or incidence of pests and diseases, a risk of
particular importance for Australia given its isolation from
many of the world’s common agricultural pests. For the
cattle industry, arbovirus, bluetongue, cattle ticks and
buffalo fly present important risks for the animals them-
selves, while invasion of tropical weeds in pastures in
southern Australia is also a cause for concern. A major
indirect threat to the cropping industry is the potential
spread of climate-sensitive animal pests, such as locusts
and mice.

Climate scenario-based studies of climate impacts on
Australian agriculture, summarized in Pittock (2003), gen-
erally reinforce the analysis of the sensitivity of Australian
agriculture to climate based on the consultative approach. In
addition, the scenario studies point to two additional tem-
perature-related effects that could become important in the
longer term—(1) direct heat stress on plants or crop dete-
rioration during heat waves and (2) more rapid phenological
progress of the plants through the growing season, leading
to both potential benefits and costs.

A comprehensive study of the impacts of climate change
at 2070 on the wheat industry (Howden and Jones 2001)
showed a slight increase in mean production of 1.8%, when
adaptation and the CO, fertilization effect are included.
That result, coupled with the fact that technological,
management and socio-economic changes to the industry
will be substantial by 2070, may give cause for optimism.
On the other hand, the study and a subsequent study by
Howden and Crimp (2005) also showed much larger
potential increases and decreases in production, depending
on region, the nature of the climate scenario (the combi-
nations of temperature increase and rainfall change) and
the level of adaptation assumed.
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Consultations with producers (Steffen et al. 2006b),
however, have highlighted two features of climate change
that are critical in determining what constitutes dangerous
climate change for them: (1) whether climate change
occurs at a rate beyond which they are unable to adapt and
(2) whether climate change occurs as major, abrupt shifts
rather than gradual changes in underlying means with
current variability (even though this leads to more extreme
events). The challenge associated with abrupt changes is
that they are usually not expected and thus are not planned
for, and also because abrupt changes of sufficient magni-
tude may push some industries beyond their operational
thresholds. Again, abrupt changes associated with the
hydrological cycle are, in general, of more concern to
Australian agriculture than those associated directly with
temperature.

Adaptive capacity

We consider adaptive capacity to be the ability, or ease,
with which farmers can adapt agricultural production sys-
tems to be profitable under new climatic patterns. This
brief view of some elements that contribute to adaptive
capacity of Australian agriculture is unable to explore the
different components that may be important for different
regions and sectors. It extrapolates from historical changes
only up to 2030, or 1°C rise in mean temperature, because
of a lack of tools to predict future requirements in adaptive
capacity sufficiently well to use in decision-making. We
consider the adaptive capacity for climate change within
the context of a range of other factors, such as techno-
logical development, family and social values, and man-
agement practices, that pose risks to farm enterprises and
industry viability.

Agriculture in Australia has been autonomously adapt-
ing to a variable climate since Europeans began settling
Australia about 200 years ago. As more experience was
gained, accommodations were made to the vagaries of
climate, especially with regard to droughts. Adapting to a
highly variable climate is not new. Studies of paleoclimates
and archaeology of Australia over the past 50,000 years
show that continual and sometimes quite remarkable
environmental change is normal but that people—both
Indigenous and European Australians—are remarkably
adaptable and resilient, managing the change in their
environments so that life goes on in a viable way (Lilley
2006). Lilley’s long-term sanguine view is supported in the
short term to medium term by anecdotal responses of
agricultural industry leaders (Steffen et al. 2006b) that they
can handle gradual change in underlying climatic averages,
even if it involves shifts in the incidence of extreme events,
through good management. A subjective assessment by
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scientists rated the adaptability of agricultural sectors to
individual impacts from climate change as medium or high
(see Table 10 of Pittock 2003) but rigorous assessments of
adaptive capacity face difficulties because they are likely to
require context-specific, location-specific analyses, actively
involving stakeholders and decision makers (Walcott and
Wolfe 2008).

Nevertheless, a recent contribution to agricultural policy
in Australia (Agriculture and Food Policy Reference Group
2006) notes that while adaptation has always been a hall-
mark of Australian rural life, adapting to change is not
always easy. For those in the middle of a drought, there is
considerable physical hardship, social heartbreak, animal
suffering and economic losses. Moreover, it is not just
rainfall deficiency that caused these impacts in semi-arid
regions but other factors such as management (over-
expectation of productive capacity, inability to destock),
government policy and low world commodity prices can
contribute to actual impact (McKeon et al. 2004).

At a national level, there is some evidence of the
adaptive capacity of Australian agriculture to a variety of
short- to medium-term stresses that could be indicative of
capacity to adapt to abrupt climate change. For example,
recent changes in land use and intensity (Walcott et al.
2001) show short-term adaptation to market forces and to
existing resources with better technologies. Figure 2, pro-
duced using an index of changes in the intensification of
agriculture (NLWRA 2001), shows that the greatest chan-
ges in land use intensity occurred around large population
centres and irrigation areas and then in the broad crescent
that curves around inside the east coast, around the south
coast to the southern part of the west coast of Australia, and
includes the island of Tasmania. These areas have adapted
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Fig. 2 The range (maximum less minimum) in values of agricultural
land use intensity index that occurred during 1982/1983 to 1996/2007.
(Adapted from NLWRA 2001, Fig. 7.4)
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well to changing economic and technological opportuni-
ties. The areas further inland appear to have changed less,
probably because of fewer viable land use options.

Adaptation strategies vary with region. Within cropping
areas, for instance, there has been continuing diversifica-
tion in recent years (Kingwell 2006; Walcott 2004) which,
along with other innovations, has allowed the national
average wheat yield under drought to increase although at a
somewhat lower rate than under normal conditions
(NLWRA 2001). By contrast, the interior areas, with fewer
options for changing land use due to low and more erratic
rainfall, have concentrated on improving their management
of existing enterprises, such as more rapid movement of
livestock in response to pasture availability, and sometimes
shifting enterprises from wool to meat sheep or from sheep
to cattle.

An analysis of vulnerability to structural adjustment in
the broadacre agricultural industries in Australia (Nelson
et al. 2005) used indicators of human, social, natural,
physical and financial capital. High vulnerability often
suggests low adaptive capacity. The analysis found that the
areas of highest vulnerability were located in a loose band
to the interior of the cropping belt around Australia, with
another band along the east coast of the continent, often
associated with the sheep industry but sometimes with beef
production and usually on smaller farms.

Australian farmers are becoming more aware of climate
change and more interested in adapting to its potential
impacts. The issue is causing industries and governments
some concern about when to take actions (i.e., timing of
decisions) because of the risks that planned improvements
in adaptive capacity may incur costs that render industries
less competitive on international markets. One impact of
climate change may be a loss of embedded information
(Quiggin and Horowitz 2003) about locally specific con-
ditions, given that the past is now a less reliable predictor
of future trends. This increases reliance upon regionally
specific R&D.

Planned adaptation, a stepwise process in response to
projected regional and sectoral impacts, recognizes that it
may require detailed, integrated assessments to better
support the understanding and evaluation of trade-offs in
making decisions. Major adaptations to climate change are
more likely to be called upon with long-lived infrastructure
investments such as grain handling facilities, dams,
perennial crop species, irrigation systems and farm pur-
chases (Quiggin and Horowitz 2003). Assessing the adap-
tive capacity required to cope with these longer-term
(strategic) decisions and the ability to cope with extreme
events (disasters) is difficult because of the uncertainties of
future climates, rapidly changing markets and still-emerg-
ing technologies but it will likely require a mix of quan-
titative and qualitative methods (Walcott and Wolfe 2008).

In Australia, government policy is to seek agricultural
industries that are inter alia competitive, self-reliant and
innovative. Governments can assist in enhancing the
resilience and adaptive capacity of agricultural industries
and rural communities in various ways (Clark et al. 2006).
Government programs to help industries towards these
outcomes have included capacity building (risk manage-
ment skills, community Landcare groups and drought
preparedness), innovation (research and development),
welfare support (during exceptional droughts), regulation
(agricultural and veterinary chemicals) and quarantine
(preventing the entry of pests, diseases and weeds). They
essentially aim to embed adaptation to climate change
within existing policy programs. For instance, the forma-
tion of the National Climate Change Adaptation Research
Facility in 2008, which includes primary industries as one
of it eight priority themes, will provide a significant boost
to adaptation research over the next 3—4 years.

In summary, a review by (Kingwell 2006) concluded
that Australian farmers, on average, are well placed to
respond to climate change, having access to R&D inno-
vation, agribusiness services, education services, modern
infrastructure, a range of marketing and storage systems,
and are well served by financial markets. Another assess-
ment (Allen Consulting Group 2005) claimed that the
extensive livestock and broadacre cropping industries had
few adaptive options across most rainfall zones, while
more intensive industries had high capacity to adapt. Pre-
liminary estimates that we have made indicate an overall
moderate to good adaptive capacity within Australian
agriculture. This implies that there will be pain to some
sectors in adjusting to changing climates. Ultimately, it is
farmers’ ability to generate income that will need to remain
the focus of their business activity (Kingwell 2006).
Farmers will need to be self-reliant and to adapt to climate
change and its associated climatic and commodity price
variability, with limited government assistance.

Contemporary climate trends in Australia

The high degree of natural climate variability, particularly
in rainfall, across Australia complicates the determination
of the longer-term trends of climate change. Nevertheless,
the rise in global mean temperature observed over the past
century or so is reflected in the Australian record. Figure 3a
shows the observation of mean surface temperature over
the Australian continent from 1910, when continental-scale
instrumental records began, to the present. Although the
overall rise in mean temperature, especially during the
second half of the twentieth century, is generally similar to
the global record, there is more variability in the Australian
record. The exceptionally high temperature in 2005 stands
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out, as it easily topped the previous record in 1998. This is
unusual as 1998 was an El Nifio year, when temperatures
are warmer than usual, while 2005 was not. The expected
geographical pattern of higher temperature anomalies in
the middle of the continent is evident in the 2005 record, as
shown in Fig. 3b.

Trends in mean annual rainfall do not show such a clear
trend. Figure 4 shows the continental trends in rainfall over
the past 50 and 100 years. At the century time scale, there is
little change in mean rainfall, with the continent as a whole
becoming slightly wetter. Only the southwest corner of
Western Australia and a small area on the central Queens-
land coast have become significantly drier. However, over
the past 50 years, the timeframe over which the mean
temperature has clearly risen above the longer-term aver-
age, a clear spatial pattern has emerged. The northwest part
of the country has become much wetter, while a pronounced
drying trend has appeared along the east coast, the region
where most of the Australian population lives and where

Fig. 3 a Australian annual
mean temperature anomalies
(based on 1961-1990 average)
since 1910, and b annual mean
temperature anomalies (°C)
across Australia for 2005
(Australian Bureau of
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much of the agricultural activity occurs. The drying trend in
the southwest corner of Western Australia has become more
severe. Although we cannot say categorically that this is the
result of climate change exclusively, the consistency
between GCM predictions for this region is certainly sup-
portive of anthropogenic climate change as a significant
driver (e.g., Clark et al. 2000).

In terms of extreme events, Australia has experienced
several heat waves in the last decade or so. One such severe
event occurred in February 2004, when temperatures were
5-6°C above average over large areas of Australia for a
three-week period. About two-thirds of the continent
reported maximum temperatures during the period of 39°C
or higher, with several major cities (Sydney, Adelaide,
Brisbane) reporting exceptionally high temperatures for
continuous periods of a week or more. Again, in January
and February of 2009, extremely hot, dry and windy con-
ditions were experienced in southeastern Australia, leading
to an extreme heatwave event and damaging bushfires.
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Fig. 4 Trend in annual total rainfall in mm/10 years over Australia
for the past 50 (fop) and 100 years (bottom). Blue indicates areas that
have become wetter, and red/pink indicate areas that have become
drier (Australian Bureau of Meteorology)

Many records were set both for high daytime and nighttime
temperatures as well as for the duration of extreme heat.
For example, nearly half of Tasmania had its hottest day on
record on 30 January, with many records broken by large
margins. Over the 5 days, 27-31 January 2009, maximum
temperatures were 12—-15°C above normal over much of
Victoria and southern South Australia. On Saturday 7
February, record high temperatures for February were set
in over 87% of Victoria.

Extreme precipitation events occur periodically as a
feature of natural climate variability in Australia, and
although there have been a few record high rainfall events
in the past decade, the observational record is not long
enough to show a clear trend in high rainfall extremes.

Drought is another prominent feature of Australia’s
climate, with the most severe droughts in the agriculturally
productive east and south often related to the El Nifio phase
of the ENSO phenomenon. El Niflo-related droughts in
these areas have occurred since the beginning of the
instrumental record, but particularly severe such events
occurred during the 1982-1983, 1992-1994, 2002-2003

and 2006-2007 periods. These more recent droughts are
embedded in a recent 15-year drying trend and come after
experiencing 40 years of generally wetter-than-average
seasons. In the current series of droughts, as happened in
the first half of the twentieth century, there is often a
weaker recovery period in between droughts, but the
droughts themselves are becoming more intense due to the
higher temperatures. For example, a severe drought in
2002-2003 has seen a weak recovery and then slide back
into severe drought conditions in 2006-2007 in southern
and eastern Australia. Taking the period March 2006 to
February 2009, large areas of western, southern and eastern
Australia were at or below decile 1 rainfall.

The series of droughts in southeast Australia is of par-
ticular concern for irrigated agriculture as it is having
serious impacts on water availability in the Murray-Darling
Basin (MDB), historically one of the most agriculturally
productive regions of the country. During the 2000-2007
period, the average annual inflow in the river systems of
the MDB was only 4150 GL year ™', compared to a long-
term post-1950 average of about 12,300 GL year™'. In the
April 2006-March 2007 period, inflow reached a record
low of only 770 GL year ' (Cai and Cowan 2008).

The unfolding of climate risks through twenty-first
century

The most significant climate risks to Australian agriculture
through the twenty-first century, particularly those that
could be considered dangerous, are best defined by the
producers and industries themselves. In general, they are
associated with climatic features to which producers/
industries show high sensitivity and to which their adaptive
capacity is limited. In the consultative processes described
earlier (Steffen et al. 2006b), producers/industries identi-
fied high rates of change and abrupt shifts in climate as two
climatic features that may exceed their adaptive capacity.
In addition, they identified two time scales as important:
(1) within-season variability and reliability and (2) long-
term trends in moisture availability. Improving their
capacity to adapt to climatic changes on these time scales
will be crucial in determining how well they will cope with
climate change through the century. Here, we focus on
observed climatic changes in the most recent few decades
to analyse the significance of these risks, as well as to
provide some insights into how producers and industries
might adapt.

In terms of changes in rainfall at the shorter time scale, a
key message that emerged from the consultation process is
that within-season reliability is seen as more relevant to
agriculture than variability, where the latter is commonly
expressed as annual or seasonal totals. Reliability refers to
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the distribution of rainfall through the growing season. For
example, two locations may both have an average of
125 mm of rain in the winter growing season (June—July—
August). For one location, the probability of receiving at
least 25 mm of rain in each of June, July and August may
be 8 years out of 10, whereas in the other location it may
only be 2 years out of 10. Thus, the rainfall reliability is
much greater for the former than for the latter.

It was also noted that reliability is generally more clo-
sely related to plant growth than variability. Therefore, if
regional shifts in climate reliability are already occurring,
there would be immediate consequences for on-farm
management practices, industry investment and develop-
ment plans, as well as government policy making, partic-
ularly if these shifts in reliability are consistent with
expectations of climate change.

Typically, reliability is expressed in conditional terms,
like the likelihood of 30 mm or more in each month of a
season or at least 50% of the respective long-term monthly
means in each month of a season (Laughlin et al. 2003).
Figure 5 shows a time series analysis applied to reliability
of autumn rainfall over 100 years. It is interesting that the
apparent trends seem to be regional in nature, implying that
changes in reliability, whether due to underlying climate
change or other factors, can be mapped. The figure treats
the 100 years as a single time series and displays a (single)
overall trend in the series but it is possible to estimate the
reliability for parts of the series, such as the last 25 years or
the first 50 years. Knowledge about how rainfall reliability
is changing along with enhanced adaptive capacity may
allow producers to deal successfully with climatic changes
that, on the surface, might be considered “dangerous”.

It is now well established that the proximate cause of the
decrease in rainfall over southeast Australia is an increase
in persistent, intense high pressure systems over the region
(Nicholls 2009). Earlier research had proposed a link
between these high pressure systems and the warmer sea
surface temperature in the central equatorial Pacific Ocean,
which is probably part of the general surface ocean
warming trend associated with climate change (Watkins
2005). In effect, global warming is leading to more per-
sistent El Nifo-like conditions. However, research in the
last 2 years has pointed towards changes in the IOD and
SAM modes of variability as being the dominant factors in
driving the ongoing pattern of severe drought (Um-
menhofer et al. 2009; Nicholls 2008).

An analysis of rainfall patterns from the early twentieth
century to the present shows a striking relationship
between the IOD mode that leads to enhanced tropical
moisture transport across the Australian continent and the
observed amount of rainfall. In recent decades, this mode
of IOD has been less frequent as the climate has warmed.
Changes in the SAM are associated with the dominant mid-
latitude westerly airflow, which brings significant rainfall
to southern and eastern Australia. This airflow appears to
have migrated southwards. A similar poleward migration
has also been observed in the northern hemisphere, which
has led to increased drought in southern Europe. These
poleward migrations of the mid-latitude westerlies are
expected with a warming climate (Pittock 2003; Cai et al.
2005; Gillett 2005).

Palaeo-climate studies offer some further insights into
the observed drying trend. Although ENSO does not now
appear to be the sole, or even dominant, factor in the recent

Fig. 5 A time series analysis
applied to reliability of autumn
rainfall over the past 100 years
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trends, from a longer-term perspective, it may still be
important. A study of the global climate during the Plio-
cene (5-3 million years ago) indicates that the El Nifio
phase of ENSO was permanent rather than intermittent
(Fedorov et al. 2006) during that epoch and associated
with persistently warm surface waters in the coastal and
equatorial Pacific. Contemporary observations of the heat
content of all of the Earth’s major ocean basins show
temperature increases in the surface waters over the past
50 years (Barnett et al. 2005). For the Pacific Ocean,
significant increases (ca. 0.2°C) have occurred in the top
100 m or so. These observations suggest an increasing risk
that the El Nifio phase will become more frequent or even
persistent in the future with climate change, which is
consistent with the observed change to a more negative
Southern Oscillation Index—more frequent and intense El
Nifio events—over the past 50 years (McPhaden et al.
20006).

Finally, in some important aspects, GCM-based model
projections are in agreement with the observed trends,
increasing the confidence in those aspects of the projec-
tions. For example, model projections for the Australian
region show that a decrease in precipitation in eastern
Australia is accompanied by increased atmospheric
pressure (Shi et al. 2008), consistent with the observations.
Model projections for the MDB show a 5—15% reduction in
mean annual rainfall by 2060 and a warming trend in the
eastern Indian Ocean dipole (Christensen et al. 2007); both
of these projections accord with recent observations.
Analysis of a suite of climate model projections shows,
with a high degree of consistency across the models, a drop
in winter rainfall in Victoria and southern South Australia.
Again, these projections are in agreement with observa-
tions. The ENSO, IOD, SAM and the Subtropical Ridge are
features which are represented in the models. Being among
the major causes of climate variability in Australia, it is
important to note that these features have been shown to be
sensitive to climate forcings and will thus be affected by
climate change (Toggweiler 2009; Arblaster and Meehl
2006; Son et al. 2008; Ummenhofer et al. 2009; Meyers
et al. 2007). The increasing alignment of observations,
processes involved in climate variability and model pre-
dictions is particularly important when considering the
adaptation of agriculture in Australia to climate change.

Conclusions

Determining what constitutes “dangerous climate change”
in the context of Australian agriculture presents some
unique challenges. For the vast majority of Australian
agricultural enterprises, water availability is a more
important climate-related parameter than is temperature per

se. Given the complex relationship between the hydrolog-
ical cycle and climate change and the fact that water
availability is affected by many non-climatic processes,
determining a temperature level at which changes in water
availability seriously affect the viability of Australian
agriculture is a daunting task. In addition, the wide variety
of agricultural systems practised in Australia means that
there is inevitability a very wide range of sensitivities to
climate change.

Despite these complications, it is nevertheless desirable
to attempt to link the risks that Australian agricultural
producers and industries face from a changing climate to
changes in mean global temperature. There are some
important insights that can be gained by making this
attempt:

e The relationship between the drying trend in southeast
Australia and climate change has become clearer.
Although the connection between El Nifio events and
drought in eastern Australia is well established, it
appears that change in two other modes of natural
variability—the Indian Ocean Dipole and the Southern
Annular Mode—may be as least as important as ENSO
in driving the observed pattern of intensifying drought
over the past few decades. The link between changes in
these modes of variability and a warming climate sys-
tem is becoming better established. In terms of agri-
cultural producers and industries, this improving
knowledge base adds weight to the seriousness of this
risk for continuing and perhaps intensifying drying of
some regions in the future.

e The probability of abrupt changes in climate rises with
increasing global mean temperature, although the
relationship is not straightforward. It may be possible
to link an unacceptably high risk of abrupt change to a
particular increase in global mean temperature.

e For particular agricultural industries, it may be possible
to make more direct connections between the viability
of the industry and a rise in global mean temperature.
An example may be the dairy industry, where the
sensitivity of dairy cattle to heat stress is a key aspect of
the industry’s vulnerability to climate change. The
January 2009 heat wave in Victoria and southern South
Australia has highlighted the immediate nature of the
threat of temperature extremes.

Finally, it is critical to consider the adaptive capacity of
Australian producers and industries when considering the
definition of dangerous climate change. Producers and
industries have shown considerable adaptability towards
climate variability in the past, and there are now an
increasing number of more pro-active approaches towards
adapting to longer-term climate change and its effects on
variability.
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