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Preface

Over the past few years climate change has risen

to become the pre-eminent social, economic and
environmental issue facing contemporary society.
The reports of the Intergovernmental Panel on
Climate Change (IPCC) provide an excellent scientific
underpinning to inform the discussions and debates
about how to deal with the climate change challenge.
Climate change science, however, is a rapidly
evolving field of interdisciplinary research, and much
relevant research has been published since the
IPCC'’s Fourth Assessment Report (AR4) was
released in 2007.

This document reviews and synthesises the science
of climate change since the publication of the
IPCC’s AR4, with an emphasis on rapidly changing
areas of science of direct policy relevance. In that
regard, the report is selective; it highlights a small
number of critical issues rather than attempting to
be comprehensive across the full range of climate
science. Also, the report is focused more strongly on
issues of importance to Australia, although it places
these in a global context.

The synthesis is based primarily on scientific

papers published since the IPCC’s AR4, along with
selected earlier papers required to provide context

to the synthesis. In any report of this type, there is
always room for a range of judgments regarding the
published literature. | am grateful to many colleagues
in the Australian climate research community for

their helpful comments on drafts of this document.

| have tried to accommodate their comments as far as
possible; however, | assume the final responsibility for
the emphases made and inferences drawn based on
the published literature.

The views expressed in this document are my
own, and do not necessarily represent the views
of the Australian Government Department of
Climate Change.

Will Steffen
Canberra
May 2009
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Executive summary:

state of the science 2009

The IPCC’s Fourth Assessment Report (AR4) is an
outstanding source of information on our current
scientific understanding of the climate system

and how it is responding to the changes in the
atmospheric concentration of greenhouse gases
caused by human activities. In particular, the AR4
provides an excellent overview on issues where
there is strong agreement, and points towards those
issues where further research is required. But climate
science is a rapidly moving field as researchers
respond to the challenges laid out by the IPCC and
the needs of governments and other groups for even
better knowledge about climate change. Over the
past three to four years, many new developments
have occurred and many significant new insights have
been gained. The most important of these are:

» The climate system appears to be changing faster
than earlier thought likely. Key manifestations of
this include the rate of accumulation of carbon
dioxide in the atmosphere, trends in global ocean
temperature and sea level, and loss of Arctic
sea ice.

* Uncertainties still surround some important
aspects of climate science, especially the rates
and magnitudes of the major processes that
drive serious impacts for human societies and
the natural world. However, the majority of these
uncertainties operate in one direction — towards
more rapid and severe climate change and thus
towards more costly and dangerous impacts.

» The risk of continuing rapid climate change is
focusing attention on the need to adapt, and the
possible limits to adaptation. Critical issues in
the Australian context include the implications
of possible sea-level rise at the upper end of
the IPCC projections of about 0.8 m by 2100;
the threat of recurring severe droughts and the
drying trends in major parts of the country; the
likely increase in extreme climatic events like
heatwaves, floods and bushfires; and the impacts
of an increasingly acidic ocean and higher ocean
temperatures on marine resources and iconic
ecosystems such as the Great Barrier Reef.

» Climate change is not proceeding only as smooth
curves in mean values of parameters such as
temperature and precipitation. Climatic features
such as extreme events, abrupt changes, and the
nonlinear behaviour of climate system processes
will increasingly drive impacts on people and

...climate science is a
rapidly moving field as
researchers respond to
the challenges laid out
by the IPCC and the
needs of governments
and other groups

ecosystems. Despite these complexities, effective
societal adaptation strategies can be developed
by enhancing resilience or, where appropriate,
building the capacity to cope with new climate
conditions. The need for effective reduction in
greenhouse gas emissions is also urgent, to avoid
the risk of crossing dangerous thresholds in the
climate system.

» Long-term feedbacks in the climate system may
be starting to develop now; the most important of
these include dynamical processes in the large
polar ice sheets, and the behaviour of natural
carbon sinks and potential new natural sources
of carbon, such as the carbon stored in the
permafrost of the northern high latitudes. Once
thresholds in ice sheet and carbon cycle dynamics
are crossed, such processes cannot be stopped
or reversed by human intervention, and will lead
to more severe and ultimately irreversible climate
change from the perspective of human timeframes.

The executive summary figure places the climate
change dilemma in a broad perspective. The nearly
1,000-year northern hemisphere temperature
record gives an indication of the envelope of natural
variability within which contemporary civilisation
has developed. The IPCC projections, shown on
the same timescale as the palaeo-record, depict
not only the magnitude but especially the rate of the
climatic changes that may lie ahead. The right-hand
side of the figure illustrates why societies should be
concerned about these projections.
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The executive summary figure illustrates why Lord
Nicholas Stern (2009) has referred to climate change
(in economic terms) as “...an externality like none
other”, and further commented that “...risks, scales
and uncertainties (associated with climate change)
are enormous. There is a large probability of a
devastating outcome”. Ross Garnaut (2008) has

called climate change “a diabolical policy problem”.
Policy and economics are obviously central to
responding to the climate change challenge, but the
biophysical sciences will continue to play an essential,
central role in characterising the climate change
threat and in shaping effective solutions.

Executive summary figure
The envelope of natural variability and IPCC projections for 2100.
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Scientific understanding of climate change has
improved remarkably over the past decade.

The Fourth Assessment Report (AR4) of the
Intergovernmental Panel on Climate Change recently
summarised the state of climate science up to
2005-06, noting both the areas in which there is

a strong scientific consensus and those issues on
which much more research is required. The primary
conclusions of the IPCC’s Working Group | included
(IPCC 2007):

*  Warming of the climate system is unequivocal,
as is now evident from observations of increases
in global average air and ocean temperatures,
widespread melting of snow and ice, and rising
global average sea level.

» At continental, regional and ocean basin scales,
numerous long-term changes in climate have
been observed. These include changes in Arctic
temperatures and ice, widespread changes
in precipitation amounts, ocean salinity, wind
patterns and aspects of extreme weather including
droughts, heavy precipitation, heatwaves and the
intensity of tropical cyclones.

» Palaeoclimate information supports the
interpretation that the warmth of the last half
century is unusual in at least the previous
1,300 years. The last time polar regions were
significantly warmer than at present for an
extended period (about 125,000 years ago),
reductions in polar ice volume led to 4 to 6 m of
sea-level rise.

» Most of the observed increase in global average
temperatures since the mid 20th century is
very likely' due to the observed increase in
anthropogenic greenhouse gas concentrations.
... Discernible human influences now extend to
other aspects of climate, including ocean warming,
continental-average temperatures, temperature
extremes and wind patterns.

1 Very likely is defined by the IPCC to mean >90%
probability of the occurrence or outcome.

Chapter one

Climate change science: the IPCC Fourth
Assessment Report and beyond

» Continued greenhouse gas emissions at or above
current rates would cause further warming and
induce many changes in the global climate system
during the 21st century that would very likely be
larger than those observed during the 20th century.

The strong consensus on these core aspects of
climate change science provides a powerful base

on which to build policy responses to the climate
change challenge. However, climate science is
changing rapidly. Over the past two to three years
much progress has been made on further reducing
uncertainties in critical aspects of the core science
(e.g. Pittock 2009), but at the same time studies of
important components of the climate system are
revealing new uncertainties that demand further
research. For example, observed recent changes in
the behaviour of the large polar ice sheets and the
natural carbon sinks are consistent with accelerating
climate change (Rignot and Kanagaratnam 2006;
Rignot et al. 2008; Cazenave 2006; Le Quére et al.
2007), but much more needs to be understood about
these phenomena to assess the degree of risk they
pose. Over-the-horizon research on nonlinear aspects
of climate change — tipping elements and abrupt
changes — points to the serious consequences that
can result from incremental changes in temperature if
thresholds are crossed (Lenton et al. 2008), but much
uncertainty surrounds the location of such tipping
points and the probability that they will be crossed.

The objective of this document is to review the
science of climate change since the publication
of the IPCC’s AR4, with an emphasis on

areas of science that are changing rapidly

and have significant consequences for

our understanding and analysis of critical
issues for policy and management. The

report particularly focuses on our evolving
understanding of the risks associated with a
rapidly changing climate system.
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... the risks associated with the upper range of the
IPCC projections of climate change for this century
need to be considered seriously.

Several observations of the behaviour of the climate
system over the past few decades to the present,
which highlight the rate at which the system is
currently changing, provide a backdrop for this
review of the most recent science. Figure 1a shows
that anthropogenic emissions of carbon dioxide
(CO,), the most important of the anthropogenic
greenhouse gases, have been rising at or near the
upper limit of the envelope of the IPCC projections
since they were first published in 1990 (for updates
see Sheehan et al. 2008). Furthermore, the rate

of emissions has increased since 2000, due to a
combination of growth in the global economy, an
increase in the carbon intensity of the economy, and
a decline in the efficiency of natural carbon sinks in
absorbing anthropogenic emissions of CO, (Canadell
et al. 2007). The impact of the global financial crisis
on greenhouse gas emissions will probably be
discernible at the global scale. Whether a likely fall in
emissions is a short-term phenomenon with a return
to the post-2000 emissions rates, or whether the
financial crisis marks the beginning of a longer-term
return to lower emissions rates, remains to be seen.

Consistent with the observed trajectory of CO,
emissions to date, the trajectories of global average
temperature (Easterling and Wehner 2009) and
sea-level rise are tracking within the IPCC envelope
of projections, with sea level rising near the upper
limit of the IPCC range (figures 1b,c; Rahmstorf et al.
2007; Domingues 2008). The precipitous decline

in the area of Arctic sea ice in summer over the
past two years (Figure 2a,b; Johannessen 2008)

is evidence that some components of the climate
system are responding rapidly and nonlinearly to
the current rate and magnitude of warming due to
anthropogenic emissions of greenhouse gases.

In summary, these observations and post-AR4
research are leading to a perception amongst many
scientists that the risks associated with the upper
range of the IPCC projections of climate change for
this century need to be considered seriously.

Figure 1a. Observations of anthropogenic CO, emissions from 1990 to 2007.
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Figure 1b. Global average surface air temperature (smoothed over 11 years).
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The blue line represents data from Hadley Center; the brown line is GISS data. (Source: Rahmstorf et al. 2007 with data
for 2007 and 2008 from S. Rahmstorf)

Figure 1c. Sea-level change from 1970 to 2008.
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Figure 2a. Arctic sea-ice extent and CO.,.
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Time series of annual Arctic sea-ice extent and atmospheric concentrations of CO, for the period 1900-2007. Note that
the CO, scale is inverted. (Source: Johannessen 2008, including further details on data)

Figure 2b. Correlation of CO, and sea-ice extent.
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Chapter two

Risks from a rapidly
changing climate

The observations that anthropogenic CO, emissions
and sea level are rising at rates at or near the upper
levels of IPCC projections have raised concerns
about the risks posed by rapid climate change.
Although some analyses of the potential impacts of
high-end projections have been made, much research
on climate change impacts to date has tended to
focus more strongly on the mid range values of the
IPCC projections, and have naturally tended to place
less weight on outliers when a range of scenarios

is considered. In this section several of the risks
associated with observed and projected rates of
climate change are explored in more detail, including
sea-level rise, drought and drying, ocean acidification
and extreme events.

2.1 Melting ice and rising
sea level

Sea-level rise has emerged as one of the most
intensely debated issues in the scientific community
following the publication of the IPCC’s AR4. Some of
the debate has arisen because of confusion about the
interpretation of the AR4’s sea-level rise projections,
which have been erroneously interpreted in some
quarters as lowering the upper limit of the projections
compared to those of the IPCC’s Third Assessment
Report in 2001.

The confusion has arisen because of the way in
which the contributions to sea-level rise from the
large polar ice sheets have been treated in the
assessments. In the Third Assessment Report an
estimate was made of potential contributions from
the dynamics of polar ice sheets and included in the
projections to 2100 (Figure 3), leading to a range

of 0.11 to 0.88 m. In the AR4, however, estimates
of the contributions from polar ice sheet dynamics,
because they cannot yet be modelled quantitatively

...much research on
climate change impacts
to date has tended to
focus more strongly on
the mid range values of
the IPCC projections

with confidence, were excluded from the projections,
leading to an apparently narrower range of 0.18 to
0.59 m (Figure 3). When estimates from the AR4

of contributions from polar ice sheet dynamics are
included (-0.01 to 0.17 m — see final row of Table 10.7
of the AR4 Working Group | Report), the range of
AR4 projections becomes 0.18 to 0.76 m (Figure 3),
which is not significantly different from projections in
the Third Assessment Report. The IPCC noted that
higher sea-level rises could not be ruled out.

Progress has been made since the AR4 in quantifying
the individual factors that contribute to sea-level

rise. The contributions from small glaciers can

now be better represented by geodetic and direct
mass—balance measurements; the estimated
contribution is 1.1—1.4 mm yr* for the period 2001-05
(Cogley 2009); these contributions may increase
through the 21st century (Meier et al. 2007). Improved
estimates of heat content for the upper 300 m and
700 m of the ocean show that warming and thermal
expansion trends for the period 1961-2003 are about
50% larger than earlier estimates. When the improved
estimates of the thermal expansion component

of sea-level rise are combined with estimates for
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the other components (e.g. small glaciers), this
bottom—up approach yields an estimate for sea-level
rise of 1.5 mm yr for the period 1961-2003, in
good agreement with an independent estimate of
1.6 mm yr' (Domingues et al. 2008).

The observations that (i) the rate of sea-level

rise has increased from 1.6 mm yr' in the period
1961-2003 to 3.1 mm yr' in the period 1993 2003
(Church and White 2006; Domingues et al. 2008)

and (ii) sea-level rise is currently tracking at or near
the upper limit of the IPCC projections (Figure 1c,
Rahmstorf et al. 2007) have led to concern that

mid range values of the IPCC projections could be
significant underestimates. For example, a simple,
semi-empirical approach to estimating future sea-level
rise, which uses observations over the past 120 years
to relate sea-level rise to global mean surface
temperature, projects a range of sea-level rise for
2100 of 0.5 to 1.4 m above the 1990 level (Rahmstorf
2007; Figure 4). Although such statistical models do
not include the process understanding that forms

the basis for the model projections reported in the
IPCC assessments, they may suggest that additional
processes not yet incorporated in the more complex
models are becoming important.

Much of the uncertainty about the rate of sea-level
rise through the 21st century and beyond centres
on the behaviour of the large polar ice sheets on
Greenland and Antarctica. Although they have
contributed only a small fraction of the observed
sea-level rise to date (thermal expansion of the
ocean and loss of ice from mountain glaciers and
ice caps have been the most important factors
(Domingues et al. 2008)), they have the potential to
become much more important. Enough land-based
ice is contained in the Greenland and West Antarctic
ice sheets to raise global sea level by about 7 and

6 m, respectively, should both ice sheets completely
disappear. The critical questions are (i) what level
of temperature rise will lead to the loss of these ice
sheets; and (ii) how fast can the ice be lost and thus
sea level rise?

During the last interglacial (warm) period about
125,000 years ago, global mean sea level was about
4—6 m higher than it is today (e.g. Rostami et al.
2000; Muhs et al. 2002); loss of parts of both the
Greenland and West Antarctic ice sheets were likely
responsible (Overpeck et al. 2006). Global average
temperature was about 1-2°C warmer during the last
interglacial compared to the Holocene (the current
interglacial), but regional temperatures near the

Figure 3. Projections of sea-level rise from 2100 from the IPCC Third Assessment
Report and the Fourth Assessment Report (AR4).
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Figure 4. Past sea level and sea-level projections.
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added uncertainty due to statistical errors in the fit of the equation to data. Coloured lines are individual IPCC scenarios
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more details on methodology)

poles were probably 3—-5°C warmer. In addition, there
was more direct solar insolation at the northern high
latitudes than at present, which also contributed to the
loss of part of the Greenland ice sheet (IPCC 2007).

At present global average temperature is about
0.8°C warmer than the pre-industrial value

(IPCC 2007), but the temperature in the northern
high latitudes has increased at almost twice that
rate (ACIA 2004). If global average temperature
rises to 1.9 to 4.6°C relative to pre-industrial, which
is well within the range of the model projections
(IPCC 2007), and is maintained for millennia within
that range or higher, the Greenland ice sheet would
largely be eliminated through surface melting alone;
that is, the rate of surface melting would exceed
the rate of snow accumulation during the winters
(Gregory and Huybrechts 2006).

The rate of projected rise in sea level is critical for
estimating the severity of potential impacts. Given
sufficient foresight and ingenuity, society could
arguably adapt to a sea-level rise of even 7 m, if
spread over several millennia. However, post-AR4
research has suggested that dynamical processes
can lead to more rapid loss of ice than by melting
alone. Two processes are particularly important.

The first process is related to streams of melt water
on the surface of the ice sheet. When these streams
meet a crevasse, they can sometimes flow down to
the base of the glacier, lubricating it and accelerating
its movement towards the sea (Figure 5). This can
produce large blocks of ice which, when they flow
into the sea, cause an instantaneous rise in sea
level through displacement of seawater. The process
has been observed in recent years in Greenland
(Das et al. 2008), with a number of estimates of

the net mass balance of the ice sheet showing that
over the past 15 years it has changed from being
approximately in balance to now losing ice at a rate
of 200 billion tonnes per year or greater (Figure 6;
Rignot and Kanagaratnam 2006). However, the
long-term importance of this process has been
questioned by recent research (Holland et al. 2008;
Nick et al. 2009).

The second process is related to the loss of ice
shelves that form on the sea along the coastlines
of polar land masses. This shelf ice acts to buttress
the land-based outlet glaciers and slow their flow

to the sea. When this shelf ice is lost, so too is

the buttressing effect and the outlet glaciers often
show a sharp increase in the rate of flow. The effect
has been observed on the Antarctic Peninsula
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Figure 5. Lubrication of a continental ice sheet.
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Figure 6. The areas of elevation gain and loss on Greenland.
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(Figure 7; De Angelis and Skvarca (2003); Scambos
et al. 2004). In the southern polar region the main
concern is the West Antarctic ice sheet (with its ca.

6 m of equivalent sea level), which is grounded below
sea level and where rising sea temperature can thus
cause melting at the base of the ice sheet as well as
undermining the stability of the buttressing ice shelves
(Figure 8). A recent analysis shows warming of about
0.1°C per decade over the West Antarctica region
over the last half century, attributed in part to changes
in sea surface temperature (Steig et al. 2009).

The West Antarctic ice sheet has shown relatively
rapid periods of retreat and advance during climate
oscillations in the past (Pollard and DeConto 2009),
and appears to have collapsed during the Pliocene
when planetary temperatures were about 3°C warmer
than today (Naish et al. 2009).

Although these dynamical processes cannot yet

be modelled quantitatively with any confidence,

an analysis of the kinematic constraints on rapid

ice discharge from land-based polar ice sheets

has concluded that the maximum possible

increase in sea-level rise by 2100 is around 2 m,

but only under the most extreme levels of forcing
(Pfeffer et al. 2008). A more plausible estimate of total

Figure 7: Glacier-ice shelf interactions.
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sea-level rise by 2100 is around 0.8 m. This value lies
at the upper end of the IPCC projections.

In summary, there is a considerable body of evidence
now that points toward a sea-level rise of 0.5t0 1.0 m
by 2100 compared to 1990 values. The main lines

of argument include: (i) recent observations have
confirmed the conclusion that sea level has been
rising near the upper bound of the IPCC projections
since 1990 (Rahmstorf et al. 2007; Domingues et al.
2008; Church et al. 2008); (ii) the mid range of the
statistical projection of Rahmstorf (2007), based on
observations, is 0.9 to 1.0 m; (iii) recent observations
show increasing net mass loss from the Greenland
ice sheet (Rignot and Kanagaratnam 2006) and

the West Antarctic Ice Sheet (Cazenave 2006);

(iv) physically based estimates of sea-level rise due
to dynamical loss of ice from the polar ice sheets
suggest that a 0.8 m rise is plausible (Pfeffer et al.
2008). Sea-level rise larger than the 0.5-1.0 m range
— perhaps towards 1.5 m (i.e. at the upper range of
the statistical projection of Rahmstorf 2007) — cannot
be ruled out. There is still considerable uncertainty
surrounding estimates of future sea-level rise. Nearly
all of these uncertainties, however, operate in one
direction, towards higher rather than lower estimates.

3. Unstable glacier front after ice shelf collapse

As shelf retreats past grounding line

buoyant support decreases at front
but glacier flow continues and

glacier front calves rapidly

e_

Water level

Grounding line <D &

2. Two effects of warmer temperatures

a) Melt water percolates through glacier;
g glacier speeds up (summer only)

b) Water-filled fractures
carve through ice shelf;
shelf disintegrates

Water level

A e

Grounding line

IAAAN

4. Glacier acceleration

Old surface Lower part of
/ New surface glacier steepens,
Calved icebergs accelerates, and

\, loses mass

Water level

Grounding line

In a stable glacier-ice shelf system, the glacier’s downhill movement is offset by the buoyant force of the water on
the shelf. Warmer temperatures destabilise this system by lubricating the glacier’s base and creating melt ponds that
eventually carve through the shelf. Once the ice shelf retreats to the grounding line, the bouyant force that used to
offset glacier flow becomes negligible, and the glacier speeds up on its way to the sea. (Source: Ted Scambos and
Michon Scott, National Snow and Ice Data Center, University of Colorado, USA)
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Figure 8. Profile through the Antarctic ice sheet.
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(A) Bellingshausen Sea — West Antarctic ice sheet — (B) Ross ice shelf — Ross Sea. The profile shows that most of the
West Antarctic ice sheet is grounded below sea level which makes it sensitive to sea level rise. If the contact of the ice
to the bottom rocks is lost seaward of the grounding line, the ice sheet becomes significantly thinner (some 100 m),
forming shelf ice. The lines in profile are lines of similar age; annual layers in the center are thinning from top to bottom.
Yellow areas: ice shelf. Red areas: not ice covered (2.8 % of total area). Blue shaded areas incremented by 1000 m in
thickness. (Source: Hannes Grobe, Alfred Wegner Institute for Polar and Marine Research, Germany)

Although a 0.5 m rise in sea level over the century, increases in sea level is the disproportionately large
which lies near the centre of the IPCC envelope of increase in the frequency of extreme sea-level events
projections, may seem modest, the consequences associated with high tides and storm surges. A 0.5 m
can be surprisingly severe. Enhanced vulnerability rise in mean sea-level could cause such extreme

to inundation of low-lying islands is a prominent events to occur hundreds of times more frequently by
example, but many coastlines around the world, the end of the century (ACE CRC 2008; Figure 9); an
especially sandy coastlines, will be subject to event that now happens once every hundred years
increased erosion and will retreat landwards. One would be likely to occur two or three times per year.

of the more dramatic consequences of modest

12 Climate change 2009 Faster change and more serious risks



Figure 9. The multiplying effect of sea level rise on high sea-level events.
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2.2 Changing water
availability

The effect of climate change on the hydrological
cycle, and the consequences for water resources, is
one of the most important aspects of climate change
for societies around the world, and particularly for
Australia. Globally, a warming climate is leading to
an enhancement of the hydrological cycle — more
evaporation, an increasing amount of water vapour in
the troposphere and more precipitation (IPCC 2007).

However, there are very large regional variations in
the observed changes in the hydrological cycle. In
particular, significant increases in rainfall have been
observed in northern Europe, north and central Asia,
and eastern North and South America. Drying is
occurring around the Mediterranean, western North
America, southern Africa, the Sahel and parts of
southern Asia. Longer and more intense droughts
have been observed over large areas in the tropics
and sub-tropics since the 1970s (IPCC 2007).
Although these trends cannot be linked to
anthropogenic climate change with a high degree of

Figure 10: Trends in annual total rainfall (mm/10 years) across Australia.
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(d) Trend in Annual Total Rainfall
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The maps relate to four time periods: (A) 1900-2005; (B) 1930-2005: (C) 1960-2005: (D) 1970-2005.

(Source: Australian Bureau of Meteorology)
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certainty, one study now shows that human-induced
changes in precipitation can be discerned at the scale
of latitudinal bands (Zhang et al. 2007).

Over Australia as a whole, rainfall did not change
much over the 20th century, but the continental
average masks very significant regional and temporal
trends (Smith 2004). While the north and west of

the continent are experiencing increases in rainfall,
other areas have experienced decreases. The abrupt
drop of around 15% in rainfall in the south-west of
Western Australia is now a well-known phenomenon
(Bates et al. 2008). A more widespread change is the
drying trend in the east and south of the continent
(Figure 10). The trend began around the middle of
the last century, but has accelerated since 1970.
Embedded in this broad trend are more regionally
specific changes; for example, rainfall across

Victoria and southern South Australia has dropped
significantly since the early 1990s.

These observed implications of changes in rainfall
patterns and other hydrological changes have
implications for water availability in rural areas and for
urban water supplies. Attribution of these changes is
explored in the following discussion, with a focus on
the potential links to anthropogenic climate change.
The discussion is centred primarily on three areas:
the Murray-Darling Basin; the south-east corner of

the continent, particularly Victoria and southern South
Australia; and south-west Western Australia.

The consequences of the drying trend for the
Murray-Darling Basin are becoming particularly acute.
During the period 2000-07 the average annual inflow
in the river system was 4,150 GL yr', compared to a
long-term post-1950 average of about 12,300 GL yr
1. In the period April 2006 — March 2007, inflow hit a
record low of only 770 GL yr' (Cai and Cowan 2008)
(Figure 11). The effect of the reductions in inflow on
the surface water storage (reservoirs, lakes, weirs,
in-channel storage) of the Murray-Darling Basin is
striking. Storage is now so low in the Murray-Darling
Basin system that there is not enough water to meet
critical human needs for 2009-10 (Freeman 2009).

Water resources are ultimately dependent on

the integrated total water storage of a drainage

basin (including soil and groundwater as well as
surface water), one of the most notoriously difficult
parameters to measure accurately. Recent advances
in space-based measurements of very small changes
in Earth’s gravitational field allow observations to

be made of changes in total water storage across
large drainage basins. The approach has been used
to estimate changes in quantities of surface and
groundwater storage in the Murray-Darling Basin
from 2002 to the present (LeBlanc et al. 2009). The

Figure 11. Monthly inflows into the Murray-Darling system.
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work shows rapid drying of soil water and surface
storages following the onset of drought in 2001,

with persistent low levels reached in only two years
(Figure 12). The water deficit worsened in 2005-06,
and despite a return to average rainfall in 2007 and
2008, a substantial bulk water deficit remains across
the Murray-Darling Basin.

The implications of the drying trend for urban water
supplies are also profound. For example, over

the past 10-15 years, the total volume of water in
Melbourne’s water storages has dropped sharply,
from near full capacity in 1996 to well under half
capacity in the period 2006—08 (Figure 13). Similar
reductions in water supplies have been recorded

for the other major cities in south-east Australia; for
example, the May 2009 level as a percentage of full
storage capacity for Adelaide is 54% and for Canberra
43.9%. Further north along the east coast there

has been some recovery in urban water supplies
(May 2009 levels of 58.4% for Sydney and 59.2% for
Brisbane/south-east Queensland), due to increased
rainfall in 2007—-08. The reduction in the Perth water
supplies occurred earlier, as an abrupt drop in the
mid 1970s, with a possible further step-change in the
1990s (Figure 14).

A crucial question is the relationship of the observed
drying trends in south-west Australia and the southern
and eastern parts of the continent to anthropogenic
climate change. Changes in both temperature and
rainfall affect water availability. While changes in
rainfall are more important for determining water

availability, it is more straightforward to determine
the link between rising temperature and reduced
surface water availability. For example, since 1950
the streamflow in the Murray-Darling Basin has
decreased by 55% while rainfall has decreased by
only 11% (Figure 15). Although changes in rainfall
are amplified in runoff, this alone cannot explain the
large difference. An analysis of the 2001-07 drought,
compared to earlier periods of low rainfall and inflow
in the Murray-Darling Basin, suggests that a rise

in temperature of 1°C could lead to a reduction in
runoff of as much as 15%, even with no changes

in rainfall (Cai and Cowan 2008). With increasing
temperatures virtually certain for the coming decades
and a significant probability of continued low rainfall
according to General Circulation Model (GCM)
projections, the Murray-Darling Basin will likely
experience continuing low inflows to the middle of the
century and beyond.

In terms of rainfall, the natural variability of Australia’s
climate is amongst the highest of any large region

of the planet, and is strongly influenced by subtle
changes in the surrounding oceans. Natural modes
of climate variability, such as the El Nifio — Southern
Oscillation, the Indian Ocean Dipole and the Southern
Annular Mode, play a strong role in the amount

and pattern of rainfall across the continent. Severe
droughts and drying trends have occurred in the past,
before anthropogenic climate change could have
been a major factor, making it difficult to determine
the role of climate change in the current dry period.

Figure 12. Changes in total water volume of the Murray-Darling Basin.
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Figure 13. Total volume of water in Melbourne’s urban water storages from 1996
to 2008.
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Figure 14. Trends in total annual stream flow into Perth dams 1911-2008.
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Figure 15. Total annual inflow and rainfall in the Murray-Darling Basin (MDB).
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Considerable progress is being made, however, in
the attribution challenge. For example, a concerted
research effort over recent years has begun to
untangle the factors that may be contributing to the
drying of south-west Western Australia. There is
strengthening evidence that changes in the Southern
Annular Mode, a zonal pattern of variability often
characterised by the pressure difference between
45° and 60°S, is a major contributor (Timbal et al.
2009; Nicholls 2009). In addition, Timbal et al. (2009)
argue for a significant influence more recently of

the sub tropical ridge, a zone of high pressure that
often lies over the east of the continent and has
strengthened considerably since 1970. There is
plausible evidence that changes in both the Southern
Annular Mode and the sub tropical ridge are linked to
anthropogenic climate change (Timbal et al. 2009).
Model projections for the future are also consistent
with this observation (CSIRO and Bureau of
Meteorology 2007).

Attribution of the drying trends in eastern and
southern Australia are more difficult than for the
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south-west. Two aspects of the drying trend,
however, are now reasonably well understood. First,
the proximate cause of the drop in rainfall over the
south-east Australian region is an increase in surface
atmospheric pressure over the continent (Nicholls
2009). Second, any changes in the behaviour of

the El Nifio — Southern Oscillation over the last half
century have little or nothing to do with the observed
drying trend in the south-east (Ummenhofer et al.
2009; Nicholls 2008).

Changes in the other two major modes of natural
variability — the Southern Annular Mode and the
Indian Ocean Dipole — are probably closely linked

to the observed drying trend in the south-east. An
analysis of rainfall patterns in the region coupled with
patterns of variability in sea surface temperatures in
the Indian Ocean points towards an absence of sea
surface temperature conditions that lead to enhanced
tropical moisture transport across Australia as the
primary reason for recent droughts (Ummenhofer

et al. 2009; Figure 16). However, the increase in
rainfall in north-west Australia argues against the



Figure 16. Historical record of the Indian Ocean Dipole (IOD) and EI Nifio Southern
Oscillation (ENSQ) years and mean climatic conditions over south-east Australia.
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Indian Ocean Dipole — drought connection, as

rainfall in both north-west and south-east Australia is
normally influenced in the same direction by changes
in the behaviour of the Indian Ocean Dipole (but

see the discussion of the effect of Asian aerosols on

Australian rainfall below).

An analysis of the link between changes in the
Southern Annular Mode and dry conditions across
all of southern Australia (south of 30°S) shows that
trends in the Southern Annular Mode can account
for 70% of the observed rainfall declines (Nicholls
2009). The strengthening of the subtropical ridge
noted above also affects rainfall in the south-east,
particularly in the Victoria — southern South Australia
region (Timbal et al. 2009; Figure 17a,b). In fact, the
causal link between warmer global temperatures, the
increased intensity of the subtropical ridge, and the
decreased rainfall in south-east Australia implies a
high likelihood that the trend towards dry conditions
will persist (SEACI 2007, 2008).

A recent attribution study (Baines 2009) that analysed
the nature of decadal droughts in south-east Australia
and three other regions of the world found that they are
part of a global pattern of change in precipitation that is
related to several modes of natural variability but also
clearly carries an anthropogenic climate change signal.
The analysis of long-term observations suggests that
the changing precipitation pattern is related to the
Atlantic Meridional Oscillation, the El Nifio — Southern
Oscillation and rising sea surface temperature, the
latter linked to anthropogenic climate change.

The progress made in understanding the processes
that contribute to the current drought and the
longer-term drying trend in southern and eastern
Australia provides insights into the reliability of
model-based projections of future trends. For
example, an analysis of model projections for the
Australian region showed that the decrease in rainfall
across southern Australia was accompanied by
increased atmospheric pressures over the continent
(Shi et al. 2008), consistent with the observations.
Furthermore, the regional projections for Australia
using a suite of models (CSIRO and Bureau of
Meteorology 2007) show, with a very high level of
consistency (up to 90%), a drop in winter rainfall for
both south-west Western Australia and the Victoria/
southern South Australia area. These projections
mirror what has been occurring over these areas for
the past several decades. For the Murray-Darling
Basin, model projections show a 5 to 15% reduction
in mean annual rainfall (mostly in winter and

spring) by 2060 (Christensen et al. 2007), along

with a warming trend in the eastern Indian Ocean
Dipole; these projections are consistent with recent
observations. Projections using only those GCMs
that perform well in simulating current means and
variability suggest a clustering of results at the drier
end of the full set of model results, that is, a reduction
of around 13% in rainfall (Smith and Chandler 2009).
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The large amount of anthropogenic aerosols in the
Asian region may also have an effect on rainfall in
Australia, particularly the observed increase in rainfall
in the north-west of the continent (Rotstayn et al.
2007, 2009). A GCM model experiment in which

all forcings were included compared to runs where
aerosol forcing was removed showed a substantial
enhancement of rainfall over Australia when the
effects of aerosols, particularly those over the Indian
sub-continent, were included (Rostayn et al. 2007).
The main effect is an indirect one, in which the Asian
haze reduces the surface temperature over the
sub-continent, altering the meridional temperature
and pressure gradients over the Indian Ocean and
thus leading to enhanced flow of monsoonal winds
toward Australia.

Land-cover change — primarily the removal of forest
cover — may also affect rainfall, particularly at local
and regional scales. A continental-scale analysis of
the effects of land-cover change on climate, based
on climate model experiments, shows a statistically
significant decrease in summer rainfall in south-east
Australia, increased surface temperature during

the 2002—-03 El Nifio event, and increased surface
temperature in the eastern region of the continent
(McAlpine et al. 2007). Modelling studies for
south-west Western Australia, comparing the climate
with natural and current land covers, suggest that
the large-scale conversion of forests to agriculture in
that region has contributed to a reduction in rainfall
consistent with that observed and, as for the eastern
Australia result, show surface warming associated
with deforestation (Pitman et al. 2004; Timbal and
Arblaster 2006). Land-cover change may also affect
climatic extremes, with an increase in the number of
hot, dry days, a decrease in daily rainfall intensity and
an increase in drought duration (Deo et al. 2009).

In summary, rapid progress has been made in
unravelling the interactions among modes of natural
variability, factors such as land-cover change and
Asian aerosols, and anthropogenic climate change in
terms of Australia’s hydrological cycle. The evidence
is now strong for a climate change signal in the
drying of south-west Western Australia. There is also
some evidence for a climate change signal in the
observed drying trend in Victoria and southern South
Australia, although it is not as strong as in Western
Australia. A climate change — drying connection
further north along the east coast is not yet clear. The
consequences of these trends, and their causes, for
water supplies in urban Australia, for agriculture in the
south-east and for the environment are serious, with
the economic and social costs of adapting to ongoing
warming and drying likely to rise sharply. As the
evidence for a causal link between climate change
and drying increases, so do the risks for the future of
the most populous and agriculturally productive parts
of Australia.



Figure 17. The link between drought in the southwest part of eastern Australia and the

subtropical ridge.
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2.3 Ocean acidification

About 25% of human emissions of CO, is absorbed
by the oceans, a process that acts as a brake on

the rate at which the climate is changing. However,
as CO, dissolves into seawater, it increases the
acidity (lowers the pH) of the ocean by formation of
carbonic acid (Figure 18). Because the concentration
of carbonate ions is related to the acidity of seawater,
marine organisms that use dissolved carbonate

ions to build solid calcium carbonate shells, such as
corals, oysters, sea urchins, mussels, crustaceans
and some forms of plankton, are sensitive to the

pH of the ocean. Higher acidity (lower pH) reduces
the saturation state of aragonite (a form of calcium
carbonate) and makes it more difficult for these
organisms to form shells.

The pH of the ocean has already changed
significantly since the pre-industrial era (Guinotte
et al. 2003), and is now about 0.1 pH unit lower

(the pH scale is logarithmic so a change of 1 pH unit
corresponds to a 10-fold change in acidity). This
change in acidity corresponds to a drop in carbonate
ion concentration of about 30 umol kg of seawater,
to a present-day concentration of about 210 pmol kg
1. This concentration is approaching the levels

at which the aragonite saturation state becomes
unfavourable for corals, the rate of calcification of
marine organisms in general drops, and erosion of
existing calcium carbonate shells begins (Hoegh-
Guldberg et al. 2007).

The effects of the increased acidity in the ocean can
already be observed in some biological systems
(Moy et al. 2009). Furthermore, an observational
study of seasonal variation in pH and carbonate

ion concentration in the Southern Ocean shows an
intense minimum in carbonate ion concentration in
winter, suggesting that conditions deleterious for the
growth of important calcifying plankton species could
occur as early as 2030 in winter (McNeil and Matear
2008; Figure 19), and more generally by 2050-60

Figure 18. Linkages between the buildup of atmopsheric CO,, the increase in ocean
acidity and the decrease in carbonate ion concentration.
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Approximately 25% of the CO, emitted by humans in the period 2000 to 2006 was taken up by the ocean where it
combined with water to produce carbonic acid, which releases a proton that combines with a carbonate ion. This
decreases the concentration of carbonate, making it unavailable to marine organisms that form calcium carbonate

shells. (Source: Hoegh-Guldberg et al. 2007)

22 Climate change 2009



Figure 19. Undersaturation of aragonite.

Year of Aragonite

40°S
Under-Saturation
45°S Sub-Tropical 2100
Front
50°S Sub-Antarctic 2090
Front
55°S 2080
. . 5 2070
60°S = Polar
Front
2060
65°S
2050
70°S
2040
75°S
2030

I I J J I )
150°W  100°W  50°W 0° 50°E  100°E  150°E

Contour plot of the year in which the onset of wintertime undersaturation of aragonite occurs under equilibrium
conditions. Shown are average locations of Southern Ocean fronts. (Source: McNeil and Matear 2008)

(Orr et al. 2005). A widespread set of observations Much of the concern about ocean acidification has

in the Great Barrier Reef involving 328 sites on 69 focussed on coral reefs, such as the Great Barrier
reefs shows that the rate of calcification of the coral Reef. The combination of acidification, driven directly
Porites has declined by 14% since 1990, a very rapid by rising atmospheric CO, concentrations, and

and severe decline (De’ath et al. 2009; Figure 20). rising sea surface temperatures, driven indirectly
The decline is likely due to a combination of declining in part by rising CO, concentrations, presents a
carbonate ion concentration and increased sea double whammy (Anthony et al. 2008). The best

approach to maintaining healthy reefs in the face

surface temperature.
of these physico-chemical stressors is to increase

Figure 20. The impact of ocean acidity on Porites.
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the resilience of the reefs by controlling or removing to this approach, and business-as-usual trajectories

other stressors (e.g. fishing pressure, nutrient of increasing acidity and sea surface temperature
inflows from adjacent land) as far as possible and by will likely overwhelm even the most resilient of
maintaining high levels of biodiversity (Hughes et al. reefs sometime in the second half of the century
2003). This approach has so far minimised impacts (Hoegh-Guldberg et al. 2007; Figure 21).

on the Great Barrier Reef. However, there are limits

Figure 21. Temperature, atmospheric CO, concentration and carbonate ion
concentrations reconstructed for the past 420,000 years.
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2.4 Storms and extreme events

Extreme events, such as storms, floods, fires and
droughts, are manifestations of the climate system
with immediate and obvious impacts on people,
infrastructure and ecosystems. Model-based
projections of future climate show an increase in
the frequency and severity of most types of extreme
events, and suggest that shifts in the patterns of
some extreme events should be observable by now.
However, it is difficult to determine whether, in fact,
extreme events have been increasing over the past
several decades, primarily due to the quality and
length of the data sets needed to detect significant
changes in infrequent events.

Efforts to collect reliable data have improved in some
countries since the mid 1990s, allowing the IPCC AR4
2007 to begin to discern some trends. It is very likely
that hot days/nights have become more frequent and
cold days/nights less frequent over land areas during
the last half-century (Figure 22), with heatwaves also
likely to have increased. Both heavy precipitation
events and the areas of land affected by drought
have likely increased since 1950. The incidence of
high sea-level events has also probably increased

worldwide since 1975 (Woodworth and Blackman
2004; Church et al. 2006).

Data on temperature-related extremes are the

most readily available. Several extreme heatwaves
have been documented over the past decade. The
central European heatwave of 2003 which led to
about 30,000 excess deaths is the most well known.
Australia has also experienced severe heatwaves;
the February 2004 event in south-east Australia was
meteorologically as severe as the European event
but caused many fewer deaths due to the lower
vulnerability of the Australian population. Melbourne
experienced a record high temperature of 46.6°C

in February 2009, and recorded an unprecedented
three consecutive days of 43°C or above in

late January 2009. During this period Canberra
experienced a record three consecutive days of 40°C
temperatures. Adelaide also recorded record extreme
temperature events in the 2008—09 summer, with a
high temperature for February 2009 of 44.2°C and
eight days above 35°C during the month (the average
for February is four to five days above 35°C). A new
record for high minimum temperature — 33.9°C — was
set in the Adelaide region.

Figure 22. Australian average number of hot days/nights and cold days/nights.

140 =

120 =

100 =

80 =

60 =

No. per year

40 -

20 -

0

J J J J
1955 1960 1965 1970 1975

1980 1985 1990 1995 2000 2005

Year

= Cold days (Max T < 15°C)
Cold nights (Min T < 5°C)

== Hot days (Max T = 35°C)
Hot nights (Min T = 20°C)

Hot days (daily maximum temperature = 35°C), cold days (daily maximum temperature < 15°C), hot nights (daily
minimum temperature = 20°C) and cold nights (daily minimum temperature < 5°C) per year. Annual averages of extreme
events are based on only observation sites that have recorded at least one extreme event per year for more than

80% of their years of record. Dashed lines represent linear lines of best fit. (Source: Data from N. Nicholls, published in
Steffen et al. 2006)

25



Heatwaves such as the 2009 south-east

Australian event can have important implications

for infrastructure. The Basslink interconnecter, a
submarine power cable that connects Tasmania to
the mainland, experienced a “protective shutdown”
during the 2009 heatwave when its design limits

for temperature extremes were exceeded (Basslink
2009). The upper temperature limits for normal cable
operation are 43°C in Victoria and 33°C in Tasmania.
The upper limits were exceeded on both ends of the
cable, with George Town in Tasmania recording a
record high of 35°C in January 2009.

Globally, heat extremes will have increasingly
serious implications for food security as they affect
the production of food. An analysis of observed
reductions in food production in the past due to
unusually high temperatures during the growing
season (e.g. 21-36% during the 2003 European
heatwave) give an indication of the drops in
production that, without effective adaptation and
the development of new, heat-tolerant crops, could
be expected later this century (Battisti and Naylor
2009). Tropical and subtropical regions, where food

insecurity is already high, will be particularly affected.

There is a greater than 90% probability that normal
growing season temperatures globally near the end
of the 21st century will exceed the most extreme
seasonal temperatures recorded in the period
1900-2006 (Battisti and Naylor 2009; Figures 23
and 24).

The observational evidence for an increase in
heavy precipitation is not so strong as that for high
temperatures, but recent work has strengthened
the case for a change towards more intense events.
A comparison of satellite observations with model
simulations of tropical precipitation events has
shown a clear link between temperature and rainfall
extremes (Allan and Soden 2008; Figure 25).
Heavy rainfall events increase during warm periods.
Interestingly, the observed amplification of rainfall
events during warm periods is larger than that
simulated by climate models. Consistent with the
Allan and Soden work is an observational study
based on infra-red satellite technology that has
detected an increase in thunderheads over tropical
oceans, with a 45% increase in thunderhead
formation correlated with a 1°C increase in sea
surface temperature (Aumann et al. 2008). However,
in areas showing decreases in average rainfall, the
trend towards heavy precipitation events is not often
observed (e.g. Alexander et al. 2007).

Earlier reports of a link between the intensity of
hurricanes (tropical cyclones) in the Atlantic Ocean
with sea surface temperature (Emanuel 2005;

Elsner et al. 2008; Saunders and Lea 2008) has
triggered a flurry of research into the relationship
between tropical cyclones and climate change. While
the relationship between intensity of tropical cyclones
and sea surface temperatures is now more widely
accepted, at least for the Atlantic, the continuation of

Figure 23. Northern Hemisphere summer average observed and projected
temperatures for France, Ukraine and the Sahel.
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Histogram of northern hemisphere summer (June, July, August) averaged temperatures (blue) observed from

1900 to 2006 and (brown) projected for 2090 for (A) France, (B) Ukraine, and (C) the Sahel. Temperature is plotted
as the departure from the long-term (1900—-2006) climatological mean. The data are normalised to represent 100
seasons in each histogram. In (A), for example, the hottest summer on record in France (2003) is 3.6 °C above the
long-term climatology. The average summer temperature in 2090 is projected to be 3.7 °C greater than the long-term
climatological average, and there is a small chance it could be 9.8 °C higher. (Source: Battisti and Naylor 2009)
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Figure 24. Likelihood that summer temperatures will exceed the current observed record.
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Likelihood (in percent) that future summer average temperatures will exceed the highest summer temperature
observed on record in (A) 2040-2060 and (B) 2080-2100. For example, for places shown in red there is greater than
a 90% chance that the summer-averaged temperature will exceed the highest temperature on record (1900-2006).
(Source: Battisti and Naylor 2009)
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the causal link into the future has been questioned.
The critical issue is whether the observed increase
in hurricane intensity in the Atlantic is due to the
relatively higher increase in sea surface temperatures
in the Atlantic relative to other ocean basins or
whether it is related directly to the absolute increase
in sea surface temperatures, regardless of what

is happening in other ocean basins (Vecchi et al.
2008; Figure 26). If tropical cyclone intensity is
linked to relative sea surface temperatures, then the
intensity might relax to earlier levels as inter-ocean
basin sea surface temperatures equilibrate. On the
other hand, if intensity is related to absolute sea
surface temperatures, then the link between climate
change and cyclone intensity is strong, with even
more intense cyclones expected later this century.
The observational record is not yet long enough,
and the basic process-level understanding is not
yet good enough, to distinguish between these two
possible futures.

Bushfires are one of the most deadly types of
climate-related extreme events for Australia. In the
past decade south-east Australia has experienced
two megafires. The 2003 event destroyed 500 homes
in suburban Canberra and left three people dead.
The February 2009 fires in Victoria were an
unprecedented catastrophe, killing 173 people and
leaving the entire nation in deep shock.

The link between climate change and bushfires is
multi-faceted and complex, and thus more difficult

to establish than the connection between climate
change and heatwaves, heavy precipitation events
or tropical cyclones. Bushfires and their impacts are
influenced by many factors, including the amount and
condition of the fuel load (vegetation), the vulnerability
of people and infrastructure, land-cover patterns,
invasions of exotic species, extreme weather events,
ignition sources, and management practices (such as
prescribed burning to reduce fuel loads).

Climate change affects most of these factors

and thus influences fire regimes in many ways
(Williams et al. 2009; Lucas et al. 2007). Changing
precipitation patterns, higher temperatures and
increasing atmospheric CO, concentrations all
influence vegetation growth, driving both changes

in productivity and biomass and shifts in ecosystem
composition. The warming and drying trend in
south-east Australia has made the fuel load, whatever
its biomass and composition, more susceptible

to burning. Extreme fire weather days, those with
extreme temperatures and high winds, are becoming
more likely under a warming climate. The overall
effect, which is generally towards a higher risk

of large and intense fires, is difficult to estimate
precisely, and can perhaps best be assessed

using analysis of historical observations along with
models that simulate fire behaviour under various
climatic regimes.

Figure 25. The link between sea surface temperature (SST) and rainfall extremes.
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Figure 26. Past and extrapolated changes in Atlantic hurricane activity.
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An analysis of the observational record from
south-east Australia for the period 1973—-2007 shows
that fire danger weather has increased by 10-40%

in many areas for the period 2001-07 compared to
the period 1980-2000 (Lucas et al. 2007). Climate
model projections for continued warming and drying
indicate a further increase of 5-65% in the incidence
of such weather conditions by 2020 (Lucas et al.
2007). Simulations for the Australian Capital Territory
using fire models show increased burnt area, a
shorter interval between fires and an increase of
25% in fire intensity with a 2°C increase in mean
annual temperature above pre-industrial levels

(Cary 2002; Figure 27). An analysis that used climate

scenarios for 2050 and 2100 (high and low emissions
scenarios for each time) showed that the probability
of extreme fire risk increased under all scenarios,
dramatically so for the high emissions scenario for
2100 (Pitman et al. 2007).

Despite the complex relationship between climate
change and fire regimes, the weight of evidence

is clear. The risk of larger and more intense fires
increases with increasing temperature, especially
in those areas of the world, such as southern and
eastern Australia, that are also experiencing drying
trends (Cary et al. 2006).

Figure 27: Projected shift in the Australian Capital Territory bushfire regime.
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2.5 Update on “reasons
for concern”

The issues discussed in the previous sections —
rising sea level, changing water resources, ocean
acidification and extreme events — all have significant
implications for human and societal well-being. The
Third Assessment Report of the IPCC attempted

to synthesise the information available at that time
on these and other potential impacts of climate
change on societies — the so-called “reasons for
concern” or “burning embers” diagram. The results
were presented as a relationship between potential
impacts and increases in global mean temperature
(Smith et al. 2001; Figure 28a).

Recently a team of researchers (Smith et al. 2009)
carried out a preliminary update of the original IPCC
reasons for concern, using the same methodology
as before based on expert judgment. The new
assessment draws on a large body of research over
the past seven to eight years that has explored and
refined the concept of vulnerability in the context of
climate change. The results (Figure 28b) show that
smaller increases in global mean temperature lead
to significant potential impacts on human well-being,
effectively lowering the temperature level for what
might be considered dangerous climate change.

Figure 28. Risks from climate change by reason for concern (RFC) for 2001 compared

with updated data.
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as a system

Chapter three

Understanding climate

Some of the most striking advances in climate change
science over the past three to four years have been
made by taking a systems perspective

Some of the most striking advances in climate change
science over the past three to four years have been
made by taking a systems perspective, in which
interactions among components of the climate system
and feedback processes that highlight potentially
important second-order effects have been elucidated.
An example is research on the links between

climate change and the Hadley Circulation, and the
implications of these links for storm tracks, regional
precipitation patterns, and modes of natural variability
such as the EI Nifio — Southern Oscillation (Frierson
et al. 2007; Lu et al. 2008; Seidel et al. 2008). Much
of this new work points in the same direction — that as
the 21st century progresses, system-level effects will
increasingly amplify rather than dampen the human
perturbation of the climate system.

3.1 Climate sensitivity

Climate sensitivity is usually defined as the increase
in global mean temperature that would result for a
given increase in greenhouse gas forcing once the
climate system has reached equilibrium. Climate
sensitivity is often defined today as the long-term
temperature increase that would result from a
doubling of atmospheric CO, concentration from
pre-industrial, that is, to about 560 parts per million
(ppm). The concept is important because, for a given
target global mean temperature, climate sensitivity
then defines the corresponding atmospheric

CO, concentration that should become the
stabilisation target (Hegerl and Knutti 2008).
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Significant progress has been made in determining
climate sensitivity, an excellent example of an
uncertainty that has been greatly reduced by
research. The IPCC’s AR4 gives a range of possible
sensitivities, with a strong clustering of estimates
around the value of 3°C for a doubling of CO,

(IPCC 2007; Figure 29). This estimate has been
obtained from the outputs of numerous simulations
by climate models forced with a CO, concentration of
560 ppm. The differences among model results arise
because of differences within the model formulations
in the way in which reinforcing feedbacks within the
climate system are handled.

The most important of these reinforcing feedbacks
incorporated in all climate models are changes in
water vapour concentration and in the amount and
types of clouds. Changes in sea-ice extent, which
changes the reflectivity of the Earth’s surface, are
also included. These are so-called “fast feedbacks”,
in that they operate on timescales comparable to that
of the initial radiative forcing. However, the climate
system also has “slow feedbacks” that act to warm
the climate further given an initial warming; the most
important of these are decreased ice area, release
of CO, from the deep ocean, changed vegetation
distribution and inundation of continental shelves and
wetlands. These feedbacks, which all change the
Earth’s radiation balance, may emerge progressively
over timescales of centuries and millennia before the
climate system reaches equilibrium, but must also
be included in the analysis of climate sensitivity. At
present none of the climate models include these
slow feedbacks.



Figure 29. Climate sensitivity.
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Figure 30. Climate forcings.
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One approach to determining climate sensitivity
including both fast and slow feedbacks is to examine
how the climate system has responded to changes
in CO, concentration and ice extent in the past.

An analysis of the change in both radiative forcing
(Figure 30) and temperature over the 400,000 year
Vostok ice core record shows that when ice extent
is treated as a forcing rather than a feedback

(so that the resulting climate sensitivity includes fast
feedbacks only), the sensitivity is well determined

at 3°C for a doubling of CO,. This analysis has
substantiated and reduced the uncertainty on the
IPCC value. However, when ice extent is treated
not as a forcing but as a climate system response,
so that both fast and slow feedbacks are included,
the climate sensitivity approximately doubles
(Hansen et al. 2008). Therefore, the eventual
temperature rise in response to a doubling of CO, is
at least 3°C and likely up to 6°C, depending on the
behaviour of the slow feedbacks.

These results are both reassuring and disturbing.
They confirm that global climate models, which
incorporate only fast feedbacks, have indeed
converged on a value for climate sensitivity
consistent with the palaeo analysis. Thus, over
shorter timeframes of less than a century or two,

they are very reliable for projecting changes in

global mean temperature. On the other hand, the
palaeo-based results imply that the severity of climate
change over long timeframes has been significantly
underestimated. The slow feedbacks, coupled with
the thermal inertia of the ocean, mean that the climate
change initially triggered by CO, emissions in the
20th and 21st centuries will be irreversible for at least
1,000 years (Solomon et al. 2009). A critical question
yet to be answered with confidence is how fast these
slow feedback processes can be activated under
rapid, sustained radiative forcing (cf. discussion on
polar ice sheet dynamics, section 2.1).

The Solomon et al. (2009) analysis cited above
emphasises that human-induced climate change will
continue for at least 1,000 years following cessation
of anthropogenic emissions, with the lower radiative
forcing as CO, concentration slowly drops largely
compensated for by slower heat transfer to the ocean.
Thus, if CO, levels continue to rise this century,
anthropogenic climate change will become effectively
irreversible on timescales of relevance for human
societies. For example, a peak of 450—-600 ppm CO,
(current CO, concentration is about 385 ppm) over
the 21st century will likely lead to irreversible rainfall
reductions in some regions, as well as to irreversible
global sea-level rise that could reach 1.0 m due to
thermal expansion alone and could exceed several
metres when the contributions from glaciers and ice
sheets are included.
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3.2 The aerosol masking effect

The direct cooling effect of most aerosols in the
atmosphere is becoming better understood, and
more detailed estimates of their quantitative effect on
radiative forcing are included in the IPCC AR4 (2007).
Their overall cooling effect is roughly equivalent to the
warming effect of the non-CO, greenhouse gases.
However, significant uncertainties still surround

the indirect effects of aerosols via clouds and
precipitation and thus their overall effect on climate.
This uncertainty is important, as efforts to reduce
local and regional air pollution (the major sources of
the aerosol load in the atmosphere) could lead to a
surge in warming without any additional increase in
greenhouse gases (Andreae et al. 2005). In effect,
the aerosol masking effect increases the level of
“‘committed climate change” that is in the pipeline
with current levels of greenhouse gases.

A new analysis has attempted to pin down more
precisely the level of committed climate change that
is implied by the aerosol masking effect (Ramanathan
and Feng 2008). Using the IPCC AR4 (2007)
estimates of greenhouse gas forcing and climate
sensitivity, and revised estimates of the aerosol
cooling effect (Ramanathan and Carmichael 2008),
the analysis argues that even if greenhouse gas
concentrations could be fixed at their 2005 levels, the
additional warming caused by cleaning up aerosol
pollution and reaching atmosphere—ocean equilibrium
would be 1.6°C. This represents the best estimate of
“‘committed temperature increase”. This would yield
an overall temperature rise compared to pre-industrial
levels of 2.4°C (with a range of 1.4 to 4.3°C), enough
to eliminate Arctic sea ice, reduce or eliminate the
Himalayan—Tibetan glaciers and possibly push the
Greenland ice sheet past the point that will trigger
irreversible loss of the ice sheet. These conclusions
imply that, to avoid these risks, society will need to
achieve the most vigorous of the IPCC emissions
scenarios (peak/decline/negative emissions late in
the 21st century).



3.3 Carbon cycle feedbacks

Less than half of the CO, emitted to the atmosphere
by human activities (including fossil fuel combustion
and land-use change) remains there; the rest is
taken up by natural sinks on land and in the oceans
(Figure 31). A model intercomparison (Friedlingstein
et al. 2006) showed the potential for these sinks to
weaken as a result of a warming climate, allowing
further CO, to remain in the atmosphere and

thus acting as a reinforcing (positive) feedback to
climate change.

Observations over five decades of the fraction of

CO, emissions taken up by land and ocean sinks
(Canadell et al. 2007; Figure 32) show very high
interannual variability in the uptake fraction by the
land sink but no long-term trend. The fraction taken
up by the oceanic sink, on the other hand, has

shown a significant downward trend over the past

40 years, from absorbing about 32% of anthropogenic
emissions in 1960 to about 26% now. This weakening
is due to several factors, including warming and
acidification in the upper ocean. An additional
possible contributing process is a strengthening of
the circumpolar winds across the Southern Ocean,
leading to enhanced ventilation of carbon-rich deep
waters and consequent slower uptake of atmospheric

CO, (Le Quéré et al. 2007), although others question
this (Matear and Lenton 2008; Law et al. 2007;
Boning et al. 2008). The overall result is that the
combined natural (ocean plus land) CO, sink is
decreasing as a proportion of CO, emissions, and
therefore its buffering effect on the rate of climate
change is reducing.

In addition to the weakening in the efficiency of
existing natural sinks of carbon, there is concern

that some new natural sources of carbon could
become activated as the climate warms further.

Much of the concern is focused on the northern high
latitudes, and on the carbon stored in frozen soils
(permafrost) (Figure 33). Recent observations of an
upturn in methane (CH,) emissions (Figure 34) add to
this concern.

An updated estimate of the amount of carbon stored
in permafrost in the northern high latitudes has
highlighted the global importance of this potential
source (Tarnocai et al. 2009). The new estimate

is 1,672 billion tonnes, about double the value
reported in previous analyses. This carbon alone
would account for about half of the estimated
global belowground organic carbon pool, and is
about twice as much as the total amount of carbon
in the atmosphere. Schurr et al. (2008) examined
the processes by which this permafrost carbon

Figure 31. Changes in the global carbon budget from 1850 to 2000.
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Figure 32. Fraction of the total emissions that remains in the (A) atmosphere, (B) the
land biosphere, and (C) the ocean.
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Figure 34. The average atmospheric concentration of methane from 1997 to 2008.
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Figure 33. Latitudinal zonation of permafrost.
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could be transferred to the atmosphere. Thawing of
permafrost can occur both gradually and abruptly,
and carbon can be lost from thawing permafrost to
the atmosphere as either CO, or CH,, depending on
whether it is decomposed under aerobic or anaerobic
conditions. As climate warms, there are also some
processes associated with ecosystem change in

the high latitudes of the northern hemisphere that
can lead to uptake of carbon from the atmosphere
(e.g. longer growing seasons), potentially
counteracting loss of carbon from permafrost soil;
however, these processes appear to be incapable
of forming a sink of sufficient magnitude in the short
timeframes over which permafrost carbon could be
lost. The net effect is likely to be a positive feedback
to a warming climate.
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Although the impacts of a warming climate on natural
land and ocean carbon sinks are complex, with

both positive and negative feedbacks possible, the
observational evidence so far and model projections
suggest that the positive (reinforcing) feedbacks will
dominate. If such outcomes eventuate, reduction of
anthropogenic emissions will have to be even deeper
to achieve stabilisation of atmospheric CO, at a
given level.
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3.4 Understanding the climate
of the past

Palaeo-climatic studies are rapidly increasing in
importance as tools to place contemporary climate
change into a longer-term context (Otto-Bleisner

et al. 2009). Understanding the climate of the past
yields information on patterns of natural variability,
gives insights into critical processes in the climate
systems, and provides data for testing climate models
in situations when radiative forcing and climatic
parameters were significantly different from today.
Palaeo-climatic research played a stronger role in the
IPCC AR4 (2007), but much of the information was
limited to the northern hemisphere. Despite recent
progress, much remains to be done in the Australian
region, and in the southern hemisphere more broadly,
to attain the same level of understanding of past
climatic changes as in the north.

One of the most obvious challenges facing the
southern hemisphere research community is to build
a millennial scale temperature reconstruction similar
to that of the northern hemisphere (Mann et al. 1999;
Mann and Jones 2003), the so-called “hockey stick”
temperature reconstruction. Some progress has

been made towards that goal, with the development
of a 550-year temperature reconstruction for the
southern hemisphere based on 14 proxy records
(tree ring widths, coral calcification, isotope records
of carbon and oxygen in ice cores) across South
America, Africa, Australia and New Zealand (Turney
and Duncan 2008). The results (Figure 35) showed
a complex pattern of natural variability different
from that of the northern hemisphere, but both
hemispheres showed the same significant warming
trend through the 20th century. In both cases, the
20th century warming was unusual compared to the
longer-term pattern of natural variability shown in
the reconstructions.

As noted in section 2.2, changes in water availability
comprise one of the most important consequences of
climate change for Australia. Palaeo-climatic research
is now providing more insights into the ways in which
important modes of natural variability have behaved
over long time periods, and how they may be affected
now by anthropogenic climate change.

A detailed record of the behaviour of the El Nifio
— Southern Oscillation phenomenon (ENSO) from
AD 1525 to 1982 has now been reconstructed
(Braganza et al. 2009), building on a large set of

Figure 35. Southern hemisphere (top) and northern hemisphere (bottom) temperature

reconstructions.
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The dark lines are the mean reconstructions and the brown shading is approximate 95% confidence intervals around the
means. (Source top graph: Turney and Duncan 2008, source bottom graph: Osborn and Briffa 2006)
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climate proxies from around the entire Pacific Basin.
The results (Figure 36) show that its variability

was relatively low during the 16th, 17th and early
18th centuries, but that high-frequency variability

(ca 2—4 year intervals) has increased over the last
200 years compared with the earlier period. Perhaps
somewhat surprisingly, there is no pronounced
change in ENSO variability in the 20th century — and
hence no apparent change in ENSO behaviour as

a result of anthropogenic climate change. However,
the reconstruction stops at 1982, and thus does not
include the recent period of rapid warming. Further
research is required to determine if ENSO behaviour

has changed in the late 20th and early 21st centuries.

Given the growing recognition of the importance
of the Indian Ocean Dipole (I0OD) phenomenon in
influencing rainfall in south-east Australia, a better

understanding of its behaviour in the past is essential.

A study based on coral geochemical records in

the equatorial eastern Indian Ocean over the past
6,500 years shows enhanced cooling and drying in
the region early in the record — the mid Holocene —
compared to the present (Abram et al. 2007). The
work has uncovered a strong link between the Indian

Ocean Dipole and the strength of the Asian monsoon,
in which a stronger monsoon is coupled with drier
conditions in the eastern Indian Ocean (Overpeck
and Cole 2007). Thus, a strengthening of the Asian
monsoon, which occurred during the mid Holocene
and is expected with a warming climate (Ashrit et al.
2001; Hu et al. 2000), would lead to drier conditions
in western Indonesia and eastern Australia. A further
coral-based study of the behaviour of the Indian
Ocean Dipole since 1846 (Abram et al. 2008) shows
an increase in the frequency and strength of Indian
Ocean Dipole events (Figure 37) in the 20th century,
which may be linked to anthropogenic climate
change. Furthermore, the trend in Indian Ocean
Dipole behaviour is associated with the development
of a direct link to the Asian monsoon and a weakening
of the historical relationship between the EI Nifio —
Southern Oscillation and the Indian Ocean Dipole.

In general, this palaeo-research supports the
conclusion, described in section 2.2, that the drought
in south-east Australia is probably linked, at least
partly, to climate change, but it is much more difficult
to establish a link between climate change and the
drying trend further north along Australia’s east coast.

Figure 36. Past behaviour of the El Nifio Southern Oscillation (ENSQ).
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Figure 37. 20th-century intensification of Indian Ocean Dipole (I0D).
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(a) Occurrence rate of IOD events (brown curve); the triangles show moderate (light) and strong (dark) 10D events.

(b) 25-year moving averages of eastern (blue) and western (yellow) coral delta-18 O during the IOD season
(July—-November, lines) and non-IOD season (March—May, shading) relative to pre-1940 means. (c) 25-year moving
averages of IOD-season zonal (dark, inverted) and meridional (light) wind speed over the eastern IOD upwelling region,
relative to pre-1940 means. (d) 25-year moving averages of IOD-season rainfall in western Indonesia (brown) and
eastern Africa (blue), normalised relative to the common 1910—-1940 interval. (e) 25-year moving correlation between
ENSO-dependent residuals of the |IOD and Asian monsoon (solid curve) with a 95% Monte Carlo confidence window
(light blue). (Source: Abram et al. 2008)
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The frontiers of climate research are rapidly
spreading into what is often called Earth System
science. Although definitions of Earth System

science vary, the concept is usually associated with
the interactions of climate with other features of the
planetary environment that interact with climate, with
a long-term perspective into both the past and the
future, and — importantly — with the inclusion of human
and societal dynamics as a fully integrated, interactive
part of the Earth System.

4.1 Seamless prediction from
weather to climate

Weather forecasting has improved markedly over the
past decade due to a number of factors, including
better understanding of the weather/climate system
and the capability to assimilate large amounts of
observational data into the modelling framework in
near real-time. Also within the last decade or so the
capability to predict interannual variability in climate
has been developed with the advent of El Nifio
Southern Oscillation forecasting. Global Climate
Models (GCMs) can predict the state of the climate
system a century into the future, given external
forcing factors. These developments provide a
platform on which to build a seamless weather/climate
prediction system that can generate forecasts from
hours to decades to a century or two.

The missing scale in current modelling expertise

is from a few years to a few decades, and there is
rapidly growing interest in how feasible predictions

on this scale actually are and how best to achieve an
acceptable level of predictability. This intermediate
scale of prediction is particularly important for
adaptation to climate change. Many of the changes in
policy and management that will need to be made in a
wide range of sectors operate on this timescale.

Chapter four

Over-the-horizon research

The first attempts at tackling this intermediate scale

of prediction have been made by decadal-scale GCM
simulations that incorporate better understanding of
important modes of interannual variability, anomalies

in ocean heat content and fluctuations in thermohaline
circulation. One of these modelling systems, based on
the Hadley Centre GCM, has been used recently to
predict the behaviour of the climate system for the next
decade (Smith et al. 2007). One of the key features of
the system is that it takes into account the observed
state of the atmosphere and ocean (i.e. initial condition
information), which is necessary to predict internal
variability of the climate system, as well as projected
changes in natural (solar irradiance) and anthropogenic
(greenhouse gas emissions) drivers of climate.

The modelling system was tested in hindcast mode
from 1985 and then into the future to 2015 (Figure 38;
Smith et al. 2007). The model has been able to
predict the levelling out of atmospheric warming from
about 2002 to 2009 but then predicts the warming to
resume around 2010, or 2011 with half of the years
after 2009 predicted to be warmer than 1998, the
warmest year on record so far. These simulations
demonstrate the importance of ocean circulation in
modulating climate over decadal timeframes and the
importance of the observed ocean state for the initial
conditions for these simulations. The oceans absorb
more than 80% of the additional energy at the Earth’s
surface due to rising atmospheric concentrations of
greenhouse gases (IPCC 2007).
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Figure 38. Seamless climate prediction.
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Globally averaged annual mean surface temperature anomaly (relative to 1979-2001) forecast by a decadal climate
prediction system (DePreSys) starting from June 2005. The confidence interval (brown shading) is diagnosed from the
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data set are in brown. (Source: Smith et al. 2007)

4.2. Tipping elements in the
climate system

One of the most dangerous features of the climate
system in terms of impacts on societies is the
potential for abrupt and/or (essentially) irreversible
changes when thresholds are crossed. Threshold/
abrupt change behaviour occurs when a small
perturbation to a control variable can cause a rapid
and unexpectedly large change in a system, altering
its state or direction of development (Figure 39;
Lenton et al. 2008). Perhaps the best-known
example of such behaviour in the climate system
is the potential abrupt shutdown of the North
Atlantic Thermohaline Circulation with an influx of
freshwater on the surface of the regional ocean
(Clark et al. 2002).

Although the existence of thresholds and abrupt
changes in the climate system has been known for
some time, research over the past couple of years
has added significantly to the knowledge base.

A recent analysis of “tipping elements” in the climate
system has identified a set of large-scale components
of the climate system that could undergo abrupt or
irreversible change under anthropogenic forcing
(Lenton et al. 2008; Figure 40; Table 1). One of
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the criteria for inclusion in the list is that the tipping
element has significant consequences for human
well-being should it be altered. In addition, the
tipping element should be capable of being triggered
this century and undergo a qualitative change

this millennium.

An example of such a tipping element is the
Greenland ice sheet. It is possible that the threshold
leading to its eventual disappearance could be
crossed later this century (Gregory and Huybrechts
2006), leading to a sea-level rise of around 7 m that
would likely be realised within this millennium. It is
also possible that the West Antarctic Ice Sheet could
cross a threshold this century, but at a higher level of
mean global temperature than for Greenland (Lenton
et al. 2008). Such changes would be irreversible in
any timeframe meaningful for human societies.

Another example is the Indian monsoon system, on
which more than 1 billion people depend for their
food production and, ultimately, their water supplies.
This system can undergo a transition very rapidly, in
only one year, leading to drought and a significant
reduction in the number of humans that can be
supported in the region (Lenton et al. 2008, Table 1;
Zickfeld et al. 2005). Such an abrupt change would
trigger a human catastrophe of disturbing proportions.



Figure 39. Schematic illustrating poximity to a tipping point.

The potential wells represent stable attractors, and the ball, the state of the system. Under gradual anthropogenic
forcing (progressing from bottom left to top right), the right potential well becomes shallower and finally vanishes
(threshold), causing the ball to abruptly roll to the left. (Source: Lenton et al. 2008)

Figure 40. Map of potential policy-relevant tipping elements in the climate system,
overlain on global population density.
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Elements shown could exhibit threshold-type behaviour in response to anthropogenic climate forcing, where a small
perturbation at a critical point qualitatively alters the future fate of the system. They could be triggered this century and
would undergo a qualitative change within this millennium. Question marks indicate systems whose status as tipping
elements is particularly uncertain. (Source: Lenton et al. 2008)

Over-the-horizon research 43



(8002 "|e ¥ uojua :921n0S)

I1sixe Aew pjoysaly) |eoiydelbosb [eoo] e yBnoy) uans ‘paiauapl 8g PINOd Pjoysaiy) [eO1IHO 8]edS [Blusunuodgns ou Buiuesyy ||

‘Buioloy Jueulwop ayy Jo Ajuo ay} jou si Buiwem [eqolb 1o paysiigelss jou s| abues Buiwiem jeqo|b Buipuodsallod e ssyye Buiuesiy b
"ainjeusyl] 8y} ul Buyoe| S| anjeA [ESIIBWINU B JNg PloYsaiy} [BO1IID B JO 90Us)SIxa ay) }sabbns ejep-osjed Jo ‘synsal |apow ‘Alosy) Buiues|y §
‘ainjesadwsy [eqolb 0} pajea. Ajjnybuiuesw aq ued sy} s1aym ‘|0Lu0d JO SN[BA [BO1IO 0} SPU0dsa.lod 1ey) (666 1—086 1) Juasald anoge abueys ainjesadws) uesw |eqo|o
‘ainjela}l] ay) Jo mainal pue ‘doysyiom ayj je suoiuido Jiay} jo uonebaibbe ‘doysyiom ay je suadxa ay) Aq sjuswissasse wolj aasp pue Areuiwnaid ate usalb siaquinN }
‘1SI| Hoys ay) ayew 0} pa|ie} jey} sjuswa|d Buiddi) sy} Jnoge sjiejep aiow Jo} Z Xipudddy/ |S 89S ,

‘Jseayinog ‘Js ‘ouloed |enojenbd jse3 ‘433 ‘euoz aouabiaauo) |eaidoli-ieayul ‘Zz0 1| {UHON ‘N

uonew.oy -
90BUNS JB \( Pasealou| (pideu) JA |> Feerun M G611 pnop sueydsolens Jejod (-) yidap uwnjo) ,2U0Z0 2oy
uoIoUIIXe SSeW suLIB) (F1<) A L= Feerun %02=+ uea20 0} Jndul snioydsoyd  (+) BIXOUE UBBDQO Mm_xocm ueasQ
Buiwsem [eqo|b paydwy (3 1<) JA ;0L 01 0L Felloun  gpaunuspiun uswipss 7 (=) awn|oA ajelpAH SoleIpAy sueyiow suuep
asesjal cQY pue YHO  (jenpelb) JA 00L> — TBuissiy 1soyewed § g (=) swnjop Jsoseuwsd

‘ 019z -
yoyms awolq ‘buiwiem pauyijduy (lenpeub) JA 0oL = — TBuissiy anoqe skep 9169p BUMOID (+) uonoely a1 LEdpunL
abeluo)s -
UOGIED “UONEINDIID UESOO) (lenpeub) JA 0oL = Feerun JAww Q0L+ uonelodeag—uonendioaid (-) uonewuo L(MEVY) Jajep woyog onoseuy
yo)ums awolg (lenpeub) 1A oG= 0.6—€+ Dol=+ 18 |y [e007] (~) uonoeyy sai| 1saloj |ealog
llejurel - ‘ .
poesealoep ‘sso| AUSIGAIPOIG (lenpeub) JA 0G= J.—€+ JAww oLl yibus| uoseas Aip ‘uoneydioald (=) uonoely a1 Jsalojulel uozewy
Ayoedeo BuiAlied pasealou| (pides) JA QL= 0.G—€+ JAww Q01 uoneydioald (+) (nvm)
I ! : = ° AR uoloel) uoneeba\ UoosuOW UBDLYY 1S9\ PUB |[syes/eleyes
hb_omamo (pideu) JA L= V/N S0 eipu| Jano opagje Aiejsueld (=) nejurey (I'SI) uoosuow Jawwns uelpu|
Buihiies pasealoap ybnoiqg
aIaymas|d ~ . d33 _
pue eisy 35 ulybnog  UENPedd) 4A 0oL~ Do9-€+  gPOUNUBPIUN |\ oo 4 1pys “ydop oupOWLIBYL (+) spniidwy  (OSN3) UOHE|IDSO UJBLINOS—OUIN |3
Hlys _ _ -
21| ‘|ors] ees ‘Buljooo [euoiBoy (lenpedb) 1A 001 = 0.6—€+ ASG0-L'0+ Ohuepy N o} indul syemysa.d (=) Bulwinuaag  (DHL) uone|NdUId dulleyoway} dRueRy
W G+ [9AS] BOS (moys) 4A 00g< 0.6—¢+ D.8—G=+ Uee%0 7 $89] 10 ¥ | 7 [BD07 (=) awnjon 8] (SIvM) 198Ys 89| Dj0IEIUY JSON
W /—Z+ |9A9] B8S (moys) 1A 0og< 0.2+ Do.E~+ € |V [e007 (=) swnjon 8] (S19) 198Ys 891 puEjUSBID
abueyd . Hodsueu}
WorsAsoos ‘BuiLIEM pauldwy (pides) JA QL= 0.2-G'0+ gPayBUSpPIUN 189 UBS0 ' | 00T (=) usxa |ealy 901-BaS Jawwns 2101y
(ebueyo
sioeduw Aoy hﬂ_o_mowwE_« H_Hmc_Ehm\s wod H_vao:_m> d ‘(s)ie10Wweled Jo uonoauip) o Juewele Buiddiy
: uonisuel | [eqo|9 [eonu) j0Quo) ‘wo)sAs S
JO ainjea

‘Wwv)sAs ajewl|o ay) ul sjuswale buiddi jeijusjod juensjal-Aoijod i | 8jqe]

44 Climate change 2009



An obvious question arises: can we anticipate the the threshold was approached, a characteristic

approach to such a threshold early enough so that that appears to be a universal warning signal for
crossing it and triggering the abrupt change can the imminent triggering of abrupt change. If this

be avoided? Some intriguing research examining hypothesis holds true for climate, it would be an
abrupt changes in the past suggests that we can exceptionally powerful tool for humanity to anticipate
indeed anticipate when an abrupt change is nearing and avoid the nasty surprises that are likely inherent
(Dakos et al. 2008). Analysis of several abrupt in the behaviour of the climate system. The crucial
changes of the past shows that there is always a question remains as to whether the warning signs
slowing down of fluctuations (natural variability) can be discerned early enough (e.g. on timeframe
in the system prior to the threshold being crossed of decades or centuries) to allow policy and

(Figure 41). In each case there was increased management the opportunity to reduce the forcing
autocorrelation in system-level fluctuations as before the threshold is crossed.

Figure 41. Abrupt climate shifts.
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Three reconstructed time series of abrupt climate shifts in the past (A) the end of the greenhouse Earth; (B) the end of
glaciation Ill, and (C) the desertification of North Africa. In each case the dynamics of the system slow down before the
transition. The grey areas identify transition phases. (Source: Dakos et al. 2008, including sources of data and details
of methodology)
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Figure 42. Complexity of Integrated Global Models (IGMs).
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4.3 Putting humans into
Earth System models

One of the most challenging research tasks ahead

is to couple economic and social dynamics with the
biophysical climate system in an interactive way. At
present human actions are usually represented as an
outside force perturbing the “natural” climate system
via a greenhouse gas emissions scenario, or climate
is simply represented by a damage function related
to temperature embedded in a much more complex
economic model. Achieving a balance between the
human and biophysical components of a global-scale
model has proven to be difficult.

Perhaps the most successful coupled models to

date are Integrated Assessment Models, which are
normally used to explore the consequences of various
climate change scenarios for society. They are often
organised around a number of important sectors —

energy, industry, agriculture, trade, for example — and
use a simplified version of a GCM for the climate
model. A broader genre of models that attempt to
simulate the interactive relationship between humans
and the environment are often called Integrated
Global Models. A recent review of such models
(Costanza et al. 2007; Figure 42) again demonstrates
the challenge to build models that are not strongly
skewed towards either socio-economic systems or
the biophysical climate system. Note in Figure 42
that climate is represented simply by “atmosphere” in
many of these models.

In terms of human dynamics, a challenge for future
modelling efforts is to capture the complexity of the
ways in which societies are responding to climate
change and will do so in the future. New approaches
aimed at meeting this challenge include massive
agent-based modelling, social network theory, game
theory, evolutionary psychology and complex systems
theory, or some combination of these.
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