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Foreword

The purpose of this booklet is to provide an understanding, based on our 
present scientific knowledge, of some key questions about climate change.

It is an extensively revised update of a similarly titled Academy publication 
in 2010 that summarised the state of knowledge at that time. It has been 
prepared by a broadly-based Working Group of Australian climate scientists 
with review and guidance provided by an Oversight Committee composed of 
Academy Fellows and the former Chair of the Academy’s National Committee 
for Earth System Science.  

Along with its sister Academies, the Australian Academy of Science has played 
an active role in assessing the science of climate change since the 1970s. 
The Academy recognises the role of the Intergovernmental Panel on Climate 
Change (IPCC) as the mechanism for the international scientific assessment of 
climate change science, impacts and response strategies. However, it believes 
that it is important that Australian climate scientists explain the science, 
including its uncertainties and implications, to the Australian community in 
simpler terms than can be found in most of the IPCC reports.

The Working Group who prepared this update was led by Professor Michael 
Raupach FAA FTSE and Dr Ian Allison AO with special support, in the later 
stages, from Professor Steven Sherwood. The views presented in the answers 
to the nine key questions were carefully reviewed by an Oversight Committee 
and 12 independent climate scientists* who agreed to help with the 
preparation of this document. The role of the Oversight Committee was to 
make sure that all reasonable review comments were properly considered by 
the Working Group in preparing their final text. While the reviewers provided 
more than 600 individual comments on the penultimate draft, neither they 
nor the Oversight Committee are responsible for the final wording of the 
detailed answers that represent the views of the expert members of the 
Working Group.  

Nevertheless the summary on pages 4 and 5 represents the fully agreed 
views of both the Oversight Committee and the Working Group. It has been 
endorsed by the Academy as a balanced, objective and authoritative summary 
of the current state of knowledge of the science of climate change.

As in all areas of active science, uncertainties remain. However, enormous 
scientific progress has been made in our understanding of climate change 
and its causes and implications. Since 2010, the IPCC has prepared a new 
international assessment with the active involvement of many Australian 
researchers, including several members of the Academy Working Group. This 
Q&A update is thus well informed by recent international developments in the 
science as well as the most recent work by our own scientists on peculiarly 
Australian aspects of the climate change problem.

As the summary states, ‘Societies, including Australia, face choices about how 
to respond to the consequences of future climate change.’ It is incumbent on 
society to consider these choices.

I wish to thank all the members of the Working Group and Oversight 
Committee (whose names are listed on the back cover) for their painstaking 
work in the preparation of this update. I also acknowledge the assistance 
of the reviewers and others who helped with this update. The Academy is 
especially grateful to the Department of the Environment, which provided the 
financial support for the preparation and publication of this document.

On behalf of the Academy, I am pleased to commend the information in the 
following pages to all those who are looking for authoritative answers to the 
key questions we are all asking about the science of climate change. 

Andrew Holmes AM PresAA FRS FTSE 
President 
Australian Academy of Science

*In addition to multi-stage review carried out by the Oversight Committee, the penultimate 
draft of this document was reviewed by Dr G Ayers FTSE, Dr I G Enting, Professor D Griggs 
FTSE, Professor D Karoly, Mr WR Kininmonth, Professor M J Manton FTSE, Dr K G McCracken 
AO FAA FTSE, Professor N Nicholls, Dr N Smith FTSE and three anonymous reviewers.

left: An image from space of the cloud 
patterns associated with a mid-latitude 
cyclone off southwest Australia. 
Photo: NASA
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Earth’s climate has changed over the past century. The 
atmosphere and oceans have warmed, sea levels have risen, 
and glaciers and ice sheets have decreased in size. The best 
available evidence indicates that greenhouse gas emissions 
from human activities are the main cause. Continuing increases 
in greenhouse gases will produce further warming and other 
changes in Earth’s physical environment and ecosystems. 

The science behind these statements 
is supported by extensive studies 
based on four main lines of evidence:

 > Physical principles established 
more than a century ago tell 
us that certain trace gases 
in the atmosphere, such as 
carbon dioxide (CO2) and water 
vapour, restrict the radiant flow 
of heat from Earth to space. 
This mechanism, known as the 
‘greenhouse effect’, keeps Earth’s 
surface and lower atmosphere 
considerably warmer than they 
would otherwise be. The gases 
involved are called ‘greenhouse 
gases’. An increase in greenhouse 
gas concentrations raises the 
temperature of the surface.

 > The record of the distant 
past (millions of years) tells us 
that climate has varied greatly 
through Earth’s history. It has, for 
example, gone through ten major 
ice age cycles over approximately 
the past million years. Over the 
last few thousand years of this 
period, during which civilisations 
developed, climate was unusually 
stable. Evidence from the past 
confirms that climate can be 
sensitive to small persistent 
changes, such as variations in 
Earth’s orbit. 

 > Measurements from the recent 
past (the last 150 years) tell us 
that Earth’s surface has warmed 
as atmospheric concentrations 
of greenhouse gases increased 
through human activities, and 
that this warming has led to 
other environmental changes. 
Although climate varies from 
decade to decade, the overall 
upward trend of average global 
surface temperature over the last 
century is clear.

 > Climate models allow us 
to understand the causes of 
past climate changes, and to 
project climate change into the 
future. Together with physical 
principles and knowledge of 
past variations, models provide 
compelling evidence that recent 
changes are due to increased 
greenhouse gas concentrations 
in the atmosphere. They tell 
us that, unless greenhouse 
gas emissions are reduced 
greatly and greenhouse gas 
concentrations are stabilised, 
greenhouse warming will 
continue to increase.

This document aims to summarise 
and clarify the current scientific 
understanding of climate change 
by answering nine key questions.

summary
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1 What is climate change? 
The term ‘climate’, in its broadest 
sense, refers to a statistical 
description of weather and of 
the related conditions of oceans, 
land surfaces and ice sheets. This 
includes consideration of averages, 
variability and extremes. Climate 
change is an alteration in the 
pattern of climate over a long 
period of time, and may be due to a 
combination of natural and human-
induced causes.

2 How has climate changed?
Global climate has varied greatly 
throughout Earth’s history. In the 
final decades of the 20th century, 
the world experienced a rate of 
warming that is unprecedented for 
thousands of years, as far as we 
can tell from the available evidence. 
Global average temperature rise has 
been accompanied by ongoing rises 
in ocean temperatures, ocean heat 
storage, sea levels and atmospheric 
water vapour. There has also been 
shrinkage in the size of ice sheets 
and most glaciers. The recent 
slowdown in the rate of surface 
warming is mainly due to climate 
variability that has redistributed 
heat in the ocean, causing warming 
at depth and cooling of surface 
waters. Australia’s climate has 
warmed along with the global 
average warming. 

3 Are human activities causing 
climate change?
Human activities are increasing 
greenhouse gas concentrations 
in the atmosphere. This increase 
is extremely likely to have caused 
most of the recent observed global 
warming, with CO2 being the largest 
contributor. Some observed changes 
in Australia’s climate, including 
warming throughout the continent 
and drying trends in the southwest, 
have been linked to rising 
greenhouse gas concentrations.

4 How do we expect climate 
to evolve in the future?
If greenhouse gas emissions 
continue to grow rapidly, it is 
expected that, by 2100, the global 
average air temperature over 
the Earth’s surface will warm by 
around 4°C above mid-19th century 
temperatures. There are many 
likely ramifications of this warming. 
However, if emissions are reduced 
sufficiently rapidly, there is a chance 
that global average warming will not 
exceed 2°C and other impacts will 
be limited.

5 How are extreme events 
changing?
Since the mid-20th century, climate 
change has resulted in increases in 
the frequency and intensity of very 
hot days and decreases in very cold 
days. These trends will continue with 
further global warming. Heavy rainfall 
events have intensified over most 
land areas and will likely continue to 
do so, but changes are expected to 
vary by region.

6 How are sea levels changing?
Sea levels have risen during the 
20th century. The two major 
contributing factors are the 
expansion of sea water as it warms, 
and the loss of ice from glaciers. Sea 
levels are very likely to rise more 
quickly during the 21st century than 
the 20th century, and will continue to 
rise for many centuries.

7 What are the impacts 
of climate change?
Climate change has impacts on 
ecosystems, coastal systems, fire 
regimes, food and water security, 
health, infrastructure and human 
security. Impacts on ecosystems 
and societies are already occurring 
around the world, including in 
Australia. The impacts will vary from 
one region to another and, in the 
short term, can be both positive and 
negative. In the future, the impacts 
of climate change will intensify 
and interact with other stresses. 
If greenhouse gas emissions 
continue to be high, it is likely that 
the human-induced component 
of climate change will exceed the 
capacity of some countries to adapt. 

8 What are the uncertainties 
and their implications?
There is near-unanimous agreement 
among climate scientists that 
human-caused global warming is 
real. However, future climate change 
and its effects are hard to predict 
accurately or in detail, especially 
at regional and local levels. Many 
factors prevent more accurate 
predictions, and some uncertainty is 
likely to remain for considerable time. 
Uncertainty in climate science is no 
greater than in other areas where 
policy decisions are routinely taken to 
minimise risk. Also, the uncertainty 
means that the magnitude of future 
climate change could be either 
greater or less than present-day 
best estimates.

9 What does science say 
about options to address 
climate change?
Societies, including Australia, face 
choices about how to respond to 
the consequences of future climate 
change. Available strategies include 
reducing emissions, capturing CO2, 
adaptation and ‘geoengineering’. 
These strategies, which can be 
combined to some extent, carry 
different levels of environmental risk 
and different societal consequences. 
The role of climate science is to 
inform decisions by providing the 
best possible knowledge of climate 
outcomes and the consequences of 
alternative courses of action.
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facing page:  People flocked to the 
beach for respite one evening during 
Melbourne’s record breaking four-day 
heatwave in January 2014, under a sky 
made hazy by smoke from a scrub fire.  
Photo: Neil O’Connor
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Climate change is a change in 
the pattern of weather, and 
related changes in oceans, 
land surfaces and ice sheets, 
occurring over time scales of 
decades or longer
Weather is the state of the 
atmosphere—its temperature, 
humidity, wind, rainfall and so on—over 
hours to weeks. It is influenced by the 
oceans, land surfaces and ice sheets, 
which together with the atmosphere 
form what is called the ‘climate 

system’1–3. Climate, in its broadest 
sense, is the statistical description of 
the state of the climate system.

Climate change is a change in the 
statistical properties of the climate 
system that persists for several 
decades or longer—usually at least 
30 years. These statistical properties 
include averages, variability and 
extremes. Climate change may 
be due to natural processes, such 
as changes in the Sun’s radiation, 
volcanoes or internal variability 

in the climate system, or due to 
human influences such as changes in 
the composition of the atmosphere 
or land use4. 

Weather can be forecast with 
considerable skill up to about a week 
in advance. Short term fluctuations 
in climate, such as droughts, can 
be predicted with limited skill from 
season to season5, 6. In contrast, 
changes in the long-term statistics 
of the climate system (climate 
change) can be predicted if caused 

by long-term influences that are 
known or predictable (Box 1.1). 

Climate is determined by 
many factors that influence 
flows of energy through the 
climate system, including 
greenhouse gases
Energy from the Sun is the ultimate 
driver of climate on Earth. The solar 
energy received by Earth depends 
on how much the Sun emits and 
the distance between Earth and 
the Sun. Part of this sunlight is 
reflected directly back to space by 
the atmosphere, clouds, and land, ice 
and water surfaces. Aerosols (tiny 
particles in the atmosphere, some 
coming from human activities) can 
increase the reflection of sunlight7, 8. 

Eventually the solar energy absorbed 
by Earth is returned to space as 
infrared (heat) radiation. In the 
process it interacts with the whole 
climate system—atmosphere, oceans, 
land surfaces and ice sheets. The 
flows of radiation in the atmosphere 
(Figure 1.1) are very important in 
determining climate. The main 
gases that make up the atmosphere, 
nitrogen and oxygen, do not interact 
with infrared radiation. However, 
certain gases present in smaller 
quantities absorb infrared radiation 
flowing upwards from Earth’s surface 
and re-radiate it in all directions, 
including back downwards. By doing 
this they impede the outward flow 
of infrared energy from Earth to 

space. This is called the ‘greenhouse 
effect’, and the gases that cause 
it by interacting with infrared 
radiation are called greenhouse 
gases. The most important are water 
vapour, carbon dioxide (CO2) and 
methane. The greenhouse effect was 
identified more than a century ago9, 10; 
Earth’s surface would be about  
33oC cooler without it, so it keeps 
Earth habitable. 

Changes in climate can occur 
through both natural and  
human-induced causes
Global climate varies naturally 
over time scales from decades to 
thousands of years and longer. These 
natural variations can originate in 
two ways: from internal fluctuations 
that exchange energy, water and 
carbon between the atmosphere, 
oceans, land and ice, and from 
external influences on the climate 
system, including variations in the 
energy received from the sun and 
the effects of volcanic eruptions.

Human activities can also influence 
climate by changing concentrations 
of CO2 and other greenhouse gases 
in the atmosphere (Box 1.2), altering 
the concentrations of aerosols and 
altering the reflectivity of Earth’s 
surface by changing land cover. 

A disturbance to the climate 
system can trigger further 
changes that amplify or damp 
the initial disturbance
There are close connections 
between temperature, atmospheric 
water vapour, the extent of polar 
ice sheets and the concentrations 
of long-lived greenhouse gases 
(especially CO2) in the atmosphere. 

What is climate change?

Q1 left: Meteorological variables such as 
wind, temperature and humidity are 
measured by instruments attached to 
balloons and relayed by radio to ground 
stations on land or on ships.  
Photo: Kyle D. Gahlau
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Box 1.2: How do human activities enhance the ‘greenhouse effect’?

Today, human activities are directly increasing atmospheric concentrations 
of CO2, methane and nitrous oxide, plus some chemically manufactured 
greenhouse gases such as halocarbons (Question 3). These human-
generated gases enhance the natural greenhouse effect and further warm 
the surface. In addition to the direct effect, the warming that results from 
increased concentrations of long-lived greenhouse gases can be amplified 
by other processes. A key example is water vapour amplification (Box 1.3). 
Human activities are also increasing aerosols in the atmosphere, which 
reflect some incoming sunlight. This human-induced change offsets some 
of the warming from greenhouse gases7.

Box 1.3: If water vapour is the most important greenhouse gas, why all 
the fuss about CO2?

Water vapour accounts for about half the natural greenhouse effect8. Its 
concentrations in the atmosphere are controlled mainly by atmospheric 
temperatures and winds, in contrast with the concentrations of other 
greenhouse gases which are directly influenced by human-induced inputs 
of these gases to the atmosphere. When global average atmospheric 
temperatures rise, global water vapour concentrations increase, amplifying 
the initial warming through an enhanced greenhouse effect. In this way, 
human activity leads indirectly to increases in water vapour concentrations. 

The reality of the water vapour feedback is supported by recent 
observations and analyses. Increased water vapour concentrations 
have been observed and attributed to warming12, 13, and this feedback 
approximately doubles the sensitivity of climate to human activities14.

above: Surface meteorological observing 
station at Cranbourne, Victoria, typical 
of stations used for observing climate 
around the world. Photo: Bureau of 
Meteorology

Box 1.1: If weather can only be forecast about a week in advance, how can 
we determine future climate?

The challenges of predicting weather and climate are very different. 
Predicting the weather is like predicting how a particular eddy will move 
and evolve in a turbulent river: it is possible over short time scales by 
extrapolating the previous path of the eddy, but eventually the eddy is 
influenced by neighbouring eddies and currents to the extent that predicting 
its exact path and behaviour becomes impossible. Similarly, the limit for 
predicting individual weather systems in the atmosphere is around 10 days. 
On the other hand, predicting climate is like predicting the flow of the whole 
river. It requires a consideration of the major forces controlling the river 
such as changes in rainfall, the operation of dams, and extraction of water. 
Projections of human-induced climate change over decades to centuries are 
possible because human activities have predictable effects on the future 
atmospheric composition, and in turn a predictable effect on climate.
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Figure 1.1: The rates at which energy enters the Earth system from the Sun, and leaves the system, approximately balance on 
average globally. Energy absorbed at the surface is transferred to the atmosphere via infrared radiation, conduction of sensible heat, 
and evaporation of water whose latent heat is released later when the water condenses again. Energy leaves the system mostly via 
infrared radiation from the atmosphere. The arrows show global average energy transfer rates in units of Watts per square metre. 
With more greenhouse gases in the atmosphere, but no other changes, the system must reach a higher temperature to maintain balance. 
Adapted from IPCC (2013)11, Fifth Assessment Report, Working Group 1, Figure 2.11.

When one of these is disturbed, 
the others react through ‘feedback’ 
processes that may amplify or 
dampen the original disturbance. 
These feedbacks occur on a wide 
range of time scales: those involving 
the atmosphere are typically rapid, 
while those involving deep oceans 
and ice sheets are slow and can 
cause delayed responses.

An example of a rapid feedback 
is the role of water vapour as 
explained in Box 1.3. 

An example of a slow feedback is 
the ice age cycles that have taken 
place over the past million years, 
triggered by fluctuations in Earth’s 
rotation and orbit around the 
sun. These fluctuations changed 
the distribution of solar radiation 
received by Earth, which caused 
temperatures to change, in turn 
inducing changes in ice sheets 
and carbon cycling that together 
amplified the temperature response. 
(Question 2). 
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Past climate has varied 
enormously on a variety of 
time-scales
Earth’s climate has changed 
dramatically many times since 
the planet was formed 4.5 billion 
years ago15, 16. These changes have 
been triggered by the changing 
configuration of continents and 
oceans17, 18, changes in the Sun’s 
intensity19, variations in the orbit of 
Earth20–22, and volcanic eruptions23.

Natural variations in the 
concentrations of greenhouse gases 

in the atmosphere24–26, the evolution 
of life27 and meteorite impacts28 have 
also caused climate change in the 
past. Several million years ago, for 
example, global average temperature 
was a few degrees higher than 
today and warm, tropical waters 
reached much farther from the 
equator, resulting in very different 
patterns of ocean and atmospheric 
circulation from today29, 30. 

Over the past million years, 
Earth’s globally averaged surface 
temperature has risen and fallen by 

about 5˚C in ice-age cycles, roughly 
every 100,000 years or so31–34 (Figure 
2.1a). In the coldest period of the 
last ice age, about 20,000 years ago, 
sea level was at least 120 metres 
lower than today35, 36 because more 
water was locked up on land in 
polar ice sheets. The last 8,000 
years, which includes most recorded 
human history, have been relatively 
stable at the warmer end of this 
temperature range37, 38. This stability 
enabled agriculture, permanent 
settlements and population growth39.

Most past changes in global 
temperature occurred slowly, 
over tens of thousands or millions 
of years. However, there is also 
evidence that some abrupt changes 
occurred, at least at regional scales. 
For example, during the last ice age, 
temperatures in the North Atlantic 
region changed by 5°C or more over 
as little as a few decades40, 41, likely 
due to sudden collapses of Northern 
Hemisphere ice sheets or changes in 
ocean currents42–44. 

 

above: Aerial view of the Norman River 
flowing towards the Gulf of Carpentaria 
in far north Queensland. Photo: 
©iStockphoto.com/John Carnemolla 

How has climate changed?

Q2
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Figure 2.1: Past changes 
in temperature align with 
changes in CO2 at a variety of 
time scales. These graphs show 
the changes from long-term 
average temperature (oC)20, 45, 46  
and average atmospheric  
CO2 concentration (parts per 
million)25, 47, 48 over the last (a) 
800,000 years, (b) 2,000 years and 
(c) 160 years. The temperature 
changes in (a) are for Antarctica, 
while for (b) and (c) they are 
global averages. Source: Compiled 
from various publicly available 
data sources (for details, see 
web version of this document) 
as summarised in Box 2.1 (see 
page 10). 

Global average temperatures 
have increased over the past 
century
Climate and sea level were 
relatively stable over thousands of 
years of recorded human history up 
to the 19th century, although with 
some variations45, 49 (Figure 2.1b). 
However, globally averaged  
near-surface air temperature rose 
by around 0.8°C between 1850 and 
201246, 50 (Figure 2.1c). The rate of 
warming increased in the mid-1970s, 
and each of the most recent three 
decades has been warmer than all 
preceding decades since 185050. The 
last decade has been the warmest 
of these. Satellite observations 
and direct measurements also show 
warming in the lower atmosphere 
over the past three decades50. 
In contrast, the atmosphere 
above about 15 km elevation (the 
stratosphere) has cooled over 
this time51–53. 

The temperature of the oceans has 
also risen. More than 90% of the 
total heat accumulated in the climate 
system between 1971 and 2010 has 
been stored in the oceans54, 55. The 
greatest ocean warming has taken 
place close to the surface, with the 
upper 75 m of the ocean warming 
by an average of 0.11oC each decade 
between 1971 and 2010.  

Past records demonstrate that 
global climate is sensitive to 
small but persistent influences  
Ice-age cycles were initiated by 
small variations in the rotation of 
Earth and in its orbit around the 
sun. These changed the seasonal 
and latitudinal distribution of solar 
energy reaching Earth’s surface21, 22. 
Measurements from climate archives 
such as ice cores (Box 2.1) show that 
changing temperatures20 triggered 
changes to other climate factors 
such as the concentration of carbon 
dioxide (CO2) in the atmosphere25 
(Figure 2.1a), amplifying the initial 
disturbances. During warm periods, 
the major greenhouse gases CO2 
and methane were released into the 
atmosphere, and receding ice sheets 
reflected less sunlight to space. 
These observations confirm that the 
climate system is sensitive to small 
disturbances that can be amplified 
by reinforcing feedback processes. 
Likewise, the climate system today 
is sensitive to disturbances from 
human influences.
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Box 2.2: Has climate warming recently stopped?

According to most estimates46, 81–85, the rate of average surface warming 
has slowed since 2001, despite ongoing rises in greenhouse gases. This 
slowdown is consistent with known climate variability. Indeed, decades 
of little or no temperature trend can be seen throughout the last century, 
superimposed on the long-term warming trend86. 
Two main factors have contributed to the most recent period of slowed 
surface warming. First, decadal variability in the ocean-atmosphere system 
has redistributed heat in the ocean, especially in the eastern and central 
Pacific85, 87, 88. This has caused warming at depth and cooling of surface 
waters and the lower atmosphere in this region. Second, several temporary 
global cooling influences have come into play including unusually weak 
solar activity (Box 3.1, see page 15), increased aerosol production, and 
volcanic activity95–98. 
None of these influences is likely to continue over the long term. 
Moreover, despite the slowdown in warming at the surface, there have 
been continuing increases in heat extremes99 and in the heat content of 
the oceans87, 89–94, as well as rising sea levels, shrinking Arctic sea-ice, and 
ongoing melt of ice sheets and glaciers. Some models predict that, when 
the current slowdown ends, renewed warming will be rapid87.

Box 2.1: How do we detect climate change?

Identifying temperature change that is global in extent requires frequent 
observations from many locations around the world. Thermometers, rain 
gauges and other simple instruments have been used to measure climate 
variables, starting in the mid-19th century. Over time the quality, variety 
and quantity of observations has improved. Since the 1970s, sophisticated 
sensors on earth-orbiting satellites have provided near global coverage 
of many climate variables. By carefully analysing the data gathered using 
these techniques (with careful account for changes in instrument types, 
observational practices, instrument locations and urban areas) it has been 
possible to map the distribution of temperature and other climate changes 
since the late 19th century. 

To study climate changes that occurred before direct measurements were 
made, scientists use indirect evidence from other sources that record a 
climate signal. These include climate signals encoded in the composition 
of ice cores, corals, sediments in oceans and lakes, and tree rings. All 
these records are laid down sequentially over time as an organism grows 
or as sediments accumulate. Ice cores from polar ice sheets, which 
are built from snow laid down over tens to hundreds of thousands of 
years, provide records of both past CO2 and temperature. As the snow 
transforms into ice, it traps air in sealed bubbles that provide a sample of 
past atmospheric composition, while the ratio of stable isotopes of either 
oxygen or hydrogen in the water molecule is related to the temperature 
at the time when the snow fell. More recent historical changes can be 
identified by analysing written and pictorial records, for example of 
changes in glacier extent.

Changes are evident in many 
parts of the climate system
Changes consistent with an increase 
in global temperature have been 
observed in many other components 
of the climate system. 

 > Mountain glaciers have been 
shrinking and contributing 
to global sea-level rise since 
about 1850. Melting accelerated 
significantly in the 1990s56–61.

 > The Greenland and West Antarctic 
Ice Sheets have both lost ice 
since 1990, further contributing 
to sea-level rise as discussed in 
Question 6. This is from increased 
discharge of ice into the ocean, 
and also increased surface melting 
in Greenland. The rate of loss 
from Greenland appears to be 
increasing56, 62.

 > The area of the Arctic Ocean 
covered by sea ice has decreased 
significantly since 1987 throughout 

the year and particularly in 
summer63, 64. The thickness of the 
ice has also decreased by more 
than 30% over the last 30 years65–68. 

 > In the Southern Ocean, there are 
strong regional differences in the 
changes to areas covered by sea 
ice69, but a small increase in total 
coverage70, driven by shifts in winds 
and ocean currents in a warming 
Southern Ocean.  Strengthening 
circumpolar winds around 
Antarctica have also been linked in 
part to thinning of the ozone layer.

 > The amount of water vapour in 
the atmosphere has increased 
since the 1980s12, 13, which is 
consistent with warmer air 
(Box 1.3, see page 7). 

 > The surface of the ocean in rainy 
parts of the world is becoming 
less salty, which is consistent 
with freshwater dilution from 
increased rainfall71. 

top right: Scientists use ice core 
samples to reconstruct climatic records 
over hundreds of thousands of years. 
Photo: NASA/Lora Koenig

top left: Tree rings provide one source 
of climate change data over hundreds 
of years. Photo: LandLearn NSW

above left: Scientists have been using 
specialised equipment to measure 
and record weather and climate since 
1850. NASA’s Global Precipitation 
Measurement (GPM) Core Observatory 
satellite is designed to provide rain 
and snow observations worldwide. 
Visualisation: NASA
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Figure 2.4: Recent rainfall in northern 
Australia has been higher than average 
during the northern wet season, and 
in southern Australia it has been drier 
during the southern wet season. The 
maps show the relative ranking (in 10% 
increments) of rainfall from July 1995 to 
June 2014 compared with the average 
since 1900 for (left) northern Australian 
wet season (Oct–Apr) and (right) 
southern Australian wet season  
(Apr–Nov). Adapted from BOM/CSIRO 
State of the Climate 201478, p.6–7. 
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Figure 2.3: Temperature has risen over 
Australia and in the surrounding ocean 
since the beginning of the 20th century, 
although there are regional differences. 
Plot on left shows deviations from 
the 1961–1990 average of sea surface 
temperature and temperatures over land 
in the Australian region; map on right 
shows distribution of annual average 
temperature change across Australia 
since 1910. Adapted from BOM/CSIRO 
State of the Climate 201478 p.4–5. 

Figure 2.2: Surface temperature has 
increased across most of the world 
since 1901. This map shows the 
distribution of the average temperature 
change between 1901 and 201250. Adapted 
from IPCC (2013)79, Fifth Assessment 
Report, Working Group 1, Figure 2.21.
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 > Some ocean currents have 
changed in response to changes 
in surface winds, ocean 
temperature and ocean saltiness. 
The changes include a southward 
shift of the Antarctic Circumpolar 
Current72–74 and increasing 
southward penetration of the 
East Australian Current75. 

 > An increasing number of plants 
and animals, on land and in the 
oceans, are undergoing shifts in 
their distribution and lifecycles 
that are consistent with observed 
temperature changes76, 77.

There are regional differences 
to climate change including 
within Australia
Over the past 100 years, temperature 
has increased over almost the entire 
globe; the rate of increase has 
been largest in continental interiors 
(Figure 2.2). The average surface 
temperatures over the Australian 
continent and its surrounding oceans 
have increased by nearly 1°C since 
the beginning of the 20th century78 
(Figure 2.3 left). Seven of the ten 
warmest years on record in Australia 
have occurred since 2002. However 
there are differences across Australia 
with some regions having warmed 
faster and others showing relatively 
little warming78 (Figure 2.3 right). 

Since the mid 1990s there have been 
significant increases in wet season 
rainfall over northwest Australia78 
(Figure 2.4 left), a declining trend 
in southwest Australia80, and a 15% 
decline in late autumn and early 
winter rainfall in the southeast78  
(Figure 2.4 right).
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Human activities have 
increased greenhouse 
gas concentrations in the 
atmosphere
Atmospheric concentrations of 
carbon dioxide (CO2), methane 
and nitrous oxide began to rise 
around two hundred years ago, 
after changing little since the end 
of the last ice age thousands of 
years earlier. The concentration of 
CO2 has increased from 280 parts 
per million (ppm) before 1800, to 
396 ppm in 2013100, 101. This history of 
greenhouse gas concentrations has 
been established by a combination 
of modern measurements100–103 and 
analysis of ancient air bubbles in 
polar ice47, 104, 105 (Box 2.1, see page 10). 

Particularly important is CO2. 
Enormous amounts of it are 
continually exchanged between 
the atmosphere, land and oceans, 
as land and marine plants grow, 
die and decay, and as carbon-rich 
waters circulate in the ocean. For 
several thousand years until around 
200 years ago, this ‘carbon cycle’ 
was approximately in balance and 
steady. Since the 19th century, 
human-induced CO2 emissions from 
fossil fuel combustion, cement 
manufacture and deforestation have 
disturbed the balance, adding CO2 to 
the atmosphere faster than it can be 
taken up by the land biosphere and 
the oceans (Figures 3.1 and 3.2). On 
average over the last 50 years, about 
25% of total CO2 emissions were 
absorbed by the ocean—making 
sea water more acidic208—and 30% 
was taken up on land, largely by 
increased plant growth stimulated 
by rising atmospheric CO2, 
increased nutrient availability, and 

responses to warming and rainfall 
changes (though the mix of these 
mechanisms remains unclear)109–111. 
The other 45% of emissions 
accumulated in the atmosphere112–114. 
These changes to the carbon cycle 
are known from measurements in 
the atmosphere115–121, on land and in 
the ocean122–125, and from modelling 
studies109–111. 

The dominant cause of the 
increasing concentration of CO2 
in the atmosphere is the burning 
of fossil fuels123. Over the last two 
centuries, the growth of fossil-
fuel combustion has been closely 
coupled to global growth in energy 
use and economic activity126. Fossil-
fuel emissions grew by 3.2% per 
year from 2000 to 2010 (Figure 3.3), 
a rapid growth that is dominated 
by growth in Asian emissions and 
has exceeded all but the highest 
recent long-range scenarios for 
future emissions126–128.

Although fossil-fuel emissions of 
CO2 have grown fairly steadily, 
the upward march of the CO2 
concentration in the atmosphere 
varies from year to year. This is 
caused mainly by the effects of 
weather variability on vegetation130–132, 
and also by sporadic volcanic activity: 
major volcanic eruptions have a 
significant indirect influence on 
atmospheric CO2 concentrations, 
causing temporary drawdown of 
CO2 through the promotion of 
plant growth by the light-scattering 
and cooling effects of volcanic 
haze132–136. By contrast, the direct 
contribution of volcanic emissions 
to atmospheric CO2 is negligible, 
amounting to around 1% of current 
human-induced emissions137.

Are human activities 
causing climate change?

Q3

12 | The science of climate change
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Figure 3.1: The natural carbon cycle, in which CO2 circulates between the atmosphere, land 
and oceans, has been changed by emissions of CO2 from human activities. In this diagram 
of the global carbon cycle, numbers on arrows represent carbon flows averaged over  
2004–2013, in gigatonnes (billion tonnes) of carbon per year106. Source: Global Carbon 
Project, with updated numbers107.
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Figure 3.2: An ‘atmospheric CO2 budget’ 
reveals the amount of carbon in the 
net amounts of CO2 entering, leaving 
and accumulating in the atmosphere123. 
The upper panel shows the inflows of 
CO2 to the atmosphere from fossil fuel 
emissions (red) and net land use change 
(orange), together with the net annual 
CO2 accumulation in the atmosphere 
(pale blue). The lower panel shows the 
outflows of CO2 from the atmosphere 
to the ocean (dark blue) and to plants 
on land (green). The accumulation in the 
atmosphere is the difference between the 
sum of the two emissions and the sum of 
the two sinks Source: Working Group for 
this document, with data from the Global 
Carbon Project107. 
(www.globalcarbonproject.org/)

Figure 3.3: CO2 emissions from burning 
fossil fuels have continued to increase 
over recent years. The black dots show 
observed CO2 emissions from fossil fuels 
and other industrial processes (mainly 
cement manufacture); the coloured 
lines represent four future pathways 
as envisaged in 2006 for low to high 
emissions129. Observed emissions are 
tracking the highest-emission pathway. 
Source: Working Group for this document, 
with data from the Global Carbon Project107.

facing page: Southern approach to the 
Sydney Harbour Bridge, NSW.  
Photo: ©iStockphoto.com/airspeed
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Most of the observed recent 
global warming results from 
human activities
Climatic warming or cooling arises 
from changes in the flows of 
energy through the climate system 
(Figure 1.1, see page 7) that can 
originate from a number of possible 
driving factors. The main drivers that 
have acted over the last century are:

 > increases in atmospheric CO2 and 
other long-lived greenhouse gases 
(methane, nitrous oxide and 
halocarbons)

 > increases in short-lived 
greenhouse gases (mainly ozone) 

 > changes to land cover 
(replacement of darker forests 
with paler croplands and 
grasslands)

 > increases in aerosols (tiny 
particles in the atmosphere)

 > solar fluctuations (changes in the 
brightness of the sun) 

 > volcanic eruptions. 

Of these, solar fluctuations and 
volcanic eruptions are entirely 
natural, while the other four are 
predominantly caused by human 
influences. The human-induced 
drivers have been dominant over the 
past century138 (Figure 3.4). Changes 
in greenhouse gas concentrations, 
dominated by CO2, caused a large 
warming contribution. Some of 
this has been offset by the net 
cooling effects of increased aerosol 
concentrations and their impact 
on clouds. Black carbon or soot has 
probably exerted a smaller, warming 
influence. The net effect of all aerosol 
types including soot remains hard 
to quantify accurately. Among the 
natural influences, the effect of 
changes in the brightness of the Sun 
has been very small (Box 3.1). Volcanic 
influences are highly intermittent, 
with major eruptions (such as 
Pinatubo in 1991) causing significant 
cooling for a year or two, but their 
average effects over the past century 
have been relatively small138.

Using climate models, it is possible 
to separate the effects of the natural 
and human-induced influences on 
climate. Models can successfully 
reproduce the observed warming 
over the last 150 years when both 
natural and human influences are 
included, but not when natural 
influences act alone139 (Figure 3.5). 
This is both an important test of the 
climate models against observations 
and also a demonstration that 
recent observed global warming 
results largely from human rather 
than natural influences on climate.

It is also possible to distinguish 
the effects of different human and 
natural influences on climate by 
studying particular characteristics 
of their effects. For example, it was 
predicted more than a century ago 
that increases in CO2 would trap 
more heat near the surface and 
also make the stratosphere colder10. 
In recent years, satellite and other 
measurements have provided strong 
evidence that the upper atmosphere 

Effect on climate (Watts per square metre)

-3 -2 -1 0 1 2

CO2

Methane + other long-lived gases

Ozone + other short-lived gases

Land use change

Solar

Aerosol

Figure 3.4: Human-induced drivers of climate change have been much larger than natural 
drivers over the last century138. The strength of these drivers, which are changing the  
long-term energy balance of the planet, is measured in Watts per square metre (see also 
Figure 1.1). Orange and green bars respectively indicate human and natural drivers; error 
bars indicate 5-95% uncertainties. The solar effect (shown in green) is very small. Volcanic 
effects are highly variable in time (see text) and are not shown here. Source: Working 
Group for this document, with data from IPCC (2013)79, Fifth Assessment Report, Working 
Group 1, Chapter 8 Supplementary Material.
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Box 3.1: Do changes in the Sun contribute to global warming?

In comparison with other influences, the effects of solar variations on 
present global warming are small138, 156–158. Indirect estimates suggest that 
changes in the brightness of the Sun have contributed only a few percent 
of the global warming since 1750138, 159–161. Direct measurements show a 
decreasing solar intensity over recent decades, opposite to what would be 
required to explain the observed warming162, 163. Solar activity has declined 
significantly over the last few years, and some estimates suggest that weak 
activity will continue for another few decades, in contrast with strong 
activity through the 20th century156. Nevertheless, the possible effects on 
warming are modest compared with anthropogenic influences156.
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has cooled and the lower atmosphere 
has warmed significantly—the 
predicted consequence of extra 
greenhouse gases140, 51, 52. This 
supports the inference that the 
observed near-surface warming 
is due primarily to an enhanced 
greenhouse effect rather than, say, an 
increase in the brightness of the Sun.

Some recent changes in 
Australia’s climate are linked 
to rising greenhouse gases
Modelling studies indicate that 
rising greenhouse gases have 
made a clear contribution to the 
recent observed warming across 
Australia141–143. Depletion of the 
ozone layer in the upper atmosphere 
over Antarctica and rising 
greenhouse gas concentrations 
are also likely to have contributed 
significantly to climate trends that 

have been observed in the Australian 
region over the past two decades. 
These include stronger westerly 
winds over the Southern Ocean, 
strengthening of the high-pressure 
ridge over southern Australia144–146, 
and a related southward shift of 
weather systems147–149. These trends 
are consistent with climate model 
projections, and are likely to be 
largely human-induced through 
a combination of increases in 
greenhouse gases and thinning of 
the ozone layer148, 150, 151, 80, 152.

Past decadal trends in Australian 
rainfall (Question 2) cannot yet 
be clearly separated from natural 
climate variations78, except in 
southwest Western Australia153  

where a significant observed 
decline in rainfall has been 
attributed to human influences 
on the climate system80.

facing page: Wollongong, NSW at night.  
Photo: Jim Vrckovski 

right: Rainforest canopy, 
Bellenden Ker Range, North Queensland.  
Photo: Robert Kerton 

Figure 3.5: Climate models can correctly 
replicate recent warming only if they 
include human influences. Comparison 
of observed changes (black lines) in 
global temperatures (°C) over land (left) 
and land plus ocean (right) with model 
projections including both natural plus 
human influences (red lines) and natural 
influences only (blue lines). Shadings 
around model results indicate 5-95% 
confidence bands139. Adapted from 
IPCC (2013)79, Fifth Assessment Report, 
Working Group 1, Figure 10.21.

There has very likely been net 
uptake of CO2 by Australian 
vegetation124, 125, consistent with 
global uptake of CO2 by vegetation 
on land (Figure 3.2, see page 13). This 
has been accompanied by increases 
in the greenness of Australian 
vegetation154, which is also consistent 
with global trends155.



With continued strong growth 
in CO2 emissions, much more 
warming is expected
If society continues to rely on 
fossil fuels to the extent that it 
is currently doing, then carbon 
dioxide (CO2) concentrations in the 
atmosphere are expected to double 
from pre-industrial values by about 
2050, and triple by about 2100164. 
This ‘high emissions’ pathway 

for CO2, coupled with rises in the 
other greenhouse gases, would 
be expected to result in a global-
average warming of around 4.5˚C by 
2100, but possibly as low as 3˚C or 
as high as 6˚C165. A ‘low emissions’ 
pathway, based on a rapid shift away 
from fossil fuel use over the next 
few decades, would see warming 
significantly reduced later this 
century and beyond (Figure 4.1). 
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Figure 4.1: Future projected climate change depends on net emissions of greenhouse 
gases. Retrospective and future projected global surface air temperature changes  
(°C; relative to 1861–1880) under both high and low emissions pathways. Individual model 
simulations are shown as faint lines, with bold lines indicating the multi-model average. 
The corresponding two emissions pathways, including all industrial sources, are included 
in the inset. Emission units are gigatonnes (billion tonnes) of carbon per year (GtC/y). 
Source: Data from Coupled Model Intercomparison Project (CMIP) 5166.

above: Drawing on data from multiple satellite missions, 
NASA scientists and graphic artists have layered land 
surface, polar sea ice, city lights, cloud cover and other 
data in a visualisation of Earth from space. Image: NASA 
Goddard Space Flight Centre/Reto Stöckli

How do we expect climate 
to evolve in the future?

Q4
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Figure 4.2:  Projections of temperature 
and rainfall show consistent features at 
large scales but differ regionally, especially 
for rainfall. Projected global distributions 
of surface air temperature changes (top) 
and percentage precipitation change 
(bottom) averaged for the years  
2081–2100 (relative to 1981–2000), under a 
high emissions pathway for two particular 
climate models, one with relatively high 
sensitivity to an initial disturbance to the 
climate system (left hand panels) and 
one with relatively low climate sensitivity 
(right hand panels). The projections have 
many similar patterns but differ in regional 
details, as is typical of climate projections 
from different models. Source: Data from 
Coupled Model Intercomparison Project 5166.

During the next few decades and 
beyond, global warming is expected 
to cause further increases in 
atmospheric moisture content, more 
extreme heatwaves, fewer frosts, 
further decreases in the extent and 
thickness of sea ice, further melting 
of mountain glaciers and ice sheets, 
shifts in rainfall (increases in most 
tropical and high-latitude regions 

and decreases in many subtropical 
and mid-latitude regions), further 
ocean warming, and further rises 
in sea levels167. The magnitude of 
expected change depends on future 
greenhouse gas emissions and 
climate feedbacks.

Future projections, based on 
climate models operated across a 
large number of research centres 

worldwide, broadly agree on the 
patterns of global-scale warming, 
with greater atmospheric warming 
over land than over the oceans, and 
greater warming at high northern 
latitudes than in the tropics and 
Southern Ocean (Figure 4.2 top). 
Future changes depend on the 
emissions pathway, and will be 
less if emissions are curtailed than 

under a high emissions scenario. 
At more localised regional scales 
the models can produce different 
results: for example, some models 
project substantial changes to 
phenomena such as El Niño or 
dramatic changes to vegetation168, 
and regional projections of 
precipitation vary between 
models (Figure 4.2 bottom). 
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Australia can expect further 
warming and changes in water 
availability
Australian temperatures are 
expected to rise by approximately 
half a degree or more by 2030 
relative to 1990, bringing more hot 
days and nights169, 170. Average sea 
level is expected to be about 15 
cm higher by 2030 relative to 1990 
and some models project tropical 
cyclones becoming less frequent but 
more severe in peak rainfall intensity 
as the world warms171. 

It is likely that future rainfall 
patterns across Australia will be 
different from today. However, 
compared with temperature trends, 
changes in rainfall patterns are 
harder to predict. Regional rainfall 
projections from different climate 
models are frequently different 
from one another (e.g. over 
Australia; Figure 4.2, see page 17). 
Nevertheless, some future trends are 
projected by a majority of models, 
including decreases over southwest 
Western Australia coastal regions169, 

172, 173. Future rainfall trends across 
the Murray Darling basin remain 
uncertain174. 

Changes in rainfall greatly affect 
water availability because changes 
in rainfall are amplified in the 
resulting changes in runoff to rivers: 
the runoff in typical Australian 
catchments changes by 2 to 3% for 
each 1% change in rainfall175–180. 

Long-term climate change is 
effectively irreversible
The decisions we make on carbon 
emissions over coming decades will 
affect our climate for a long time to 
come, as emissions will profoundly 
impact the rate of future climate 
change, particularly after 2030 
(Figure. 4.1, see page 16). Even if 
emissions of greenhouse gases are 
reduced to near zero during this 
century, we will have to live with 
a warmer climate for centuries181. 
For those parts of the climate 
system that respond slowly, such 
as the deep ocean, ice sheets and 
permafrost, change will continue 
for a long time. Many associated 
impacts—such as sea-level rise—
and processes that exacerbate 
climate change—such as releases 
of methane and CO2 from thawing 
permafrost soils—will continue long 
after emissions are stopped.

These characteristics of the climate 
system mean that the only way 
to stop human-induced climate 
change (without resorting to 
‘geoengineering’—the deliberate, 
large-scale modification of climate) 
is to reduce net greenhouse gas 
emissions to near-zero levels182. The 
longer this takes to achieve, and the 
more greenhouse gases that are 
emitted in the meantime, the larger 
the scale of future climate change. 

left:  Low water levels in the Cotter Dam 
near Canberra, ACT. Photo: Nick Pitsas

above right: 1 Bligh St, Sydney, NSW is an 
energy efficient development with six-star 
green status. Improving urban energy 
efficiency will help reduce emissions. 
Photo: Sardaka
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To keep global warming 
below any specified threshold, 
there is a corresponding 
limit on cumulative carbon 
dioxide emissions
The amount of future global warming 
is closely related to cumulative CO2 
emissions114, 164, 183–187 (Figure 4.3). 
For example, to have a 50:50 
chance of keeping global average 

temperatures to no more than 
2°C above preindustrial levels, the 
total CO2 emitted from human 
activities (accounting also for effects 
of other gases) would have to stay 
below a ‘carbon quota’ between 
820187 and 950188 billion tonnes 
of carbon. So far, humanity has 
emitted well over half of this quota: 
between 1870 and 2013 cumulative 

emissions were 530 billion tonnes. 
The remaining quota is equivalent 
to around 30 years worth of current 
emissions188, 189. To stay within such 
a carbon quota, long-term global 
emissions reductions would have 
to average between 5.5% and 
8% per year, accounting for time 
required to turn around present 
emissions growth189.
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Figure 4.3: Global warming is closely 
related to cumulative CO2 emissions. 
Points represent Intergovernmental Panel 
on Climate Change projections from 
the Fourth and Fifth Assessments (IPCC 
AR4, AR5); coloured bands represent 
uncertainty, by showing the relationship 
if the climate were more (red) or less 
(blue) sensitive to disturbance than 
current best estimates. Source: Working 
Group for this document, with data from 
IPCC AR4 and AR5.
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Australia has a variable 
climate with many extremes 
With its iconic reference to 
‘droughts and flooding rains’, 
Dorothea Mackellar’s 1904 poem  
My Country highlights the large 
natural variations that occur in 
Australia’s climate, leading to 
extremes that can frequently 
cause substantial economic and 
environmental disruption. These 
variations have existed for many 
thousands of years, and indeed 
past floods and droughts in many 
regions have likely been larger than 
those recorded since the early 20th 
century190–195. This high variability 
poses great challenges for recording 
and analysing changes in climate 
extremes not just in Australia, 
but the world over. Nevertheless, 
some changes in Australia’s climate 
extremes stand out from that 
background variability.

Human-induced climate 
change is superimposed on 
natural variability
In a warming climate, extremely cold 
days occur less often and very hot 
days occur more often (Figure 5.1). 
These changes have already been 
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Figure 5.1: Temperature extremes change as average temperature increases. In this 
schematic illustration, the increase in average temperature is shown by the sloping line 
on the right. The idealised temperature time series has similar variability throughout the 
whole record. In the latter part of the record, the hot extremes threshold is exceeded 
progressively more frequently. Source: Working Group for this document.

observed196, 197. For example, in recent 
decades, hot days and nights have 
become more frequent, more intense 
and longer lasting in tandem with 
decreases in cold days and nights 
for most regions of the globe196–198. 
Since records began, the frequency, 
duration and intensity of heatwaves 
have increased over large parts of 
Australia78, with trends accelerating 
since 1970199. 

Because a warmer atmosphere 
contains more moisture, rainfall 
extremes are also expected to 
become more frequent and intense 
as global average temperatures 
increase. This is already being 
observed globally200: heavy rainfall 
events over most land areas have 
become more frequent and intense 
in recent decades, although these 
trends have varied notably between 
regions and seasons. In southern 
Australia194, 195, for example, the 
frequency of heavy rainfall has 
decreased201 in some seasons. While 
there is no clear trend in drought 
occurrence globally50, indications 
are that droughts have increased in 
some regions (such as southwest 
Australia) and decreased in others 
(such as northwest Australia) since 
the middle of the 20th century202–204.

For other extreme weather events 
such as tropical cyclones, there 
are not yet sufficient good quality 
observational data to make 
conclusive statements about past 
long-term trends78, 171, 205, 206. However, 
as the climate continues to warm, 
intensification of rainfall from 
tropical cyclones is expected171.

Recent scientific advances now 
allow us to begin ascribing changes 
in the climate system to a set of 
underlying natural and human 
causes207, 208. For example, it is now 
possible to estimate the contribution 
of human-induced global warming 
to the probabilities of some kinds 
of extreme events. There is a 
discernible human influence in the 
observed increases in extremely 
hot days and heatwaves209, 210. While 
the record high temperatures of 
the 2012/2013 Australian summer 
could have occurred naturally, they 
were substantially more likely to 
occur because of human influences 
on climate211, 212. By contrast, the 
large natural variability of other 
extremes, such as rainfall213 or 
tropical cyclones171, means that 
there is still much less confidence 
in how these are being affected by 
human influences.

How are extreme  
events changing?

above: Flooding in Darwin, NT, following 
tropical cyclone Carlos in 2011. Photo: 
Charles Strebor
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Extremes are expected to 
change in the future
As the climate continues to warm in 
response to further greenhouse gas 
emissions, high temperature extremes 
will become hotter and cold extremes 
will become less cold214. The rate of 
change of temperature extremes 
in Australia will depend on future 
emission levels215: higher emissions 
will cause progressively more frequent 
high extreme temperatures (Figure 5.2 
left). Climate model projections also 
suggest (though with considerable 
uncertainty) that in the next several 
decades, heavy rainfall events in 
Australia will tend to increase under 
a high emissions pathway (Figure 5.2 
right). Across the globe, projections 
point broadly to an intensification of 
the wettest days214, 216 and a reduction 
in the return time of the most 
extreme events (Figure 5.3), although 
there is much regional variation in 
these trends. For Australia, a warmer 

future will likely mean that extreme 
precipitation is more intense and more 
frequent, interspersed with longer dry 
spells214, 215, likewise with substantial 
regional variability. 

In many continents, including 
Australia, a high temperature event 
expected once in 20 years at the 
end of the 21st century is likely to 
be over 4oC hotter than it is today 
(Figure 5.4). Furthermore, what 
we experience as a one-in-20-year 
temperature today would become 
an annual or one-in-two-year event 
by the end of the 21st century in 
many regions216. 

Future changes in other extreme 
weather events are less certain. 
Evidence suggests there will 
be fewer tropical cyclones, but 
that the strongest cyclones will 
produce heavier rainfall than they 
do currently171, 217.
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Figure 5.2: Future increases in extreme 
temperatures in Australia are strongly 
linked to global greenhouse gas emissions. 
But future changes in heavy rainfall are 
much less certain. Plots show Australia-
wide changes in (left) the percentage 
of days annually with daily maximum 
surface air temperature warmer than the 
temperature exceeded by the hottest 10% 
of days during 1961–1990; and (right) the 
percentage change in annual precipitation 
from the wettest 5% of rainfall days 
(relative to 1986–2005). Red and blue lines 
represent outcomes under high-emissions 
and low-emissions pathways214, 218, 219. 
Source: working group for this document.

Figure 5.3: Over most continents, a heavy rainfall event that occurs only once in 20 years 
today is expected to occur at least twice as often by end of the 21st century. The map 
shows projections, under a high emission pathway, of the return period during 2081–2100 
for daily precipitation values that have a 20-year return period during 1986–2005. Adapted 
from IPCC (2013)79 Fifth Assessment Report, Working Group 1, Technical Summary, TFE.9, 
Figure 1f.

Figure 5.4: The maximum temperature in any 20-year time period is expected to increase 
with time, being substantially higher at the end of the 21st century than today. The map 
shows projections under a high emissions pathway of the change from 1986–2005 to 
2081–2100 in 20-year return values of daily maximum temperatures. Adapted from IPCC 
(2013)79, Fifth Assessment Report, Working Group 1, Technical Summary, TFE.9, Figure 1e.



In past warmer climates, sea 
level was higher than today 
Sea level was between 5 metres and 
10 metres above current levels during 
the last interglacial period (129,000 
to 116,000 years ago)16, 220, 221 when 
global average surface temperatures 
were less than 2°C above their values 
just before the start of the industrial 
era in the 19th century222. The 
estimated contributions from ocean 
thermal expansion223 and a then 
smaller Greenland Ice Sheet16 imply 
a contribution also from Antarctica 
to this higher sea level. 

Globally, sea levels are 
currently rising 
For two thousand years before 
the mid-19th century, the long-
term global sea-level change was 
small, only a few centimetres per 
century224–232. Since then, the rate of 
rise has increased substantially233; 
from 1900 to 2012, sea level rose 
by a global average of about 19 
centimetres234–237. In the past 20 years, 
both satellite and coastal sea-level 
data indicate that the rate of rise 
has increased to about 3 centimetres 
per decade. A similarly high rate 
was experienced in the 1920 to 1950 
period234, 235, 237 (Figure 6.1). 

The two largest contributions to 
sea-level rise since 1900 were the 

expansion of ocean water as it 
warmed, and the addition of water 
to the ocean from loss of ice from 
glaciers238–240. Since 1990, there have 
been further contributions from 
surface melting of the Greenland ice 
sheet, and the increased discharge 
of ice into the ocean from both 
the Greenland and Antarctic ice 
sheets62. This increase in ice-sheet 
discharge is related to increases in 
ocean temperatures adjacent to and 
underneath the glacier tongues and 
floating ice shelves that fringe the 
coast of Greenland and Antarctica241. 
The sum of storage of water in 
terrestrial reservoirs242 and the 
depletion of ground water243, 244 have 
made a small contribution to sea-level 
rise during the 20th century244, 245. 

Australian sea levels are rising
Around the Australian coastline, 
sea level rose relative to the land 
throughout the 20th century, with 
a faster rate (partly as a result of 
natural climate variability) since 
1993246, 247. This follows several 
thousand years when there was 
a slow fall of Australian sea levels 
relative to the land at rates of a few 
centimetres per century. This was 
a result of ongoing changes to the 
‘solid’ Earth following loss of the large 
surface loading from ice sheets of the 
last ice age248. 

How are sea  
levels changing?

left: Coogee Beach sea pool, NSW.  
Photo: Robert Montgomery 
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Sea levels are projected to 
rise at a faster rate during the 
21st century than during the 
20th century
By 2100, it is projected245 that the 
oceans will rise by a global average 
of 28 to 61 centimetres relative to 
the average level over 1986–2005 
if greenhouse gas emissions are 
low, and by 52 to 98 centimetres if 
emissions are high (Figure 6.1).  
The largest contributions are 
projected to be ocean thermal 
expansion249, 250 and the loss of 
ice from glaciers61, 251–253, with the 
Greenland ice sheet contributing 
from surface melt254 and ice 
discharge255 into the ocean. For 
Antarctica, increased snowfall256, 257 
may partially offset an increase  
in discharge of ice into the  
ocean258, 259. Observations indicate 
that an increased discharge 
from Antarctica is occurring260, 
particularly from sectors of the 
Antarctic ice sheet resting on land 
below sea level. Recent models 
successfully simulate increased flow 
in individual Antarctic glaciers261, 262 
and support the rates of ice sheet 
loss that were used to estimate 
global sea level rise of up to 98 cm 
by 2100245. However, the relevant 
ice-sheet processes are poorly 
understood263–265 and an additional 
rise of several tens of centimetres 
by 2100 cannot be excluded245. 

Regional sea-level change266, 267 
can be different from the global 
average because of changes in 
ocean currents266, 267, changes in 
regional atmospheric pressure268, 
the vertical movement of land, and 
changes in the Earth’s gravitational 
field269–272 as a result of changes 
in the distribution of water, 
particularly ice sheets, on the Earth. 
For Australia, 21st century sea-level 
rise is likely to be close to the global 
average rise245, 273. 

In addition to climate-driven sea-
level change, local factors can also 
be important and may dominate 
at some locations. These include 
tectonic land movements274 and 
subsidence275, 276 resulting from 
the extraction of ground water or 
hydrocarbons, sediment loading and 
compaction. Changes in sediment 
supply275, 276 can affect local erosion/
accretion of the coastline.

Rising sea levels result in a 
greater coastal flood and 
erosion risk 
Rising average sea levels mean that 
extreme sea levels of a particular 
height are exceeded more often 
during storm surges277. For the east 
and west coasts of Australia, this 
happened three times more often 
in the second half compared to the 
first half of the 20th century278. This 
effect will continue with more than a 
ten-fold increase in the frequency of 
extreme sea levels by 2100277 at many 
locations and a much increased risk 
of coastal flooding279 and erosion, 
even for a low emissions pathway. 

Sea levels will continue to rise 
for centuries
By 2300, it is projected245 that high 
greenhouse gas emissions could lead 
to a global sea-level rise of 1 metre 
to 3 metres or more. This may be an 
underestimate because it is difficult 
to accurately simulate the changes 
in the discharge from the Antarctic 
and Greenland ice sheets. 

Sustained warming would lead to the 
near-complete loss of the Greenland 
ice sheet over a thousand years 
or more, contributing up to about 
7 metres56 to global average sea-
level rise. This would occur above 
a warming threshold estimated 
to be between about 1°C280 and 
4°C245, 254, 281–283,  of global average 
warming relative to pre-industrial 
temperatures. It is possible that a 
larger sea-level rise could result from 
a collapse of sectors of the Antarctic 
ice sheet resting on land below 
sea level. Current understanding is 
insufficient to assess the timing or 
magnitude of such a multi-century 
contribution from Antarctica, 
although there is increasing 
evidence that it may already have 
commenced260–262.

Figure 6.1: Global average sea level has increased from estimated pre-industrial levels 
and is projected to rise at a faster rate during the 21st century245. The blue235, orange234 
and green237 curves up to 2010 are different estimates of global average sea-level change, 
relative to the pre-industrial level, based on historical tide-gauge observations. The 
light blue curve is the satellite altimeter observations from 1993 to 2012. Projections, 
shown from 2006 to 2100, are relative to the average over 1986–2005245 for high and low 
greenhouse gas emission pathways. Adapted from IPCC (2013)79, Fifth Assessment Report, 
Working Group 1, Figure 13.27.
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 Box 7.1: Impacts of a drier climate: the case of southwest 
Western Australia

Declining rainfall and surface reservoir recharge since the mid-1970s in 
southwest Western Australia have been linked to changes in atmospheric 
circulation that are consistent with what would be expected in an 
atmosphere influenced by increasing greenhouse gas concentrations152. 
The Water Corporation of Western Australia is addressing the diminishing 
surface water resource by setting out to deliver a ‘climate-independent’ 
supply of water for domestic consumption through two desalination 
plants. These now have the capacity to provide around half the piped 
water supply for the wider Perth region at a cost several times greater 
than that of surface water370.

Climate changes have always 
affected societies and 
ecosystems
Climate change, whatever the 
cause, has profoundly affected 
human societies and the natural 
environment in the past. Throughout 
history there are examples of 
societal collapse associated with 
regional changes in climate, ranging 
from the decline of the Maya in 
Mexico (linked to drought)284 to 
the disappearance of the Viking 
community from Greenland in 
the fifteenth century (linked to 
decreasing temperatures)285. Some 
of these regional climate changes 
occurred rapidly, on timescales 
similar to current rates of global 
climate change.

Impacts from human-induced 
climate change are already 
occurring  
The clearest present-day impacts 
of climate change in Australia and 
elsewhere are seen in the natural 
environment, and are associated with 
warming temperatures and increases 
in the number, duration and severity 
of heatwaves78, 286. These impacts 
include changes in the growth and 
distribution of plants, animals and 
insects77, 287–289; poleward shifts in the 
distribution of marine species; and 
increases in coral bleaching on the 
Great Barrier Reef290 and Western 
Australian reefs291, 292. Some of these 
changes can directly affect human 
activities; for example, through the 
effects of changing distributions 
of fish and other marine organisms 
on commercial and recreational 
fisheries293, and the impacts of coral 
bleaching on tourism294. 

Some regional changes in Australian 
rainfall have been linked to human-
induced climate change. Southwest 
Western Australia has experienced a 
reduction in rainfall since the 1970s 
that has been attributed, at least 
in part, to enhanced greenhouse 
warming (Question 3)78, 80, 152, 153. 
Societal adaptation to the resulting 
shortfalls in water supply is possible 
and already occurring (Box 7.1).

above left: The Southern Seawater 
Desalination Plant at Binningup, WA, 
supplies drinking water to Perth. Photo: 
Darryl Peroni Photography, courtesy of 
Water Corporation.

above right: Developed by the CSIRO 
Information and Communications 
Technology Centre at its Queensland 
laboratory, Starbug is an autonomous, 
miniature submarine for underwater 
monitoring and surveying of ecosystems 
such as the Great Barrier Reef. Photo: QCAT 

What are the impacts  
of climate change?
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Current changes are expected 
to continue and intensify in 
the future
The impacts of future climate 
change and related sea-level rise will 
be experienced in many areas, from 
the natural environment to food 
security and from human health to 
infrastructure. 

Ecosystems: Among Australia’s 
terrestrial ecosystems, some of 
the most vulnerable to climate 
change are (1) alpine systems as 
habitats shift to higher elevations 
and shrink in area295; (2) tropical 
and subtropical rainforests 
due to warming temperatures 
(moderated or intensified by rainfall 
changes)296–298; (3) coastal wetlands 
affected by sea-level rise and saline 
intrusion299; (4) inland ecosystems 
dependent on freshwater and 

groundwater that are affected by 
changed rainfall patterns300, 301; and 
(5) tropical savannahs affected 
by changes in the frequency and 
severity of bushfires302. 

Climate warming causes land and 
ocean life to migrate away from 
areas that have become too warm, 
and towards areas that previously 
were too cool303. In many places, 
climate change is likely to lead 
to invasion by new species and 
extinctions of some existing species 
that will have nowhere to migrate, 
for example because they are located 
on mountain tops (Figure 7.1). 
Seemingly small changes, such as the 
loss of a key pollinating species, may 
potentially have large impacts304.

Carbon dioxide affects ecosystems 
directly, both positively and 
negatively. On land it enhances 

growth in some trees and plants, 
an effect sometimes called 
‘CO2 fertilisation’. Absorption 
of CO2 into the oceans causes 
‘ocean acidification’, impeding 
shell formation by organisms 
such as corals and causing coral 
deterioration or death305.
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Figure 7.1: As temperatures become 
warmer, native animals that depend 
on cooler mountain habitats may be 
particularly vulnerable, as shown for this 
example from northern Queensland. The 
maps indicate the number of considered 
species  now present in the Wet Tropics 
bioregion under the current climate and 
those expected with temperature rises of 
1°C, 3.5°C and 5°C shown according to the 
colour code at the left. The impacts of 
changes in rainfall are not included in this 
example. Adapted from Williams et al. 
(2003)296. 

Bushfires: The number of extreme 
fire risk days has grown over the 
past four decades, particularly in 
southeast Australia and away from 
the coast (Figure 7.2). Future hotter 
and drier conditions, especially 
in southern Australia, are likely 
to cause further increases in the 
number of high fire-risk days and 
in the length of the fire season. CO2 
fertilisation may lead to increased 
foliage cover and hence increased 

fuel loads in warm arid environments 
such as parts of southern Australia155. 
A study of southeast Australia has 
projected that the number of fire 
danger days rated at ‘very high’ and 
above could double by 2050, under 
high emission climate scenarios306. 
Whether or not this leads to more, 
or worse, fires, and hence to changes 
in ecosystems, agriculture and 
human settlements, will depend on 
how this risk is managed.

Figure 7.2:  In most parts of 
Australia, the number of extreme 
fire weather days has increased 
over the last few decades. The map, 
left, shows the trends in extreme 
fire weather days (annual 90th 
percentile of daily values of the 
McArthur Forest Fire Danger Index 
(FFDI)) at 38 climate reference 
sites. Trends are given in FFDI 
points per decade and larger circles  
represent larger trends according 
to the size code shown below. 
Filled circles represent trends that 
are statistically significant. The 
time series, top, shows the trend 
in the annual cumulative FFDI at 
Melbourne Airport. Adapted from 
Clarke et al (2013)307.
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Food security: In a non-drought year, 
around three-quarters of Australian 
crop and livestock production is 
exported308. The range of adaptation 
strategies for primary producers 
to meet the challenge of climate 
change is large, including breed and 
seed selection, water conservation 
and changes in the timing of farm 
operations309. Over the next few 
decades, some Australian agriculture 
may benefit from warmer conditions 
and from the fertilisation effect of 
increased CO2 in the atmosphere. 
Looking further into the future, 
much depends on the effects of 
climate change on rainfall regimes 
in Australia’s farming regions. If 
rainfall increases, climate change 
may continue to be beneficial for 
some agriculture. However, for drier, 
hotter, higher-variability climate 
change scenarios, there are limits to 
adaptation with anticipated declines 
in crop yield309–311 and livestock 
production312.

Health: Heatwaves are among the 
highest-impact climate events in 
terms of human health in Australia. 
In very hot conditions, people can 
suffer from heat stress, especially 
vulnerable individuals such as the sick 
and elderly313. During the heatwave 
of early 2009 in Victoria, there were 
374 more deaths than average for the 
time of year314 (Figure 7.3). Warmer 
temperatures in future will lead to 
increased occurrences of heatwaves 
(Figure 5.2 left, see page 21). Without 
further adaptation, extremely hot 
episodes are expected to have the 
greatest impact on mortality in the 
hotter north315, 316, while in cooler 
southern Australia there is likely to 
be an offsetting reduction in the 
number of cold-season deaths.

Warmer temperatures may lead 
to an increase in diseases spread 
via water and food such as 
gastroenteritis317. Over the next 
few decades, Australia is expected 
to remain malaria-free318. However, 
other vector-borne diseases such 
as dengue fever, Barmah Forest 
Virus and Ross River Virus may 
expand their range, depending on 
socioeconomic and lifestyle factors 
related to hygiene, travel frequency 
and destinations, in addition to 
climate scenarios319–322.

Extreme events also have 
psychological impacts. Drought 
is known to cause depression 
and stress amongst farmers and 
pastoralists, and this impact may 
increase over southern Australia as 
a result of climate change323. 

Figure 7.3: The number of deaths in Victoria during the heatwave of 26 January to 
1 February 2009 was much higher than the average for the comparable period in 2004-08. 
Source: Victorian Department of Health report on the January 2009 heatwave314, Figure 10.
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Infrastructure: Climate change 
can have impacts on infrastructure 
such as electricity and transport 
networks324. Electricity demand rises 
sharply during heatwaves because 
of increased air conditioning. To 
avoid extensive blackouts there 
has been investment in generation 
and network capacity that is only 
used for a short time. In New South 
Wales, capacity needed for fewer 
than 40 hours a year (less than 1% 
of time) accounts for around 25% of 
retail electricity bills325. In the 2009 
heatwave in Melbourne, many rail 
services were cancelled because rails 
buckled and air conditioning failed. 

Coastal inundation and erosion due 
to sea-level rise, particularly when 
accompanied by extreme weather 
events, pose risks to infrastructure. 

Around 30,000 km of roads across 
Australia are at risk from a 1.1 metre 
sea-level rise, with housing and 
infrastructure at risk valued at more 
than $226 billion326.

In engineering terms, adapting 
to some of these risks is 
straightforward. Perth recently 
experienced a heatwave more 
intense than the Melbourne event, 
but no trains were cancelled on the 
city’s more modern rail network. 
However, the costs of adapting 
infrastructure can be high327. 

Climate change will 
interact with the effects 
of other stresses
The impacts of climate change often 
act to amplify other stresses328. For 
example, many natural ecosystems 

are already subject to urban 
encroachment, fragmentation, 
deforestation, invasive species, 
introduced pathogens and pressure 
on water resources. Some societies 
suffer warfare and civil unrest, 
overpopulation, poverty and sinking 
land in high population river deltas. 
Multiple stresses do not simply add 
to each other in complex systems like 
these; rather, they cascade together 
in unexpected ways309, 329. Therefore, 
climate change impacts, interacting 
with other stresses, have the 
potential to shift some ecosystems 
and societies into new states with 
significant consequences for human 
wellbeing330. For moderate levels of 
climate change, developed countries 
such as Australia are well placed to 
manage and adapt to such cascading 

impacts. However, developing 
nations, especially the least 
developed, face risks from projected 
impacts that may exceed capacities 
to adapt successfully328. As climate 
change intensifies, especially under 
high-emission pathways (Question 4), 
adaptive capacities may be exceeded 
even in developed countries.

The effects of climate 
change elsewhere will 
impact Australia
Human society is now globally 
interconnected, dependent on 
intricate supply chains and a 
finite resource base331. The global 
population now exceeds 7 billion 
people and is expected to increase 
to 9.6 billion by 2050332; half of all 
fresh water333 and almost a quarter 
of global plant productivity334 

is appropriated for human use; 
forecast yield gaps for major 
crops are increasing, especially in 
developing countries335, and some 
yields may be reaching biophysical 
limits336; 145 million people live 
within one metre elevation of 
sea level, with around 72% of 
these in Asia337. 

In this interconnected world, many 
risks to Australia from climate 
change, and potentially many 
opportunities, arise from impacts 
outside our national borders. For 
example: (1) sea-level rise and 
extreme events will threaten coastal 
zones, Pacific small island states, 
and large urban centres in Asian 
megadeltas337–339; (2) global food 
production and trading patterns will 
change as present-day exporters 
see production fall, and as new 
exporters emerge311, 340, 341; (3) 
climate change may exacerbate 
emerging humanitarian and security 
issues elsewhere in the world, 
leading to increased demands on 
Australia for aid, disaster relief and 
resettlement342–348.

The further global climate is 
pushed beyond the envelope 
of relative stability that has 
characterised the last several 
thousand years, the greater 
becomes the risk of major impacts 
that will exceed the adaptive 
capacity of some countries or 
regions. Australia is a wealthy, 
healthy and educated society well 
placed to adapt to climate change 
and with the capacity to help 
address the impacts of changing 
climates elsewhere in the world.

left: Climate change can have impacts 
on infrastructure such as electricity 
and transport networks. V/Line railway, 
Victoria. Photo: Dermis50

facing page: Cattle being mustered on 
CSIRO’s Belmont Research Station in 
central Queensland. Photo: CSIRO
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A number of factors prevent 
more accurate predictions of 
climate change, and many of 
these will persist 
While advances continue to be 
made in our understanding of 
climate physics and the response 
of the climate system to increases 
in greenhouse gases, many 
uncertainties are likely to persist. 
The rate of future global warming 
depends on future emissions, 
feedback processes that dampen or 
reinforce disturbances to the climate 
system, and unpredictable natural 
influences on climate like volcanic 
eruptions. Uncertain processes that 
will affect how fast the world warms 
for a given emissions pathway are 
dominated by cloud formation349, 
but also include water vapour and 
ice feedbacks, ocean circulation 
changes, and natural cycles of 
greenhouse gases. Although 
information from past climate 
changes largely corroborates model 
calculations, this is also uncertain 
due to inaccuracies in the data 
and potentially important factors 
about which we have incomplete 
information.

It is very difficult to tell in detail how 
climate change will affect individual 
locations, particularly with respect 
to rainfall. Even if a global change 
were broadly known, its regional 
expression would depend on 
detailed changes in wind patterns, 
ocean currents, plants, and soils. 

The climate system can throw up 
surprises: abrupt climate transitions 
have occurred in Earth’s history, 
the timing and likelihood of which 
cannot generally be foreseen with 
confidence. 

Despite these uncertainties, 
there is near-unanimous 
agreement among climate 
scientists that human-caused 
global warming is real350–352

It is known that human activities 
since the industrial revolution have 
sharply increased greenhouse gas 
concentrations; these gases have a 
warming effect; warming has been 
observed; the calculated warming 
is comparable to the observed 
warming; and continued reliance 
on fossil fuels would lead to greater 
impacts in the future than if this 
were curtailed. This understanding 
represents the work of thousands 
of experts over more than a century, 

and is extremely unlikely to be 
altered by further discoveries.

Uncertainty works in both 
directions: future climate 
change could be greater or 
less than present-day best 
projections
Any action involves risk if its 
outcomes cannot be foreseen and 
the possibility of significant harm 
cannot be ruled out. Uncertainty 
about the climate system does 
not decrease risk associated with 
greenhouse gas emissions, because 
it works in both directions: climate 
change could prove to be less severe 
than current estimates, but could 
also prove to be worse353.

Even if future changes from 
greenhouse gas emissions are at 
the low end of the expected range, 
a high-emissions pathway would 
still be enough to take the planet 
to temperatures it has not seen for 
many millions of years, well before 
humans evolved. In this situation, 
there can be no assurance that 
significant harm would not occur.

What are the uncertainties 
and their implications?

above:  Cooling towers at Loy Yang, a brown coal power station near Traralgon in Victoria. 
It is one of Australia’s biggest power stations by capacity. Photo: ©istockphoto/gumboot
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Science has an important 
role in identifying and 
resolving uncertainties, and 
informing public policy on 
climate change 
All societies routinely make 
decisions to balance or minimise 
risk with only partial knowledge 
of how these risks will play out354. 
This is true in defence, finance, the 
economy and many other areas. 
Societies have faced and made 
choices about asbestos, lead, CFCs, 
and tobacco355–358. Although each 
case has unique aspects, all carried 
scientifically demonstrated but 
hard-to-quantify risks, and were 
contentious359, in common with 
climate change.

Mechanisms have been put in 
place nationally and internationally 
to facilitate scientific input into 

decision making. In particular, the 
international Intergovernmental 
Panel on Climate Change (IPCC) has 
prepared thorough, ‘policy-neutral 
but policy-relevant’ assessments 
of the state of knowledge and 
uncertainties of the science 
since 1990, with the most recent 
assessment completed in 2014. 
Australian scientists have made a 
major contribution to the quality 
and integrity of these international 
IPCC assessments.

above: Helping to test NASA’s earth 
surface imaging satellite Earth 
Observing-1 (EO-1), at Lake Frome, South 
Australia. EO-1 collects much more 
detailed information about the earth’s 
surface than previous satellite missions. 
Photo: CSIRO Atmospheric Research

left: Volcanic eruptions can exert 
unpredictable natural influences on 
climate. Photo: ©iStockphoto.com/
pxhidalgo



Societies face choices about 
future climate change
Managing the risks from future 
human-induced climate change 
will necessarily be based on 
some combination of four broad 
strategies:

 > Emissions reduction: reducing 
climate change by reducing 
greenhouse gas emissions.

 > Sequestration: removing 
carbon dioxide (CO2) from the 
atmosphere into permanent 
geological, biological or oceanic 
reservoirs.

 > Adaptation: responding to and 
coping with climate change as 
it occurs, in either a planned or 
unplanned way.

 > Solar geoengineering: large-scale 
engineered modifications to limit 
the amount of sunlight reaching 
the earth, in an attempt to offset 
the effects of ongoing greenhouse 
gas emissions360–362. 

Each embodies a large suite of 
specific options, with associated 
risks, costs and benefits. The four 
strategies can affect each other: for 
example, doing nothing to reduce 
emissions would require increased 
expenditure to adapt to climate 
change, and increased chances of 
future resort to geoengineering. 

What does science say about 
options to address climate change?

Q9
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Options for emissions reduction 
centre on carbon dioxide
CO2 is the dominant contributor 
to human-induced climate change 
(Question 3). If the world adopts 
a target of keeping warming to 
less than 2oC above preindustrial 
temperatures, then future 
cumulative CO2 emissions would 
need to be capped at around  
30 years worth of current emissions 
(Question 4). Estimates of the 
amount of carbon in accessible fossil 
fuel reserves vary, but all agree that 
these reserves are at least several 
times larger than the carbon cap for 
a 2oC warming limit363, 364. Therefore, 
such a carbon cap, or even a 
significantly more lenient one, can 
only be met if a large fraction of 
available fossil fuel reserves remains 
unburned or if the CO2 released 
is captured and permanently 
sequestered (see below). 

Methane, nitrous oxide, halocarbon 
gases and black-carbon aerosols also 
have warming effects (Question 3), 
and reductions in their emissions 
would reduce the near-term 

warming rate7, 365, 366. However, their 
combined contributions to warming 
over the longer term would be 
much less than that of CO2, so these 
reductions alone could not meet a 
goal such as a 2oC warming limit. 

There are many ways to reduce 
emissions of CO2 and other warming 
agents, including shifting energy 
supply away from dependence on 
fossil fuels; energy efficiency in 
the domestic, industrial, service 
and transport sectors; reductions 
in overall demand through better 
system design; and efficient 
reductions in emissions of methane, 
nitrous oxide, halocarbon gases and 
black-carbon aerosols. Uptake of 
all of these options is happening 
now, and multiple studies have 
shown that they can be expanded 
effectively308, 363, 367.

Other options are available 
but have significant collateral 
effects
In principle there are two 
interventions that could relax 
constraints on future emissions, but 
with significant uncertainties, risks, 
costs, and/or limitations. One would 
be to remove CO2 from combustion 
exhaust streams or from the air, and 
sequester it underground, in the 
deep ocean, or in trees or the soil. 
The places used to store this carbon 
need to hold it for many centuries. 
Such carbon sequestration 
strategies face logistical, economic 
and technical challenges361, 363. 

The other possible intervention 
would be to reduce Earth’s net 
absorption of sunlight, for example 
by generating a stratospheric 
aerosol layer or placing shields 
in space. While this could offset 
the surface warming caused by 
increasing greenhouse gases, it 
would do nothing to stop ocean 
acidification, would need to be 
maintained in perpetuity, and would 
carry multiple risks of adverse 

additional consequences on a global 
scale. Our current understanding 
of the climate system does not 
enable us to fully understand the 
implications of such actions362.

Some climate change is 
inevitable and adaptation 
will be needed 
Under any realistic future 
emissions scenario (Question 4), 
some additional global warming 
is inevitable and will require 
adaptation measures. Indeed, 
adaptation is needed now in 
response to climate change that 
has occurred already. The more 
CO2 that is emitted in the next 
few decades, the stronger the 
adaptation measures that will be 
needed in future. There are limits 
to the adaptive capacities of both 
ecosystems and human societies, 
particularly in less developed 
regions368, 369. Thus, the decisions we 
make today on emissions will affect 
not only the future requirements for 
and costs of adaptation measures, 
but also their feasibility.

Decisions are informed 
by climate science, but 
fundamentally involve ethics 
and value judgements
As our society makes choices 
about managing the risks and 
opportunities associated with 
climate change, there is an 
important role for objective 
scientific information on the 
consequences of alternative 
pathways. Choices also hinge on 
ethical frameworks and value 
judgements about the wellbeing 
of people, economies and the 
environment. The role of climate 
science is to inform decisions 
by providing the best possible 
knowledge of climate outcomes and 
the consequences of alternative 
courses of action.

facing page: Adjusting the Solar Thermal 
Dish at the Lucas Heights Facility, 
NSW, which is investigating renewable 
non-carbon energy options.  
Photo: North Sullivan Photography  
above:Capital Windfarm at Lake George, 
NSW. Photo: Claudio Goodman



32 | The science of climate change

1 Pierrehumbert, R. T. Principles of planetary climate.  
(Cambridge University Press, 2010).

2 Jacobson, M., Charleson, R. J., Rodhe, H. & Orians, G. H. 
Earth System Science: From Biogeochemical Cycles to Global 
Change. (Academic Press, 2000).

3 Steffen, W. L. et al. Global Change and the Earth System: a 
Planet Under Pressure  (Springer, 2004).

4 IPCC. Annex III: Glossary. in Climate Change 2013: The 
Physical Science Basis. Contribution of Working Group I 
to the Fifth Assessment Report of the Intergovernmental 
Panel on Climate Change   (ed T.F. Stocker, D. Qin, G.-K. 
Plattner, M. Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, 
V. Bex and P.M. Midgley) Ch. AIII, 1447–1466 (Cambridge 
University Press, 2013).

5 Drosdowsky, W. & Chambers, L. E. Near-global sea surface 
temperature anomalies as predictors of Australian seasonal 
rainfall. Journal of Climate 14, 1677–1687, doi:10.1175/1520–
0442(2001)014<1677:Nacngs>2.0.Co;2 (2001).

6 Steinemann, A. C. Using climate forecasts for drought 
management. Journal of Applied Meteorology and 
Climatology 45, 1353–1361, doi:10.1175/Jam2401.1 (2006).

7 Boucher, O. et al. Clouds and Aerosols. in Climate 
Change 2013: The Physical Science Basis. Contribution of 
Working Group I to the Fifth Assessment Report of the 
Intergovernmental Panel on Climate Change   (eds T. F. 
Stocker et al.)  (Cambridge University Press, 2013).

8 Schmidt, G. A., Ruedy, R. A., Miller, R. L. & Lacis, A. A. 
Attribution of the present-day total greenhouse effect. 
Journal of Geophysical Research: Atmospheres 115, D20106, 
doi:10.1029/2010JD014287 (2010).

9 Tyndall, J. The Bakerian Lecture: On the Absorption 
and Radiation of Heat by Gases and Vapours, and on 
the Physical Connexion of Radiation, Absorption, and 
Conduction. Philosophical Transactions of the Royal Society 
of London 151, 1–36 (1861).

10 Arrhenius, S. On the influence of carbonic acid in the 
air upon the temperature of the ground. Philosophical 
Magazine and the Journal of Science 41, 239–276 (1896).

11 IPCC. Climate Change 2013: The Physical Science Basis. 
Contribution of Working Group I to the Fifth Assessment 
Report of the Intergovernmental Panel on Climate Change.  
(Cambridge University Press, 2013).

12 Chung, E.-S., Soden, B., Sohn, B. J. & Shi, L. Upper-
tropospheric moistening in response to anthropogenic 
warming. Proceedings of the National Academy of Sciences 
11, 11636–11641, doi:10.1073/pnas.1409659111 (2014).

13 Sherwood, S. C., Roca, R., Weckwerth, T. M. & 
Andronova, N. G. Tropospheric water vapor, convection, 
and climate. Reviews of Geophysics 48, RG2001, 
doi:10.1029/2009RG000301 (2010).

14 Held, I. M. & Soden, B. J. Water vapour feedback and global 
warming. Annual Review of Energy and the Environment 25, 
441–475, doi:10.1146/annurev.energy.25.1.441 (2000).

15 Zachos, J., Pagani, M., Sloan, L., Thomas, E. & Billups, 
K. Trends, Rhythms, and Aberrations in Global Climate 
65 Ma to Present. Science 292, 686–693, doi:10.1126/
science.1059412 (2001).

16 Masson-Delmotte, V. et al. Information from Paleoclimate 
Archives. in Climate Change 2013: The Physical Science 
Basis. Contribution of Working Group I to the Fifth 
Assessment Report of the Intergovernmental Panel on 
Climate Change   (ed T.F. Stocker, D. Qin, G.-K. Plattner, 
M. Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex 

and P.M. Midgley) Ch. 5, 383–464 (Cambridge University 
Press, 2013).

17 Kennett, J. P. Cenozoic Evolution of Antarctic Glaciation, 
Circum-Antarctic Ocean, and Their Impact on Global 
Paleoceanography. Journal of Geophysical Research-Oceans 
and Atmospheres 82, 3843–3860 (1977).

18 Sijp, W. P., England, M. H. & Toggweiler, J. R. Effect 
of Ocean Gateway Changes under Greenhouse 
Warmth. Journal of Climate 22, 6639–6652, 
doi:10.1175/2009JCLI3003.1 (2009).

19 Wenzler, T., Solanki, S. K. & Krivova, N. A. Can surface 
magnetic fields reproduce solar irradiance variations in 
cycles 22 and 23? Astronomy & Astrophysics 432, 1057–1061, 
doi:10.1051/0004-6361:20041956 (2005).

20 Jouzel, J. et al. Orbital and Millennial Antarctic Climate 
Variability over the Past 800,000 Years. Science 317, 
793–796, doi:10.1126/science.1141038 (2007).

21 Laskar, J. et al. A long-term numerical solution for 
the insolation quantities of the Earth. Astronomy and 
Astrophysics 428, 261–285 (2004).

22 Berger, A. & Loutre, M. F. Insolation values for the climate 
of the last 10 million years. Quaternary Science Reviews 10, 
297–317, doi:10.1016/0277-3791(91)90033-Q (1991).

23 Robock, A. Volcanic eruptions and climate. Reviews of 
Geophysics 38, 191–219, doi:10.1029/1998RG000054 (2000).

24 Archer, D., Winguth, A., Lea, D. & Mahowald, N. 
What caused the glacial/interglacial atmospheric 
pCO2 cycles? Reviews of Geophysics 38, 159–189, 
doi:10.1029/1999RG000066 (2000).

25 Lüthi, D. et al. High-resolution carbon dioxide 
concentration record 650,000-800,000 years before 
present. Nature 453, 379–382 (2008).

References



The science of climate change | 33

26 Loulergue, L. et al. Orbital and millennial-scale features 
of atmospheric CH4 over the past 800,000[thinsp]years. 
Nature 453, 383–386, doi:10.1038/nature06950 (2008).

27 Kopp, R. E., Kirschvink, J. L., Hilburn, I. A. & Nash, C. Z. 
The Paleoproterozoic snowball Earth: A climate disaster 
triggered by the evolution of oxygenic photosynthesis. 
Proceedings of the National Academy of Sciences of the 
United States of America 102, 11131–11136 (2005).

28 Schulte, P. et al. The Chicxulub Asteroid Impact and Mass 
Extinction at the Cretaceous-Paleogene Boundary. Science 
327, 1214–1218 (2010).

29 Fedorov, A. V., Brierley, C. M. & Emanuel, K. Tropical cyclones 
and permanent El Niño in the early Pliocene epoch. Nature 
463, 1066–1070, doi:10.1038/nature08831 (2010).

30 O’Brien, C. L. et al. High sea surface temperatures in 
tropical warm pools during the Pliocene. Nature Geosci 7, 
606–611, doi:10.1038/ngeo2194 (2014).

31 Köhler, P. et al. What caused Earth’s temperature 
variations during the last 800,000 years? Data-based 
evidence on radiative forcing and constraints on climate 
sensitivity. Quaternary Science Reviews 29, 129–145 (2010).

32 Schneider von Deimling, T., Held, H., Ganopolski, A. & 
Rahmstorf, S. Climate sensitivity estimated from ensemble 
simulations of glacial climate. Climate Dynamics 27, 
149–163, doi:10.1007/s00382-006-0126-8 (2006).

33 Holden, P. B., Edwards, N. R., Oliver, K. I. C., Lenton, T. M. 
& Wilkinson, R. D. A probabilistic calibration of climate 
sensitivity and terrestrial carbon change in GENIE-1. 
Climate Dynamics 35, 785–806, doi:10.1007/s00382-009-
0630-8 (2010).

34 Annan, J. D. & Hargreaves, J. C. A new global reconstruction 
of temperature changes at the Last Glacial Maximum. 
Clim. Past 9, 367–376, doi:10.5194/cp-9-367-2013 (2013).

35 Lambeck, K., Esat, T. M. & Potter, E.-K. Links between 
climate and sea levels for the past three million years. 
Nature 419, 199–206, doi:10.1038/nature01089 (2002).

36 Lambeck, K., Purcell, A. & Dutton, A. The anatomy of 
interglacial sea levels: The relationship between sea 
levels and ice volumes during the Last Interglacial. Earth 
and Planetary Science Letters 315–316, 4–11, doi:10.1016/j.
epsl.2011.08.026 (2012).

37 Marcott, S. A., Shakun, J. D., Clark, P. U. & Mix, A. C. A 
Reconstruction of Regional and Global Temperature for 
the Past 11,300 Years. Science 339, 1198–1201, doi:10.1126/
science.1228026 (2013).

38 Wanner, H. et al. Mid- to Late Holocene climate change: 
an overview. Quaternary Science Reviews 27, 1791–1828, 
doi:10.1016/j.quascirev.2008.06.013 (2008).

39 Richerson, P. J., Boyd, R. & Bettinger, R. L. Was Agriculture 
Impossible during the Pleistocene but Mandatory during 
the Holocene? A Climate Change Hypothesis. American 
Antiquity 66, 387–411, doi:10.2307/2694241 (2001).

40 North Greenland Ice Core Project Members. High-
resolution record of Northern Hemisphere climate 
extending into the last interglacial period. Nature 431, 
147–151, doi:10.1038/nature02805 (2004).

41 Capron, E. et al. Millennial and sub-millennial scale climatic 
variations recorded in polar ice cores over the last glacial 
period. Clim. Past 6, 345–365, doi:10.5194/cp-6-345-2010 
(2010).

42 Clement, A. C. & Peterson, L. C. Mechanisms of abrupt 
climate change of the last glacial period. Reviews of 
Geophysics 46, RG4002, doi:10.1029/2006RG000204 (2008).

43 Barker, S., Knorr, G., Vautravers, M. J., Diz, P. & Skinner, L. C. 
Extreme deepening of the Atlantic overturning circulation 
during deglaciation. Nature Geosci 3,  567–571, doi:10.1038/
ngeo921 (2010).

44 Wunsch, C. Abrupt climate change: An alternative 
view. Quaternary Research 65, 191–203, doi:10.1016/j.
yqres.2005.10.006 (2006).

45 Mann, M. E. et al. Proxy-based reconstructions of 
hemispheric and global surface temperature variations 
over the past two millennia. Proceedings of the National 
Academy of Sciences 105, 13252–13257 (2008).

46 Cowtan, K. & Way, R. G. Coverage bias in the HadCRUT4 
temperature series and its impact on recent temperature 
trends. Quarterly Journal of the Royal Meteorological 
Society, doi:10.1002/qj.2297 (2014).

47 Etheridge, D. M. et al. Natural and anthropogenic changes 
in atmospheric CO2 over the last 1000 years from air in 
Antarctic ice and firn. Journal of Geophysical Research-
Atmospheres 101, 4115–4128 (1996).

48 Trudinger, C. M. et al. Reconstructing atmospheric 
histories from measurements of air composition in firn. 
Journal of Geophysical Research: Atmospheres 107, 4780, 
doi:10.1029/2002JD002545 (2002).

49 Mayewski, P. A. et al. Holocene climate variability. 
Quaternary Research 62, 243–255, doi:10.1016/j.
yqres.2004.07.001 (2004).

50 Hartmann, D. L. et al. Observations: Atmosphere and 
Surface. in Climate Change 2013: The Physical Science Basis. 
Contribution of Working Group I to the Fifth Assessment 
Report of the Intergovernmental Panel on Climate Change   
(ed T.F. Stocker, D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, 
J. Boschung, A. Nauels, Y. Xia, V. Bex and P.M. Midgley) Ch. 
2, 159–254 (Cambridge University Press, 2013).

51 Karl, T. R., Hassol, S. J., Miller, C. D. & Murray, W. L. (eds). 
Temperature Trends in the Lower Atmosphere: Steps 
for Understanding and Reconciling Differences. A Report 
by the U.S. Climate Change Science Program and the 
Subcommittee on Global Change Research. (National 
Oceanic and Atmospheric Administration and National 
Climatic Data Center, Asheville, 2006).

52 Trenberth, K. E. et al. Observations: surface and 
atmospheric climate change. in Climate Change 2007: The 
Physical Science Basis. Contribution of Working Group I to 
the Fourth Assessment Report of the Intergovernmental 
Panel on Climate Change.   (eds S. Solomon et al.)  
(Cambridge University Press, 2007).

53 Santer, B. D. et al. Human and natural influences on 
the changing thermal structure of the atmosphere. 
Proceedings of the National Academy of Sciences 110, 
17235–17240 (2013).

54 Abraham, J. P. et al. A review of global ocean temperature 
observations: Implications for ocean heat content 
estimates and climate change. Reviews of Geophysics 51, 
450–483, doi:10.1002/rog.20022 (2013).

55 Levitus, S., Antonov, J. & Boyer, T. Warming of the world 
ocean, 1955–2003. Geophysical Research Letters 32 (2005).

56 Vaughan, D. G., J.C. Comiso, I. Allison, J. Carrasco, G. Kaser, 
R. Kwok, P. Mote, T. Murray, F. Paul, J. Ren, E. Rignot, 
O. Solomina, K. Steffen and T. Zhang. Observations: 
Cryosphere. in Climate Change 2013: The Physical Science 
Basis. Contribution of Working Group I to the Fifth 
Assessment Report of the Intergovernmental Panel on Climate 
Change   (ed T.F. Stocker, D. Qin, G.-K. Plattner, M. Tignor, 
S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex and P.M. 
Midgley) Ch. 4, 317–382 (Cambridge University Press, 2013).



34 | The science of climate change

57 Gardner, A. S. et al. A Reconciled Estimate of Glacier 
Contributions to Sea Level Rise: 2003 to 2009. Science 340, 
852–857, doi:10.1126/science.1234532 (2013).

58 Hirabayashi, Y., Zhang, Y., Watanabe, S., Koirala, S. & 
Kanae, S. Projection of glacier mass changes under a high-
emission climate scenario using the global glacier model 
HYOGA2. Hydrol. Res. Lett. 7, 6–11 (2013).

59 Cogley, J. G. Geodetic and direct mass-balance 
measurements: comparison and joint analysis. Annals of 
Glaciology 50, 96–100, doi:10.3189/172756409787769744 
(2009).

60 Leclercq, P. W., Oerlemans, J. & Cogley, J. G. Estimating 
the Glacier Contribution to Sea-Level Rise for the Period 
1800–2005. Surveys in Geophysics 32, 519–535, doi:10.1007/
s10712-011-9121-7 (2011).

61 Marzeion, B., Jarosch, A. H. & Hofer, M. Past and future 
sea-level change from the surface mass balance of 
glaciers. The Cryosphere 6, 1295–1322, doi:10.5194/tc-6-
1295–2012 (2012).

62 Shepherd, A. et al. A Reconciled Estimate of Ice-Sheet 
Mass Balance. Science 338, 1183–1189, doi:10.1126/
science.1228102 (2012).

63 Comiso, J. C., Parkinson, C. L., Gersten, R. & Stock, L. 
Accelerated decline in the Arctic sea ice cover. Geophysical 
Research Letters 35, L01703, doi:10.1029/2007GL031972 
(2008).

64 Stroeve, J., Holland, M. M., Meier, W., Scambos, T. 
& Serreze, M. Arctic sea ice decline: Faster than 
forecast. Geophysical Research Letters 34, L09501, 
doi:10.1029/2007GL029703 (2007).

65 Comiso, J. C. Large Decadal Decline of the Arctic Multiyear 
Ice Cover. Journal of Climate 25, 1176–1193, doi:10.1175/
JCLI-D-11-00113.1 (2011).

66 Kwok, R. Near zero replenishment of the Arctic multiyear 
sea ice cover at the end of 2005 summer. Geophysical 
Research Letters 34, L05501, doi:10.1029/2006GL028737 
(2007).

67 Rothrock, D. A., Percival, D. B. & Wensnahan, M. The 
decline in arctic sea-ice thickness: Separating the spatial, 
annual, and interannual variability in a quarter century of 
submarine data. Journal of Geophysical Research: Oceans 
113, C05003, doi:10.1029/2007JC004252 (2008).

68 Wadhams, P., Hughes, N. & Rodrigues, J. Arctic sea ice 
thickness characteristics in winter 2004 and 2007 from 
submarine sonar transects. Journal of Geophysical Research: 
Oceans 116, C00E02, doi:10.1029/2011JC006982 (2011).

69 Stammerjohn, S., Massom, R., Rind, D. & Martinson, D. 
Regions of rapid sea ice change: An inter-hemispheric 
seasonal comparison. Geophysical Research Letters 39, 
L06501, doi:10.1029/2012GL050874 (2012).

70 Comiso, J. C. & Nishio, F. Trends in the sea ice cover using 
enhanced and compatible AMSR-E, SSM/I, and SMMR 
data. Journal of Geophysical Research: Oceans 113, C02S07, 
doi:10.1029/2007JC004257 (2008).

71 Durack, P. J., Wijffels, S. E. & Matear, R. J. Ocean Salinities 
Reveal Strong Global Water Cycle Intensification During 
1950 to 2000. Science 336, 455–458 (2012).

72 Böning, C. W., Dispert, A., Visbeck, M., Rintoul, S. R. 
& Schwarzkopf, F. U. The response of the Antarctic 
Circumpolar Current to recent climate change. Nature 
Geosci 1, 864–869, doi:10.1038/ngeo362 (2008).

73 Sokolov, S. & Rintoul, S. R. Circumpolar structure and 
distribution of the Antarctic Circumpolar Current fronts: 
1. Mean circumpolar paths. Journal of Geophysical Research: 
Oceans 114, C11018, doi:10.1029/2008JC005108 (2009).

74 Sokolov, S. & Rintoul, S. R. Circumpolar structure and 
distribution of the Antarctic Circumpolar Current fronts: 
2. Variability and relationship to sea surface height. 
Journal of Geophysical Research: Oceans 114, C11019, 
doi:10.1029/2008JC005248 (2009).

75 Ridgway, K. R. Long-term trend and decadal variability 
of the southward penetration of the East Australian 
Current. Geophysical Research Letters 34, L13613, 
doi:10.1029/2007GL030393 (2007).

76 Poloczanska, E. S. et al. Global imprint of climate change 
on marine life. Nature Clim. Change 3, 919–925, doi:10.1038/
nclimate1958 (2013).

77 VanDerWal, J. et al. Focus on poleward shifts in species’ 
distribution underestimates the fingerprint of climate 
change. Nature Clim. Change 3, 239–243, doi:10.1038/
nclimate1688 (2013).

78 CSIRO & Bureau of Meteorology. State of the climate 
2014. http://www.CSIRO.au/Outcomes/Climate/
Understanding/State-of-the-Climate-2012.aspx. 16 (CSIRO, 
Canberra, Australia, 2014).

79 IPCC. Climate Change 2013: The Physical Science Basis. 
Contribution of Working Group I to the Fifth Assessment 
Report of the Intergovernmental Panel on Climate Change.  
(Cambridge University Press, 2013).

80 Delworth, T. L. & Zeng, F. Regional rainfall decline in 
Australia attributed to anthropogenic greenhouse gases 
and ozone levels. Nature Geosci 7, 583–587, doi:10.1038/
ngeo2201 (2014).

81 Morice, C. P., Kennedy, J. J., Rayner, N. A. & Jones, P. 
D. Quantifying uncertainties in global and regional 
temperature change using an ensemble of observational 
estimates: The HadCRUT4 data set. Journal of Geophysical 
Research-Atmospheres 117, doi:10.1029/2011jd017187 (2012).

82 NASA-GISS. GISS surface temperature analysis (GISTEMP). 
http://data.giss.nasa.gov/gistemp/. (Goddard Institute 
for Space Studies, National Aeronautics and Space 
Administration, New York City, NY, USA, 2013).

83 NOAA-NCDC. Global surface temperature anomalies. 
http://www.ncdc.noaa.gov/cmb-faq/anomalies.php. 
(National Climatic Data Center, National Oceanic and 
Atmospheric Administration, USA, Boulder, CO, USA, 2013).

84 Grant, F. & Stefan, R. Global temperature evolution 
1979–2010. Environmental Research Letters 6, 044022 (2011).

85 Kosaka, Y. & Xie, S.-P. Recent global-warming hiatus tied 
to equatorial Pacific surface cooling. Nature 501, 403–407, 
doi:10.1038/nature12534 (2013).

86 Easterling, D. R. & Wehner, M. F. Is the climate 
warming or cooling? Geophysical Research Letters 36, 
doi:10.1029/2009GL037810 (2009).

87 England, M. H. et al. Recent intensification of wind-driven 
circulation in the Pacific and the ongoing warming hiatus. 
Nature Clim. Change 4, 222–227, doi:10.1038/nclimate2106 
(2014).

88 Trenberth, K. E. & Fasullo, J. T. An apparent 
hiatus in global warming? Earth’s Future 1, 19–32, 
doi:10.1002/2013EF000165 (2013).

89 Watanabe, M. et al. Strengthening of ocean heat uptake 
efficiency associated with the recent climate hiatus. 
Geophysical Research Letters 40, 3175–3179, doi:10.1002/
grl.50541 (2013).



The science of climate change | 35

90 Balmaseda, M. A., Trenberth, K. E. & Kallen, E. Distinctive 
climate signals in reanalysis of global ocean heat content. 
Geophysical Research Letters 40, 1754–1759 (2013).

91 Levitus, S. et al. World ocean heat content and 
thermosteric sea level change (0–2000 m), 1955–
2010. Geophysical Research Letters 39, L10603, 
doi:10.1029/2012GL051106 (2012).

92 Meehl, G. A., Arblaster, J. M., Fasullo, J. T., Hu, A. & 
Trenberth, K. E. Model-based evidence of deep-ocean heat 
uptake during surface-temperature hiatus periods. Nature 
Clim. Change 1, 360–364, doi:10.1038/nclimate1229 (2011).

93 Lyman, J. M. et al. Robust warming of the global upper 
ocean. Nature 465, 334–337, doi:10.1038/nature09043 
(2010).

94 Purkey, S. G. & Johnson, G. C. Warming of Global Abyssal 
and Deep Southern Ocean Waters between the 1990s 
and 2000s: Contributions to Global Heat and Sea 
Level Rise Budgets*. Journal of Climate 23, 6336–6351, 
doi:10.1175/2010JCLI3682.1 (2010).

95 Schmidt, G. A., Shindell, D. T. & Tsigaridis, K. Reconciling 
warming trends. Nature Geosci 7, 158–160, doi:10.1038/
ngeo2105 (2014).

96 Solomon, S. et al. Contributions of Stratospheric Water 
Vapor to Decadal Changes in the Rate of Global Warming. 
Science 327, 1219–1223 (2010).

97 Solomon, S. et al. The Persistently Variable “Background” 
Stratospheric Aerosol Layer and Global Climate Change. 
Science 333, 866–870 (2011).

98 Santer, B. D. et al. Volcanic contribution to decadal 
changes in tropospheric temperature. Nature Geosci 7, 
185–189, doi:10.1038/ngeo2098 (2014).

99 Seneviratne, S. I., Donat, M. G., Mueller, B. & Alexander, L. 
V. No pause in the increase of hot temperature extremes. 
Nature Climate Change 4, 161–163 (2014).

100 NOAA-ESRL. Trends in Atmospheric Carbon Dioxide. 
http://www.esrl.noaa.gov/gmd/ccgg/trends/. (Global 
Monitoring Division, Earth System Research Laboratory, 
National Oceanic and Atmospheric Admisinstration, 
Boulder, CO, USA, 2013).

101 Scripps CO2 Program. Atmospheric CO2 data. http://
scrippsco2.ucsd.edu/data/data.html. (Scripps Institution 
of Oceanography, San Diego, CA, USA, 2013).

102 Dlugokencky, E. J., Nisbet, E. G., Fisher, R. & Lowry, D. 
Global atmospheric methane: budget, changes and 
dangers. Philosophical Transactions of the Royal Society 
A-Mathematical Physical and Engineering Sciences 369, 
2058–2072 (2011).

103 Rigby, M. et al. Renewed growth of atmospheric methane. 
Geophysical Research Letters 35 (2008).

104 Etheridge, D. M., Steele, L. P., Francey, R. J. & Langenfelds, 
R. L. Atmospheric methane between 1000 AD and present: 
Evidence of anthropogenic emissions and climatic 
variability. Journal of Geophysical Research 103, 15979–
15993 (1998).

105 MacFarling Meure, C. et al. Law Dome CO2, CH4 and N2O 
ice core records extended to 2000 years BP. Geophysical 
Research Letters 33 (2006).

106 Le Quéré, C. et al. Global carbon budget 2014. Earth Syst. 
Sci. Data Discuss. 7, 521–610, doi:10.5194/essdd-7-521-2014 
(2014).

107 GCP. Global carbon budget. http://www.
globalcarbonproject.org/carbonbudget/index.htm. (Global 
Carbon Project, Canberra, Australia, 2014).

108 McNeil, B. I. & Matear, R. J. Southern Ocean acidification: 
A tipping point at 450-ppm atmospheric CO2. Proceedings 
of the National Academy of Sciences of the United States of 
America 105, 18860–18864 (2008).

109 Friedlingstein, P. et al. Climate-carbon cycle feedback 
analysis: Results from the C4MIP model intercomparison. 
Journal of Climate 19, 3337–3353 (2006).

110 Sitch, S. et al. Evaluation of the terrestrial carbon 
cycle, future plant geography and climate-carbon cycle 
feedbacks using five Dynamic Global Vegetation Models 
(DGVMs). Global Change Biology 14, 2015–2039 (2008).

111 Ciais, P., C. Sabine, G. Bala, L. Bopp, V. Brovkin, J. Canadell, 
A. Chhabra, R. DeFries, J. Galloway, M. Heimann, C. Jones, 
C. Le Quéré, R.B. Myneni, S. Piao and P. Thornton. Carbon 
and Other Biogeochemical Cycles. in Climate Change 2013: 
The Physical Science Basis. Contribution of Working Group 
I to the Fifth Assessment Report of the Intergovernmental 
Panel on Climate Change   (ed T.F. Stocker, D. Qin, G.-K. 
Plattner, M. Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. 
Xia, V. Bex and P.M. Midgley) Ch. 6, 465–570 (Cambridge 
University Press, 2013).

112 Canadell, J. G. et al. Contributions to accelerating 
atmospheric CO2 growth from economic activity, carbon 
intensity, and efficiency of natural sinks   Proceedings of 
the National Academy of Sciences of the United States of 
America 104, 18866–18870 (2007).

113 Le Quéré, C. et al. Trends in the sources and sinks of 
carbon dioxide. Nature Geoscience 2, 831–836, doi:10.1038/
NGEO689 (2009).

114 Raupach, M. R. The exponential eigenmodes of the 
carbon-climate system, and their implications for ratios 
of responses to forcings. Earth System Dynamics 4, 31–49, 
doi:10.5194/esd-4-31-2013 (2013).

115 Enting, I. G., Trudinger, C. M. & Francey, R. J. A synthesis 
inversion of the concentration and delta-C-13 of 
atmospheric CO2. Tellus Series B-Chemical and Physical 
Meteorology 47, 35–52 (1995).

116 Keeling, C. D. et al. Atmospheric CO2 and 13CO2 exchange 
with the terrestrial biosphere and oceans from 1978 to 
2000: observations and carbon cycle implications. in 
A History of Atmospheric CO2 and its effects on Plants, 
Animals, and Ecosystems   (eds J. R. Ehleringer, T. E. Cerling, 
& M. D. Dearing)  83–113 (Springer Verlag, 2005).

117 Trudinger, C. M., Enting, I. G. & Rayner, P. J. Kalman filter 
analysis of ice core data - 1. Method development and 
testing the statistics. Journal of Geophysical Research-
Atmospheres 107, 4422, doi:10.1029/2001JD001111 (2002).

118 Trudinger, C. M., Enting, I. G., Rayner, P. J. & Francey, 
R. J. Kalman filter analysis of ice core data - 2. Double 
deconvolution of CO2 and delta C-13 measurements. 
Journal of Geophysical Research-Atmospheres 107, 4423, 
doi:10.1029/2001JD001112 (2002).

119 Keeling, R. F. & Shertz, S. R. Seasonal and interannual 
variations in atmospheric oxygen and implications for the 
global carbon cycle. Nature 358, 723–727 (1992).

120 Battle, M. et al. Atmospheric potential oxygen: New 
observations and their implications for some atmospheric 
and oceanic models. Global Biogeochemical Cycles 20, 
GB1010 (2006).

121 Manning, A. C., Keeling, R. F., Katz, L. E., Paplawsky, W. 
J. & McEvoy, E. M. Interpreting the seasonal cycles of 
atmospheric oxygen and carbon dioxide concentrations 
at American Samoa Observatory. Geophysical Research 
Letters 30, 1333, doi:10.1029/2001GL014312 (2003).



36 | The science of climate change

122 Rayner, P. J. et al. Two decades of terrestrial carbon fluxes 
from a carbon cycle data assimilation system (CCDAS). 
Global Biogeochemical Cycles 19 (2005).

123 Le Quéré, C. et al. Global carbon budget 2013. Earth Syst. 
Sci. Data 6, 689–760, doi:10.5194/essd-6-235-2014 (2014).

124 Haverd, V. et al. Multiple observation types reduce 
uncertainty in Australia’s terrestrial carbon and water 
cycles. Biogeosciences 10, 2011–2040, doi:10.5194/Bg-10-
2011–2013 (2013).

125 Haverd, V. et al. The Australian terrestrial carbon budget. 
Biogeosciences 10, 851–869, doi:10.5194/Bg-10-851-2013 
(2013).

126 Raupach, M. R. et al. Global and regional drivers of 
accelerating CO2 emissions. Proceedings of the National 
Academy of Sciences of the United States of America 104, 
10288–10293 (2007).

127 Peters, G. P. et al. Rapid growth in CO2 emissions after the 
2008–2009 Global Financial Crisis. Nature Climate Change 
2, 2–4, doi:10.1038/nclimate1332 (2011).

128 Peters, G. P. et al. The challenge to keep global warming 
below 2¯C. Nature Climate Change 3, 4–6, doi:10.1038/
nclimate1783 (2013).

129 van Vuuren, D. P. et al. The representative concentration 
pathways: an overview. Climatic Change 109, 5–31 (2011).

130 Keeling, C. D. & Revelle, R. Effects of El-Nino Southern 
Oscillation on the Atmospheric Content of Carbon-
Dioxide. Meteoritics 20, 437–450 (1985).

131 Jones, C. D., Collins, M., Cox, P. M. & Spall, S. A. The carbon 
cycle response to ENSO: A coupled climate-carbon cycle 
model study. Journal of Climate 14, 4113–4129 (2001).

132 Raupach, M. R., Canadell, J. G. & Le Quéré, C. 
Anthropogenic and biophysical contributions to increasing 
atmospheric CO2 growth rate and airborne fraction. 
Biogeosciences 5, 1601–1613 (2008).

133 Jones, C. D. & Cox, P. M. Modeling the volcanic signal in the 
atmospheric CO2 record. Global Biogeochemical Cycles 15, 
453–465 (2001).

134 Frölicher, T. L., Joos, F., Raible, C. C. & Sarmiento, J. L. 
Atmospheric CO2 response to volcanic eruptions: the role 
of ENSO, season, and variability. Global Biogeochemical 
Cycles 27, 239–251 (2013).

135 Roderick, M. L., Farquhar, G. D., Berry, S. L. & Noble, I. R. 
On the direct effect of clouds and atmospheric particles 
on the productivity and structure of vegetation. Oecologia 
129, 21–30 (2001).

136 Mercado, L. M. et al. Impact of changes in diffuse radiation 
on the global land carbon sink. Nature 458, 1014–1017 
doi:10.1038/Nature07949 (2009).

137 Gerlach, T. Volcanic versus anthropogenic CO2. EOS 92, 
201–202 (2011).

138 Myhre, G., D. Shindell, F.-M. Bréon, W. Collins, J. 
Fuglestvedt, J. Huang, D. Koch, J.-F. Lamarque, D. Lee, 
B. Mendoza, T. Nakajima, A. Robock, G. Stephens, T. 
Takemura and H. Zhang. Anthropogenic and Natural 
Radiative Forcing. in Climate Change 2013: The Physical 
Science Basis. Contribution of Working Group I to the Fifth 
Assessment Report of the Intergovernmental Panel on 
Climate Change   (ed T.F. Stocker, D. Qin, G.-K. Plattner, M. 
Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex and 
P.M. Midgley) Ch. 8, 659–740 (Cambridge University Press, 
2013).

139 Bindoff, N. L., P.A. Stott, K.M. AchutaRao, M.R. Allen, N. 
Gillett, D. Gutzler, K. Hansingo, G. Hegerl, Y. Hu, S. Jain, I.I. 
Mokhov, J. Overland, J. Perlwitz, R. Sebbari and X. Zhang. 
Detection and Attribution of Climate Change: from 
Global to Regional. in Climate Change 2013: The Physical 
Science Basis. Contribution of Working Group I to the Fifth 
Assessment Report of the Intergovernmental Panel on 
Climate Change   (ed T.F. Stocker, D. Qin, G.-K. Plattner, M. 
Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex and 
P.M. Midgley) Ch. 10, 867–952 (Cambridge University Press, 
2013).

140 Harries, J. E., Brindley, H. E., Sagoo, P. J. & Bantges, R. 
J. Increases in greenhouse forcing inferred from the 
outgoing longwave radiation spectra of the Earth in 1970 
and 1997. Nature 410, 355–357 (2001).

141 Karoly, D. J. & Braganza, K. Attribution of recent 
temperature changes in the Australian region. Journal of 
Climate 18, 457–464 (2005).

142 Stott, P. A. Attribution of regional-scale temperature 
changes to anthropogenic and natural causes. Geophysical 
Research Letters 30, 1728 (2003).

143 Stott, P. A. et al. Detection and attribution of climate 
change: a regional perspective. Wiley Interdisciplinary 
Reviews: Climate Change 1, 192–211, doi:10.1002/wcc.34 
(2010).

144 Timbal, B. et al. Understanding the anthropogenic nature 
of the observed rainfall decline across south-eastern 
Australia. (Centre for Australian Weather and Climate 
Research. Bureau of Meteorology and CSIRO), Melbourne, 
Australia, 2010).

145 Timbal, B. & Drosdowsky, W. The relationship between 
the decline of Southeastern Australian rainfall and the 
strengthening of the subtropical ridge. International 
Journal of Climatology (2012).

146 Cai, W. J., Cowan, T. & Thatcher, M. Rainfall reductions 
over Southern Hemisphere semi-arid regions: the role of 
subtropical dry zone expansion. Scientific Reports 2 (2012).

147 Arblaster, J. M. & Meehl, G. A. Contributions of external 
forcings to southern annular mode trends. J Climate 19, 
2896–2905 (2006).

148 Fogt, R. L. et al. Historical SAM Variability. Part II: 
Twentieth-Century Variability and Trends from 
Reconstructions, Observations, and the IPCC 
AR4 Models*. Journal of Climate 22, 5346–5365, 
doi:10.1175/2009JCLI2786.1 (2009).

149 Thompson, D. W. J. & Solomon, S. Interpretation of recent 
Southern Hemisphere climate change. Science 296, 
895–899 (2002).

150 Gillett, N. P., Allan, R. J. & Ansell, T. J. Detection of 
external influence on sea level pressure with a multi-
model ensemble. Geophysical Research Letters 32, L19714, 
doi:10.1029/2005GL023640 (2005).

151 Gillett, N. P., Zwiers, F. W., Weaver, A. J. & Stott, P. A. 
Detection of human influence on sea-level pressure. 
Nature 422, 292–294, doi:Doi 10.1038/Nature01487 (2003).

152 IOCI. Western Australia’s Weather and Climate: A 
Synthesis of Indian Ocean Climate Initiative Stage 3 
Research. (Indian Ocean Climate Initiative, CSIRO and 
Bureau of Meteorology, Canberra, 2012).

153 Timbal, B., Arblaster, J. M. & Power, S. Attribution of the 
Late-Twentieth-Century Rainfall Decline in Southwest 
Australia. Journal of Climate 19, 2046–2062, doi:10.1175/
JCLI3817.1 (2006).



The science of climate change | 37

154 Donohue, R. J., McVicar, T. R. & Roderick, M. L. Climate-
related trends in Australian vegetation cover as inferred 
from satellite observations, 1981–2006. Global Change 
Biology 15, 1025–1039, doi:10.1111/j.1365-2486.2008.01746.x 
(2009).

155 Donohue, R. J., Roderick, M. L., McVicar, T. R. & Farquhar, G. 
D. Impact of CO2 fertilization on maximum foliage cover 
across the globe’s warm, arid environments. Geophysical 
Research Letters 40, 3031–3035, doi:10.1002/grl.50563 
(2013).

156 Jones, G. S., Lockwood, M. & Stott, P. A. What influence 
will future solar activity changes over the 21st century 
have on projected global near-surface temperature 
changes? Journal of Geophysical Research-Atmospheres 117, 
doi:10.1029/2011jd017013 (2012).

157 Fröhlich, C. & Lean, J. Solar radiative output and its 
variability: evidence and mechanisms. The Astronomy and 
Astrophysics Review 12, 273–320, doi:10.1007/s00159-004-
0024-1 (2004).

158 Solanki, S., Schussler, M. & Fligge, M. Secular variation of 
the Sun’s magnetic flux. Astronomy and Astrophysics 383, 
706–712 (2002).

159 Forster, P. et al. Changes in atmospheric constituents and 
in radiative forcing. in Chapter 2 in Climate Change 2007: 
The Physical Science Basis (Contribution of Working Group 
1 to the Fourth Assessment Report of the Intergovernmental 
Panel on Climate Change)   (eds S. Solomon et al.)  129–234 
(Cambridge University Press, 2007).

160 Lean, J. L. et al. Detection and parameterization of 
variations in solar mid- and near-ultraviolet radiation 
(200–400 nm). Journal of Geophysical Research: 
Atmospheres 102, 29939–29956, doi:10.1029/97JD02092 
(1997).

161 Foukal, P. A New Look at Solar Irradiance Variation. Sol 
Phys 279, 365–381, doi:10.1007/s11207-012-0017-6 (2012).

162 Lockwood, M. & Fröhlich, C. Recent oppositely directed 
trends in solar climate forcings and the global mean 
surface air temperature. Proceedings of the Royal Society of 
London Series A 463, 2447–2460 (2007).

163 Lockwood, M. & Fröhlich, C. Recent oppositely directed 
trends in solar climate forcings and the global mean 
surface air temperature. II. Different reconstructions 
of the total solar irradiance variation and dependence 

on response time scale. Proceedings of the Royal Society 
A: Mathematical, Physical and Engineering Science 464, 
1367–1385 (2008).

164 Meinshausen, M. et al. Greenhouse gas emission targets 
for limiting global warming to 2 °C. Nature 458, 1158–1162 
(2009).

165 IPCC. Climate Change 2013 (I): Technical Summary. 
in Climate Change 2013: The Physical Science Basis. 
Contribution of Working Group I to the Fifth Assessment 
Report of the Intergovernmental Panel on Climate Change   
(eds T. F. Stocker et al.)  (Cambridge University Press, 
2013).

166 Taylor, K. E., Stouffer, R. J. & Meehl, G. A. An Overview 
of CMIP5 and the Experiment Design. Bulletin of the 
American Meteorological Society 93, 485–498, doi:10.1175/
BAMS-D-11-00094.1 (2011).

167 Meehl, G. A. et al. Global Climate Projections. in Climate 
Change 2007 (I): The Physical Science Basis. Contribution 
of Working Group I to the Fourth Assessment Report of 
the Intergovernmental Panel on Climate Change   (eds S. 
Solomon et al.)  996 (Cambridge University Press, 2007).

168 Cook, K. H. & Vizy, E. K. Effects of Twenty-First-Century 
Climate Change on the Amazon Rain Forest. Journal of 
Climate 21, 542–560, doi:10.1175/2007JCLI1838.1 (2008).

169 Hennessy, K., B.  et al. Australia and New Zealand. in 
Climate Change 2007: Impacts, Adaptation and Vulnerability. 
Contribution of Working Group II to the Fourth Assessment 
Report of the Intergovernmental Panel on Climate Change 
(eds M.L. Parry et al.)  (Cambridge University Press, 2007).

170 Hennessy K et al. Climate change impacts on fire-weather 
in south-east Australia. (CSIRO, Australia, 2006).

171 Knutson, T. R. et al. Tropical cyclones and climate change. 
Nature Geosci 3, 157–163, doi:10.1038/ngeo779 (2010).

172 Chiew, F. H. S., Kirono, D. G. C., Kent, D. & Vaze, J. 
Assessment of rainfall simulations from global climate 
models and implications for climate change impact on 
runoff studies. in MODSIM 2009 International Congress on 
Modelling and Simulation, Modelling and Simulation Society 
of Australian and New Zealand   (eds R.S. Anderssen, R.D. 
Braddock, & L.T.H. Newham)  3907–3913 (2009).

173 Hennessy, K. et al. An assessment of the impact of climate 
change on the nature and frequency of exceptional climatic 
events.  (Commonwealth of Australia, 2008).

174 Sun, F., Roderick, M., Lim, W. H. & Farquhar, G. D. 
Hydroclimatic projections for the Murray-Darling Basin 
based on an ensemble derived from Intergovernmental 
Panel on Climate Change AR4 climate models.  47, 
doi:10.1029/2010WR009829 (2011).

175 Zhang, L., Dawes, W. R. & Walker, G. R. The response of 
mean annual evapotranspiration to vegetation changes 
at catchment scale. Water Resources Research 37, 701–708 
(2001).

176 Zhang, L. et al. A rational function approach for estimating 
mean annual evapotranspiration. Water Resources Research 
40, W02502 (2004).

177 Potter, N. J., Chiew, F. H. S. & Frost, A. J. An assessment of 
the severity of recent reductions in rainfall and runoff in 
the Murray-Darling Basin. Journal of Hydrology 381, 52–64 
(2010).

178 Potter, N. J. & Chiew, F. H. S. An investigation into changes 
in climate characteristics causing the recent very low 
runoff in the southern Murray-Darling Basin using rainfall-
runoff models. Water Resources Research 47 (2011).

179 Raupach, M. R., Haverd, V. & Briggs, P. R. Sensitivities of 
the Australian terrestrial water and carbon balances to 
climate change and variability. Agricultural and Forest 
Meteorology 182–183, 277–291 (2013).

180 Roderick, M. L., Sun, F., Lim, W. H. & Farquhar, G. D. A 
general framework for understanding the response of the 
water cycle to global warming over land and ocean. Hydrol. 
Earth Syst. Sci. 18, 1575–1589, doi:10.5194/hess-18-1575-2014 
(2014).

181 Solomon, S., Plattner, G. K., Knutti, R. & Friedlingstein, 
P. Irreversible climate change due to carbon dioxide 
emissions. Proceedings of the National Academy of Sciences 
of the United States of America 106, 1704–1709 (2009).

182 Friedlingstein, P. et al. Long-term climate implications of 
twenty-first century options for carbon dioxide emission 
mitigation. Nature Climate Change 1, 457–461, doi:Doi 
10.1038/Nclimate1302 (2011).

183 Allen, M. R. et al. Warming caused by cumulative carbon 
emissions: towards the trillionth tonne. Nature 458, 



38 | The science of climate change

1163–1166 (2009).

184 Zickfeld, K., Eby, M., Matthews, H. D. & Weaver, A. J. 
Setting cumulative emissions targets to reduce the risk 
of dangerous climate change. Proceedings of the National 
Academy of Sciences of the United States of America 106, 
16129–16134 (2009).

185 Matthews, H. D., Gillett, N. P., Stott, P. A. & Zickfeld, K. The 
proportionality of global warming to cumulative carbon 
emissions. Nature 459, 829–833 (2009).

186 Raupach, M. R. et al. The relationship between peak 
warming and cumulative CO2 emissions, and its use to 
quantify vulnerabilities in the carbon-climate-human 
system. Tellus Series B-Chemical and Physical Meteorology 
63, 145–164 (2011).

187 Collins, M. et al. Long-term Climate Change: Projections, 
Commitments and Irreversibility. in Climate Change 2013: 
The Physical Science Basis. Contribution of Working Group 
I to the Fifth Assessment Report of the Intergovernmental 
Panel on Climate Change   (eds T. F. Stocker et al.) Ch. 12, 
1029–1136 (Cambridge University Press, 2013).

188 Friedlingstein, P. et al. Persistent growth of CO2 emissions 
and implications for reaching climate targets. Nature 
Geosci 7, 709–715, doi:10.1038/ngeo2248 (2014).

189 Raupach, M. R. et al. Sharing a quota on cumulative carbon 
emissions. Nature Clim. Change 4, 873–879, doi:10.1038/
nclimate2384 (2014).

190 Woodhouse, C. A., Meko, D. M., MacDonald, G. M., 
Stahle, D. W. & Cook, E. R. A 1,200-year perspective of 
21st century drought in southwestern North America. 
Proceedings of the National Academy of Sciences 107, 
21283–21288 (2010).

191 Woodhouse, C. A. & Overpeck, J. T. 2000 Years of 
Drought Variability in the Central United States. Bulletin 
of the American Meteorological Society 79, 2693–2714, 
doi:10.1175/1520-0477(1998)079<2693:YODVIT>2.0.CO;2 
(1998).

192 Büntgen, U. et al. 2500 Years of European Climate Variability 
and Human Susceptibility. Science 331, 578–582 (2011).

193 Braganza, K., Gergis, J. L., Power, S. B., Risbey, J. S. & 
Fowler, A. M. A multiproxy index of the El Niño–Southern 
Oscillation, A.D. 1525–1982. Journal of Geophysical Research: 
Atmospheres 114, D05106, doi:10.1029/2008JD010896 
(2009).

194 Fenby, C. & Gergis, J. Rainfall variations in south-
eastern Australia part 1: consolidating evidence from 
pre-instrumental documentary sources, 1788–1860. 
International Journal of Climatology 33, 2956–2972, 
doi:10.1002/joc.3640 (2013).

195 Gergis, J. & Ashcroft, L. Rainfall variations in south-eastern 
Australia part 2: a comparison of documentary, early 
instrumental and palaeoclimate records, 1788–2008. 
International Journal of Climatology 33, 2973–2987, 
doi:10.1002/joc.3639 (2013).

196 Alexander, L. V. et al. Global observed changes in daily 
climate extremes of temperature and precipitation. 
Journal of Geophysical Research: Atmospheres 111, D05109, 
doi:10.1029/2005JD006290 (2006).

197 Donat, M. G. et al. Updated analyses of temperature 
and precipitation extreme indices since the beginning 
of the twentieth century: The HadEX2 dataset. Journal 
of Geophysical Research: Atmospheres 118, 2098–2118, 
doi:10.1002/jgrd.50150 (2013).

198 Donat, M. G. et al. Global Land-Based Datasets for 
Monitoring Climatic Extremes. Bulletin of the American 
Meteorological Society 94, 997–1006, doi:10.1175/
BAMS-D-12-00109.1 (2013).

199 Perkins, S. E. & Alexander, L. V. On the Measurement of 
Heat Waves. Journal of Climate 26, 4500–4517, doi:10.1175/
JCLI-D-12-00383.1 (2012).

200 Westra, S., Alexander, L. V. & Zwiers, F. W. Global 
Increasing Trends in Annual Maximum Daily Precipitation. 
Journal of Climate 26, 3904–3918, doi:10.1175/
JCLI-D-12-00502.1 (2012).

201 Gallant, A., Hennessy, K. J. & Risbey, J. Trends in rainfall 
indices for six Australian regions: 1910–2005. Aust. Met. 
Mag 56, 223–239 (2007).

202 Dai, A. Increasing drought under global warming in 
observations and models. Nature Clim. Change 3, 52–58, 
doi:10.1038/nclimate1633 (2013).

203 Sheffield, J., Wood, E. F. & Roderick, M. L. Little change 
in global drought over the past 60 years. Nature 491, 
435–438, doi:10.1038/nature11575 (2012).

204 van der Schrier, G., Barichivich, J., Briffa, K. R. & Jones, P. D. 
A scPDSI-based global data set of dry and wet spells for 
1901–2009. Journal of Geophysical Research: Atmospheres 
118, 4025–4048, doi:10.1002/jgrd.50355 (2013).

205 Kossin, J. P., Knapp, K. R., Vimont, D. J., Murnane, R. J. & 
Harper, B. A. A globally consistent reanalysis of hurricane 
variability and trends. Geophysical Research Letters 34, 
L04815, doi:10.1029/2006GL028836 (2007).

206 Callaghan, J. & Power, S. B. Variability and decline in the 
number of severe tropical cyclones making land-fall 
over eastern Australia since the late nineteenth century. 
Climate Dynamics 37, 647–662, doi:10.1007/s00382-010-
0883-2 (2011).

207 Peterson, T. C. et al. Explaining extreme events of 2012 from 
a climate perspective. Vol. 94 (Bulletin of the American 
Meteorological Society, 2013).

208 Stott, P. A. et al. Attribution of Weather and Climate-
Related Events. in Climate Science for Serving Society   (eds 
Ghassem R. Asrar & James W. Hurrell) Ch. 12, 307–337 
(Springer Netherlands, 2013).

209 Stott, P. A., Stone, D. A. & Allen, M. R. Human contribution 
to the European heatwave of 2003. Nature 432, 610–614 
(2004).

210 Zwiers, F. W., Zhang, X. & Feng, Y. Anthropogenic Influence 
on Long Return Period Daily Temperature Extremes 
at Regional Scales. Journal of Climate 24, 881–892, 
doi:10.1175/2010JCLI3908.1 (2010).

211 Lewis, S. C. & Karoly, D. J. Anthropogenic contributions 
to Australia’s record summer temperatures of 2013. 
Geophysical Research Letters 40, 3705–3709, doi:10.1002/
grl.50673 (2013).

212 Lewis, S. C. & Karoly., D. J. The role of anthropogenic 
forcing in the record 2013 Australia-wide annual and spring 
temperatures. Bulletin of the American Meteorological 
Society In Press (2014).

213 King, A. D. et al. Limited Evidence of Anthropogenic 
Influence on the 2011–12 Extreme Rainfall over Southeast 
Australia. in Explaining extreme events of 2012 from a climate 
perspective Vol. 94  (eds Thomas C Peterson et al.)  S55–S58 
(Bulletin of the American Meteorological Society, 2013).

214 Sillmann, J., Kharin, V. V., Zwiers, F. W., Zhang, X. & 
Bronaugh, D. Climate extremes indices in the CMIP5 
multimodel ensemble: Part 2. Future climate projections. 
Journal of Geophysical Research: Atmospheres 118, 2473–
2493, doi:10.1002/jgrd.50188 (2013).



The science of climate change | 39

215 Alexander, L. V. & Arblaster, J. M. Assessing trends in 
observed and modelled climate extremes over Australia 
in relation to future projections. International Journal of 
Climatology 29, 417–435, doi:10.1002/joc.1730 (2009).

216 Kharin, V. V., Zwiers, F. W., Zhang, X. & Wehner, M. 
Changes in temperature and precipitation extremes 
in the CMIP5 ensemble. Climatic Change 119, 345–357, 
doi:10.1007/s10584-013-0705-8 (2013).

217 Christensen, J. H. et al. Climate Phenomena and their 
Relevance for Future Regional Climate Change. in Climate 
Change 2013: The Physical Science Basis. Contribution of 
Working Group I to the Fifth Assessment Report of the 
Intergovernmental Panel on Climate Change   (ed T.F. 
Stocker, D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. 
Boschung, A. Nauels, Y. Xia, V. Bex and P.M. Midgley) Ch. 5, 
383–464 (Cambridge University Press, 2013).

218 Collins, M., R. Knutti, J. Arblaster, J.-L. Dufresne, T. Fichefet, 
P. Friedlingstein, X. Gao, W.J. Gutowski, T. Johns, G. Krinner, 
M. Shongwe, C. Tebaldi, A.J. Weaver and M. Wehner. 
Long-term Climate Change: Projections, Commitments 
and Irreversibility. in Climate Change 2013: The Physical 
Science Basis. Contribution of Working Group I to the Fifth 
Assessment Report of the Intergovernmental Panel on 
Climate Change   (ed T.F. Stocker, D. Qin, G.-K. Plattner, 
M. Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex 
and P.M. Midgley) Ch. 12, 1029–1136 (Cambridge University 
Press, 2013).

219 IPCC. Summary for Policymakers. in Climate Change 2013: 
The Physical Science Basis. Contribution of Working Group 
I to the Fifth Assessment Report of the Intergovernmental 
Panel on Climate Change   (eds T. F. Stocker et al.)  
(Cambridge University Press, 2013).

220 Dutton, A. & Lambeck, K. Ice Volume and Sea Level During 
the Last Interglacial. Science 337, 216-219 (2012).

221 Kopp, R. E., Simons, F. J., Mitrovica, J. X., Maloof, A. C. & 
Oppenheimer, M. A probabilistic assessment of sea level 
variations within the last interglacial stage. Geophysical 
Journal International 193, 711-716, doi:10.1093/gji/ggt029 
(2013).

222 Otto-Bliesner, B. L. et al. How warm was the last interglacial? 
New model–data comparisons. Philosophical Transactions of 
the Royal Society A: Mathematical,Physical and Engineering 
Sciences 371, doi:10.1098/rsta.2013.0097 (2013).

223 McKay, N. P., Overpeck, J. T. & Otto-Bliesner, B. L. The 
role of ocean thermal expansion in Last Interglacial 
sea level rise. Geophysical Research Letters 38, L14605, 
doi:10.1029/2011GL048280 (2011).

224 Donnelly, J. P., Cleary, P., Newby, P. & Ettinger, R. Coupling 
instrumental and geological records of sea-level change: 
Evidence from southern New England of an increase in the 
rate of sea-level rise in the late 19th century. Geophysical 
Research Letters 31, L05203, doi:10.1029/2003GL018933 
(2004).

225 Gehrels, W. R. et al. Onset of recent rapid sea-level rise in 
the western Atlantic Ocean. Quaternary Science Reviews 
24, 2083–2100 (2005).

226 Gehrels, W. R. et al. Rapid sea-level rise in the North 
Atlantic Ocean since the first half of the nineteenth 
century. The Holocene 16, 949–965 (2006).

227 Gehrels, W. R., Hayward, B. W., Newnham, R. M. & 
Southall, K. E. A 20th century acceleration of sea-level rise 
in New Zealand. Geophysical Research Letters 35, L02717, 
doi:10.1029/2007GL032632 (2008).

228 Gehrels, W. R. Late Holocene land- and sea-level changes 
in the British Isles: implications for future sea-level 
predictions. Quaternary Science Reviews 29, 1648–1660, 
doi:10.1016/j.quascirev.2009.09.015 (2010).

229 Gehrels, W. R. Middle and Late Holocene Sea-Level 
Changes in Eastern Maine Reconstructed from 
Foraminiferal Saltmarsh Stratigraphy and AMS 14C Dates 
on Basal Peat. Quaternary Research 52, 350–359 (1999).

230 Kemp, A. C. et al. Climate related sea-level variations 
over the past two millennia. Proceedings of the National 
Academy of Sciences, doi:10.1073/pnas.1015619108 (2011).

231 Lambeck, K., Anzidei, M., Antonioli, F., Benini, A. & 
Esposito, A. Sea level in Roman time in the Central 
Mediterranean and implications for recent change. Earth 
and Planetary Science Letters 224, 563–575 (2004).

232 Lambeck, K., Purcell, R. H., Sun, A. & Sambridge, Y. Sea 
level and global ice volume from the last glacial maximum 
to the Holocene. Proceedings of the National Academy of 
Sciences (2014).

233 Gehrels, W. R. & Woodworth, P. L. When did modern rates 
of sea-level rise start? Global and Planetary Change 100, 
263–277, doi:10.1016/j.gloplacha.2012.10.020 (2013).

234 Church, J. A. & White, N. J. Sea-Level Rise from the Late 
19th to the Early 21st Century. Surveys in Geophysics 32, 
585–602, doi:10.1007/s10712-011-9119-1 (2011).

235 Jevrejeva, S., Moore, J. C., Grinsted, A. & Woodworth, 
P. L. Recent global sea level acceleration started over 
200 years ago? Geophysical Research Letters 35, L08715, 
doi:10.1029/2008GL033611 (2008).

236 Grinsted, A., Moore, J. C. & Jevrejeva, S. Reconstructing sea 
level from paleo and projected temperatures 200 to 2100 
ad. Climate Dynamics 34, 461–472, doi:10.1007/s00382-008-
0507-2 (2010).

237 Ray, R. D. & Douglas, B. C. Experiments in reconstructing 
twentieth-century sea levels. Progress in Oceanography 91, 
496–515, doi:10.1016/j.pocean.2011.07.021 (2011).

238 Church, J. A. et al. Revisiting the Earth’s sea-level and 
energy budgets from 1961 to 2008. Geophys. Res. Lett. 38, 
L18601, doi:10.1029/2011gl048794 (2011).

239 Gregory, J. M. et al. Twentieth-Century Global-Mean Sea 
Level Rise: Is the Whole Greater than the Sum of the 
Parts? Journal of Climate 26, 4476–4499, doi:10.1175/
JCLI-D-12-00319.1 (2013).

240 Moore, J. C., Jevrejeva, S. & Grinsted, A. The historical 
global sea-level budget. Annals of Glaciology 52, 8–14, 
doi:10.3189/172756411799096196 (2011).

241 Joughin, I., Alley, R. B. & Holland, D. M. Ice-Sheet Response 
to Oceanic Forcing. Science 338, 1172–1176 (2012).

242 Chao, B. F., Wu, Y. H. & Li, Y. S. Impact of Artificial 
Reservoir Water Impoundment on Global Sea Level. 
Science 320, 212–214 (2008).

243 Konikow, L. F. Contribution of global groundwater 
depletion since 1900 to sea-level rise. Geophysical Research 
Letters 38, L17401, doi:10.1029/2011GL048604 (2011).

244 Wada, Y. et al. Past and future contribution of global 
groundwater depletion to sea-level rise. Geophysical Research 
Letters 39, L09402, doi:10.1029/2012GL051230 (2012).

245 Church, J. A. et al. Sea Level Change. in Climate Change 
2013: The Physical Science Basis. Contribution of 
Working Group I to the Fifth Assessment Report of the 
Intergovernmental Panel on Climate Change   (ed T.F. 
Stocker, D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. 
Boschung, A. Nauels, Y. Xia, V. Bex and P.M. Midgley) Ch. 5, 
383–464 (Cambridge University Press, 2013).



40 | The science of climate change

246 White, N. J. et al. Australian sea levels—Trends, regional 
variability and influencing factors. Earth-Science Reviews 
136, 155–174, doi:10.1016/j.earscirev.2014.05.011 (2014).

247 Burgette, R. J. et al. Characterizing and minimizing the 
effects of noise in tide gauge time series: relative and 
geocentric sea level rise around Australia. Geophysical 
Journal International (2013).

248 Lambeck, K. Sea-level change from mid-Holocene to recent 
time: An Australian example with global implications. 
Ice Sheets, Sea Level and the Dynamic Earth, Geodynamics 
Series 29, 33–50 (2002).

249 Kuhlbrodt, T. & Gregory, J. M. Ocean heat uptake and its 
consequences for the magnitude of sea level rise and 
climate change. Geophysical Research Letters 39, L18608, 
doi:10.1029/2012GL052952 (2012).

250 Yin, J. Century to multi-century sea level rise projections 
from CMIP5 models. Geophysical Research Letters 39, 
L17709, doi:10.1029/2012GL052947 (2012).

251 Radić, V. et al. Regional and global projections of twenty-
first century glacier mass changes in response to climate 
scenarios from global climate models. Climate Dynamics 
42, 37–58, doi:10.1007/s00382-013-1719-7 (2014).

252 Slangen, A. B. A. & van de Wal, R. S. W. An assessment 
of uncertainties in using volume-area modelling for 
computing the twenty-first century glacier contribution to 
sea-level change. The Cryosphere 5, 673–686, doi:10.5194/
tc-5-673-2011 (2011).

253 Giesen, R. & Oerlemans, J. Climate-model induced 
differences in the 21st century global and regional glacier 
contributions to sea-level rise. Climate Dynamics 41, 
3283–3300, doi:10.1007/s00382-013-1743-7 (2013).

254 Fettweis, X. et al. Estimating the Greenland ice sheet 
surface mass balance contribution to future sea level rise 
using the regional atmospheric climate model MAR. The 
Cryosphere Discussions 6, 3101–3147, doi:10.5194/tc-7-469-
2013 (2012).

255 Nick, F. M. et al. Future sea-level rise from Greenland’s 
main outlet glaciers in a warming climate. Nature 497,  
235–238, doi:10.1038/nature12068 (2013).

256 Bengtsson, L., Koumoutsaris, S. & Hodges, K. Large-scale 
surface mass balance of land ices from a comprehensive 
atmosphere model. Surveys in Geophysics 32, 459–474, 
doi:10.1007/s10712-011-9120-8 (2011).

257 Ligtenberg, S. R. M., Berg, W. J., Broeke, M. R., Rae, J. G. L. & 
Meijgaard, E. Future surface mass balance of the Antarctic 
ice sheet and its influence on sea level change, simulated 
by a regional atmospheric climate model. Climate Dynamics 
41, 867–884, doi:10.1007/s00382-013-1749-1 (2013).

258 Bamber, J. Climate change: Shrinking glaciers under 
scrutiny. Nature 482, 482–483 (2012).

259 Little, C. M., Oppenheimer, M. & Urban, N. M. Upper 
bounds on twenty-first-century Antarctic ice loss assessed 
using a probabilistic framework. Nature Clim. Change 3, 
654–659, doi:10.1038/nclimate1845 (2013).

260 Rignot, E., Mouginot, J., Morlighem, M., Seroussi, H. & 
Scheuchl, B. Widespread, rapid grounding line retreat of 
Pine Island, Thwaites, Smith, and Kohler glaciers, West 
Antarctica, from 1992 to 2011. Geophysical Research Letters 
41, 3502–3509, doi:10.1002/2014GL060140 (2014).

261 Favier, L. et al. Retreat of Pine Island Glacier controlled by 
marine ice-sheet instability. Nature Clim. Change 4, 117–121, 
doi:10.1038/nclimate2094 (2014).

262 Joughin, I., Smith, B. E. & Medley, B. Marine Ice Sheet 
Collapse Potentially Under Way for the Thwaites Glacier 
Basin, West Antarctica. Science 344, 735–738 (2014).

263 Alley, R. B. & Joughin, I. Modeling Ice-Sheet Flow. Science 
336, 551–552, doi:10.1126/science.1220530 (2012).

264 Alley, R. B., Clark, P. U., Huybrechts, P. & Joughin, I. 
Ice-sheet and sea-level changes. Science 310, 456–460, 
doi:10.1126/science.1114613 (2005).

265 Willis, J. K. & Church, J. A. Regional Sea-Level Projection. 
Science 336, 550–551, doi:10.1126/science.1220366 (2012).

266 Slangen, A., Katsman, C., van de Wal, R., Vermeersen, L. 
& Riva, R. Towards regional projections of twenty-first 
century sea-level change based on IPCC SRES scenarios. 
Climate Dynamics 38, 1191–1209, doi:10.1007/s00382-011-
1057-6 (2012).

267 Church, J. A., Gregory, J. M., White, N. J., Platten, S. M. & 
Mitrovica, J. X. Understanding and projecting sea level 
change. Oceanography 24, 130–143 (2011).

268 Stammer, D. & Huttemann, S. Response of regional 
sea level to atmospheric pressure loading in a climate 
change scenario. Journal of Climate 21, 2093–2101, 
doi:10.1175/2007jcli1803.1 (2008).

269 Davis, J. L. & Mitrovica, J. X. Glacial isostatic adjustment 
and the anomalous tide gauge record of eastern North 
America. Nature 379, 331–333 (1996).

270 Lambeck, K., and P. Johnston. The viscosity of the mantle: 
Evidence from analyses of glacial rebound phenonena. in 
The Earth’s Mantle   (ed I. Jackson)  461–502 (1998).

271 Peltier, W. R. Global Glacial Isostatic Adjustment and 
Modern Instrumental Records of Relative Sea Level 
History. in Sea level rise: History and consequences   (eds B. 
C. Douglas, M. S. Kearney, & S. P. Leatherman) Ch. 4, 65–95 
(Academic Press, 2001).

272 Mitrovica, J. X. et al. On the robustness of predictions of 
sea level fingerprints. Geophysical Journal International 187, 
729–742, doi:10.1111/j.1365-246X.2011.05090.x (2011).

273 Church, J. A., Gregory, J. M., White, N. J., Platten, S. M. & 
Mitrovica, J. X. Understanding and projecting sea level 
change. Oceanography 24, 130–143 (2011).

274 Moucha, R. et al. Dynamic topography and long-term 
sea-level variations: There is no such thing as a stable 
continental platform. Earth and Planetary Science Letters 
271, 101–108, doi:10.1016/j.epsl.2008.03.056 (2008).

275 Ericson, J. P., Vörösmarty, C. J., Dingman, S. L., Ward, L. 
G. & Meybeck, M. Effective sea-level rise and deltas: 
Causes of change and human dimension implications. 
Global and Planetary Change 50, 63–82, doi:10.1016/j.
gloplacha.2005.07.004 (2006).

276 Syvitski, J. P. M. et al. Sinking deltas due to human 
activities. Nature Geosci 2, 681–686, doi:10.1038/ngeo629 
(2009).

277 Hunter, J. A simple technique for estimating an allowance 
for uncertain sea-level rise. Climatic Change 113, 239–252, 
doi:10.1007/s10584-011-0332-1 (2012).

278 Church, J. A., Hunter, J. R., McInnes, K. & White, N. J. Sea-
level rise around the Australian coastline and the changing 
frequency of extreme events. Australian Meteorological 
Magazine 55, 253–260 ( 2006).



The science of climate change | 41

279 Hunter, J. R., Church, J. A., White, N. J. & Zhang, X. Towards 
a global regionally varying allowance for sea–level rise. 
Ocean Engineering 71, 17–27 (2013).

280 Robinson, A., Calov, R. & Ganopolski, A. Multistability and 
critical thresholds of the Greenland ice sheet. Nature Clim. 
Change 2, 429–432 (2012).

281 Gregory, J. M. & Huybrechts, P. Ice-sheet contributions to 
future sea-level change. Philosophical Transactions of the 
Royal Society A: Mathematical, Physical and Engineering 
Sciences 364, 1709–1732 (2006).

282 Huybrechts, P. et al. Response of the Greenland and 
Antarctic Ice Sheets to Multi-Millennial Greenhouse 
Warming in the Earth System Model of Intermediate 
Complexity LOVECLIM. Surveys in Geophysics 32, 397–416, 
doi:DOI 10.1007/s10712-011-9131-5 (2011).

283 Rae, J. G. L. et al. Greenland ice sheet surface mass 
balance: evaluating simulations and making projections 
with regional climate models. The Cryosphere 6, 1275–1294, 
doi:10.5194/tc-6-1275-2012 (2012).

284 Kennett, D. J. et al. Development and Disintegration of 
Maya Political Systems in Response to Climate Change. 
Science 338, 788–791, doi:10.1126/Science.1226299 (2012).

285 Dugmore, A. J. et al. Cultural adaptation, compounding 
vulnerabilities and conjunctures in Norse Greenland. 
Proceedings of the National Academy of Sciences of the 
United States of America 109, 3658–3663, doi:10.1073/
Pnas.1115292109 (2012).

286 Bureau of Meteorology. Special Climate Statement 48 – 
one of southeast Australia’s most significant heatwaves, < 
http://www.bom.gov.au/climate/current/statements/
scs48.pdf> (2014).

287 Chambers, L., Dann, P., Cannell, B. & Woehler, E. Climate 
as a driver of phenological change in southern seabirds. 
International Journal of Biometeorology 58, 603–612, 
doi:10.1007/s00484-013-0711-6 (2014).

288 Kearney, M. R. et al. Early emergence in a butterfly 
causally linked to anthropogenic warming. Biology Letters, 
doi:10.1098/rsbl.2010.0053 1744-957X (2010).

289 Webb, L. B. et al. Earlier wine-grape ripening driven by 
climatic warming and drying and management practices. 
Nature Clim. Change 2, 259–264, doi:10.1038/nclimate1417 
(2012).

290 De’ath, G., Fabricius, K. E., Sweatman, H. & Puotinen, M. 
The 27–year decline of coral cover on the Great Barrier 
Reef and its causes. Proceedings of the National Academy 
of Sciences 109, 17995–17999, doi:10.1073/Pnas.1208909109 
(2012).

291 Abdo, D. A., Bellchambers, L. M. & Evans, S. N. Turning up 
the Heat: Increasing Temperature and Coral Bleaching 
at the High Latitude Coral Reefs of the Houtman 
Abrolhos Islands. PLoS ONE 7, e43878, doi:10.1371/journal.
pone.0043878 (2012).

292 Feng, M., McPhaden, M. J., Xie, S.-P. & Hafner, J. La Niña 
forces unprecedented Leeuwin Current warming in 2011. 
Sci. Rep. 3, doi:10.1038/srep01277 (2013).

293 Pecl, G. et al. The east coast Tasmanian rock lobster 
fishery - vulnerability to climate change impacts and 
adaptation response options. Report to the Department of 
Climate Change. (Canberra, Australia, 2009).

294 Evans, L. S. et al. Limits to climate change adaptation 
in the Great Barrier Reef: scoping ecological and social 
limits. Final Report to National Climate Change Adaptation 
Research Facility. http://www.nccarf.edu.au/publications/
limits-adaptation-great-barrier-reef. 61 (Griffith University, 
Gold Coast Campus, 2012).

295 Pickering, C. M., Hill, W. & Green, K. Vascular plant 
diversity and climate change in the alpine zone of the 
Snowy Mountains, Australia. Biodivers Conserv 17, 1627-
1644 (2008).

296 Williams, S. E., Bolitho, E. E. & Fox, S. Climate change 
in Australian tropical rainforests: an impending 
environmental catastrophe. Proceedings of the Royal 
Society B-Biological Sciences 270, 1887–1892, doi:10.1098/
Rspb.2003.2464 (2003).

297 Hagger, V., Fisher, D., Schmidt, S. & Blomberg, S. Assessing 
the vulnerability of an assemblage of subtropical 
rainforest vertebrate species to climate change in south-
east Queensland. Austral Ecology 38, 465–475, doi:10.1111/
j.1442-9993.2012.02437.x (2013).

298 Stork, N. E. et al. Tropical rainforest canopies and climate 
change. Austral Ecology 32, 105–112 (2007).

299 BTM WBM. Kakadu: vulnerability to climate change 
impacts. A Report to the Australian Government 
Department of Climate Change and Energy Efficiency. 
http://www.climatechange.gov.au/sites/climatechange/
files/documents/03_2013/kakadu-coast.pdf. 229 
(Canberra, 2011).

300 Pittock, J., Hanson, L., Abell, R. Running dry: Freshwater 
biodiversity, protected areas and climate change. 
Biodiversity 9, 30–38 (2008).

301 Jenkins, K. M. et al. Climate change and freshwater 
ecosystems in Oceania: an assessment of vulnerability 
and adaptation opportunities. Pacific Conservation Biology 
17, 201–219 (2011).

302 Laurance, W. F. et al. The 10 Australian ecosystems most 
vulnerable to tipping points. Biological Conservation 144, 
1472–1480, doi:10.1016/J.Biocon.2011.01.016 (2011).

303 Hobday, A. J. Ensemble analysis of the future 
distribution of large pelagic fishes off Australia. 
Progress in Oceanography 86, 291–301, doi:10.1016/j.
pocean.2010.04.023 (2010).

304 Potts, S. G. et al. Global pollinator declines: trends, 
impacts and drivers. Trends in Ecology & Evolution 25, 
345–353 (2010).

305 Hoegh-Guldberg, O. et al. Coral reefs under rapid climate 
change and ocean acidification. Science 318, 1737–1742 
(2007).

306 Lucas, C., Hennessy, K., Mills, G. A. & Bathols, J. Bushfire 
weather in southeast Australia: recent trends and 
projected climate change impacts. Consultancy Report 
prepared for the Climate Institute of Australia. (Bushfire 
Cooperrative Research Centre, Melbourne, Australia, 
2007).

307 Clarke, H., Lucas, C. & Smith, P. Changes in Australian fire 
weather between 1973 and 2010. International Journal of 
Climatology 33, 931–944, doi:10.1002/joc.3480 (2013).

308 PMSEIC. Challenges at Energy-Water-Carbon 
Intersections. (Prime Minister’s Science, Engineering and 
Innovation Council (PMSEIC), Australian Government, 
Canberra, Australia, 2010).

309 Hayman, P., Rickards, L., Eckard, R. & Lemerle, D. Climate 
change through the farming systems lens: challenges and 
opportunities for farming in Australia. Crop and Pasture 
Science 63, 203–214 (2012).

310 Luo, Q., Bellotti, W., Williams, M. & Wang, E. Adaptation 
to climate change of wheat growing in South Australia: 
Analysis of management and breeding strategies. 
Agriculture Ecosystems & Environment 129, 261–267, doi:Doi 
10.1016/J.Agee.2008.09.010 (2009).



42 | The science of climate change

311 Ejaz Qureshi, M., Hanjra, M. A. & Ward, J. Impact of water 
scarcity in Australia on global food security in an era of 
climate change. Food Policy 38, 136–145 (2013).

312 McKeon, G. M. et al. Climate change impacts on Australia’s 
rangeland livestock carrying capacity: a review of 
challenges. 69 (Report for Land & Water Australia Senior 
Research Fellowship (QNR46), Canberra, 2009).

313 Gosling, S. N., Lowe, J. A., McGregor, G. R., Pelling, 
M. & Malamud, B. D. Associations between elevated 
atmospheric temperature and human mortality: a critical 
review of the literature. Climatic Change 92, 299–341, 
doi:10.1007/S10584-008-9441-X (2009).

314 Victorian Department of Health. January 2009 heatwave 
in Victoria: an assessment of health impacts. http://
www.health.vic.gov.au/chiefhealthofficer/publications/
heatwave.htm. (Department of Health, Government of 
Victoria, Melbourne, Australia, 2009).

315 Gosling, S., McGregor, G. & Lowe, J. Climate change 
and heat-related mortality in six cities Part 2: climate 
model evaluation and projected impacts from changes 
in the mean and variability of temperature with climate 
change. International Journal of Biometeorology 53, 31–51, 
doi:10.1007/S00484-008-0189-9 (2009).

316 Huang, C. R., Barnett, A. G., Wang, X. M. & Tong, S. L. The 
impact of temperature on years of life lost in Brisbane, 
Australia. Nature Climate Change 2, 265–270, doi:10.1038/
Nclimate1369 (2012).

317 Tirado, M. C., Clarke, R., Jaykus, L. A., McQuatters-Gollop, 
A. & Franke, J. M. Climate change and food safety: A 
review. Food Res Int 43, 1745–1765, doi:Doi 10.1016/J.
Foodres.2010.07.003 (2010).

318 Béguin, A. et al. The opposing effects of climate 
change and socio-economic development on the global 
distribution of malaria. Global Environmental Change 21, 
1209–1214 (2011).

319 Åström, C. et al. Potential Distribution of Dengue Fever 
Under Scenarios of Climate Change and Economic 
Development. EcoHealth 9, 448–454, doi:10.1007/s10393-
012-0808-0 (2012).

320 Bambrick, H., Dear, K., Woodruff, R., Hanigan, I. & 
McMichael, A. The impacts of climate change on three 
health outcomes: temperature-related mortality and 
hospitalisations, salmonellosis and other bacterial 
gastroenteritis, and population at risk from dengue. in 
Garnaut climate change review     47 (2008).

321 Naish, S., Mengersen, K., Hu, W. & Tong, S. Forecasting the 
Future Risk of Barmah Forest Virus Disease under Climate 
Change Scenarios in Queensland, Australia. PLoS ONE 8, 
e62843, doi:10.1371/journal.pone.0062843 (2013).

322 Yu, W., Dale, P., Turner, L. & Tong, S. Projecting the impact 
of climate change on the transmission of Ross River 
virus: methodological challenges and research needs. 
Epidemiology & Infection, 1–11 (2014).

323 O’Brien, L. V., Berry, H. L., Coleman, C. & Hanigan, I. C. 
Drought as a mental health exposure. Environ Res 131, 
181–187, doi:Doi 10.1016/J.Envres.2014.03.014 (2014).

324 ATSE. Assessment of Impacts of Climate Change on 
Australia’s Physical Infrastructure. 71 (Report of a Study 
by the Australian Academy of Technological Sciences and 
Engineering, Parkville, Victoria, 2008).

325 Productivity Commission. Electricity Network Regulatory 
Frameworks Inquiry Report. http://www.pc.gov.
au/projects/inquiry/electricity/report (Productivity 
Commission, Commonwealth of Australia Canberra, 
Australia, 2013).

326 Department of Climate Change and Energy Efficiency. 
Climate Change Risks to Coastal Buildings and 
Infrastructure, A Supplement to the First Pass National 
Assessment. (Commonwealth of Australia, 2011).

327 Lin, B. B. et al. Assessing inundation damage and timing 
of adaptation: sea level rise and the complexities of land 
use in coastal communities. Mitigation and Adaptation 
Strategies for Global Change 19, 551–568, doi:10.1007/
s11027-013-9448-0 (2014).

328 O’Brien, K. L. & Leichenko, R. M. Double exposure: assessing 
the impacts of climate change within the context of 
economic globalization. Global Environmental Change 10, 
221–232, doi:10.1016/S0959-3780(00)00021-2 (2000).

329 Fulton, E. A. Interesting times: winners, losers, and system 
shifts under climate change around Australia. ICES Journal 
of Marine Science 68, 1329–1342 (2011).

330 Scheffran, J. & Battaglini, A. Climate and conflicts: the 
security risks of global warming. Regional Environmental 
Change 11, 27–39, doi:10.1007/s10113-010-0175-8 (2011).

331 Running, S. W. A measurable planetary boundary for the 
biosphere. Science 337, 1458–1459 (2012).

332 United Nations. World Population Prospects: The 2012 
Revision - highlights and advance tables. http://esa.
un.org/wpp/Excel-Data/population.htm. (United Nations 
Department of Economic and Social Affairs, Population 
Division, 2013).

333 Vitousek, P. M., Mooney, H. A., Jubchenco, J. & Melillo,  
J. M. Human domination of Earth’s ecosystems. Science 
277, 494–499 (1997).

334 Haberl, H. et al. Quantifying and mapping the human 
appropriation of net primary production in earth’s 
terrestrial ecosystems. Proceedings of the National 
Academy of Sciences of the United States of America 104, 
12942–12945, doi:10.1073/Pnas.0704243104 (2007).

335 Fischer, R. A., Byerlee, D. & Edmeades, G. O. in FAO Expert 
Meeting on How to Feed the World in 2050 (Food and 
Agricultural Organization of the United Nations, FAO 
Headquarters, Rome, Italy, 2009).

336 Grassini, P., Eskridge, K. M. & Cassman, K. G. Distinguishing 
between yield advances and yield plateaus in historical 
crop production trends. Nat Commun 4 (2013).

337 Anthoff, D., Nicholls, R. J., Tol, R. S. J. & Vafeidis, A. T. 
Global and regional exposure to large rises in sea-level: a 
sensitivity analysis. http://www.tyndall.ac.uk/content/
global-and-regional-exposure-large-rises-sea-level-
sensitivity-analysis-work-was-prepared-st. (Tyndall Centre 
for Climate Change Research, Norwich, 2006).

338 Woodruff, J. D., Irish, J. L. & Camargo, S. J. Coastal flooding 
by tropical cyclones and sea-level rise. Nature 504, 44–52, 
doi:10.1038/nature12855 (2013).

339 Barnett, J. & O’Neill, S. J. Commentary: Islands, 
Resettlement and Adaptation. Nat Clim Change 2, 8–10 
(2012).

340 Wheeler, T. & von Braun, J. Climate Change Impacts on 
Global Food Security. Science 341, 508–513 (2013).



The science of climate change | 43

341 Elliott, J. et al. Constraints and potentials of future 
irrigation water availability on agricultural production 
under climate change. Proceedings of the National Academy 
of Sciences 111, 3239–3244 (2014).

342 Hartmann, B. Rethinking climate refugees and climate 
conflict: Rhetoric, reality and the politics of policy 
discourse. Journal of International Development 22, 
233–246, doi:10.1002/jid.1676 (2010).

343 Barnett, J. & Adger, W. N. Climate change, human security 
and violent conflict. Political Geography 26, 639–655 
(2007).

344 Gemenne, F., Barnett, J., Adger, W. N. & Dabelko, G. Climate 
and security: evidence, emerging risks, and a new agenda. 
Climatic Change 123, 1–9, doi:10.1007/s10584-014-1074-7 
(2014).

345 Kallis, G. & Zografos, C. Hydro-climatic change, conflict and 
security. Climatic Change 123, 69-82, doi:10.1007/s10584-
013-0893-2 (2014).

346 Dupont, A. & Pearman, G. I. Heating up the Planet: Climate 
Change and Security. (Lowy Institute, Sydney, 2006).

347 CNA Military Advisory Board. National security and the 
accelerating risks of climate change. (CNA Corporation, 
Alexandria, VA, USA, 2014).

348 Conway, D. & Mustelin, J. Strategies for improving 
adaptation practice in developing countries. Nature Clim. 
Change 4, 339-342, doi:10.1038/nclimate2199 (2014).

349 Stevens, B. & Bony, S. What Are Climate Models Missing? 
Science 340, 1053–1054 (2013).

350 Doran, P. T. & Zimmerman, M. K. Examining the Scientific 
Consensus on Climate Change. Eos, Transactions American 
Geophysical Union 90, 22–23, doi:10.1029/2009EO030002 
(2009).

351 Anderegg, W. R. L., Prall, J. W., Harold, J. & Schneider, S. 
H. Expert credibility in climate change. Proceedings of the 
National Academy of Sciences 107, 12107–12109 (2010).

352 Cook, J. et al. Quantifying the consensus on anthropogenic 
global warming in the scientific literature. Environmental 
Research Letters 8, 024024 (2013).

353 Lewandowsky, S., Risbey, J., Smithson, M., Newell, B. & 
Hunter, J. Scientific uncertainty and climate change: Part I. 
Uncertainty and unabated emissions. Climatic Change 124, 
21–37, doi:10.1007/s10584-014-1082-7 (2014).

354 Murphy, R. Managing risk under uncertainty. in Risk and 
Social Theory in Environmental Management   (eds T. 
Measham & S. Lockie)  17-26 (CSIRO Publishing, 2012).

355 Bellinger, D. C. & Bellinger, A. M. Childhood lead poisoning: 
the torturous path from science to policy. The Journal of 
Clinical Investigation 116, 853-857, doi:10.1172/JCI28232 
(2006).

356 Cagin, S. & Dray, P. Between earth and sky: how CFCs 
changed our world and endangered the ozone layer.  
(Pantheon, 1993).

357 Tweedale, G. Asbestos and its lethal legacy. Nat Rev  
Cancer 2, 311-314 (2002).

358 Gibson, B. An Introduction to the Controversy 
Over Tobacco. Journal of Social Issues 53, 3-11, 
doi:10.1111/j.1540-4560.1997.tb02428.x (1997).

359 Michaels, D. & Monforton, C. Manufacturing uncertainty: 
contested science and the protection of the public’s 
health and environment. American journal of public  
health 95, S39 (2005).

360 Royal Society. Geoengineering the climate: science, 
governance and uncertainty. xii + 82 (Royal Society, 
London, 2009).

361 IPCC. IPCC Expert Meeting on Geoengineering (Lima, Peru, 
20-22 June 2011): Meeting Report. (Potsdam Institute for 
Climate Impact Research, Potsdam, Germany, 2012).

362 Lovelock, J. E. A geophysiologist’s thoughts on 
geoengineering. Philosophical Transactions of the Royal 
Society A-Mathematical Physical and Engineering Sciences 
366, 3883-3890 (2008).

363 GEA. Global Energy Assessment - Toward a Sustainable 
Future.  (Cambridge University Press, 2012).

364 BGR. Energy Study 2013: Reserves, resources and 
availability of energy resources. 112 (Federal Institute for 
Geosciences and Natural Resources (BGR), Hannover, 2013).

365 Ramanathan, V. & Feng, Y. On avoiding dangerous 
anthropogenic interference with the climate system: 
Formidable challenges ahead. Proceedings of the National 
Academy of Sciences of the United States of America 105, 
14245-14250 (2008).

366 Ramanathan, V. & Carmichael, G. Global and regional 
climate changes due to black carbon. Nature Geoscience, 
doi:10.1038/ngeo1156 (2008).

367 IPCC. Climate Change 2014 (III): Mitigation of Climate 
Change. Contribution of Working Group III to the Fifth 
Assessment Report of the Intergovernmental Panel on 
Climate Change.  (Cambridge University Press, 2014).

368 Sherwood, S. C. & Huber, M. An adaptability limit to 
climate change due to heat stress. Proceedings of the 
National Academy of Sciences of the United States of 
America 107, 9552-9555 (2010).

369 Walker, B. H. & Salt, D. Resilience Practice.  (Island Press, 
2012).

370 Porter, M.G. 2013  A Tale of Two Cities: Desalination and 
Drought in Perth and Melbourne. A report prepared for 
NCEDA under: ‘Desalination for Australian Economic 
Development’. https://www.deakin.edu.au/alfred-deakin-
research-institute/documents/michael-porter-tale-of-
two-cities.pdf. (Alfred Deakin Research Institute, Deakin 
University).



©2015 australian academy 
of science, gpo Box 783, 
canberra, acT 2601, all rights 
reserved. selected passages, 
tables or diagrams may be 
reproduced, provided the source 
is acknowledged.

Working group: Lisa alexander, 
Ian allison ao (co-chair), 
Michael Bird, John church Faa 
FTse, Matthew england Faa, 
Jean palutikof, Michael Raupach Faa 
FTse (co-chair), steven sherwood, 
susan Wijffels

oversight committee: 
graham Farquhar ao Faa FRs, 
Roger gifford, andrew gleadow 
Faa, Kurt Lambeck ao Faa 
FRs, Trevor McDougall Faa FRs, 
graeme pearman aM Faa FTse, 
steve Rintoul Faa, John Zillman ao 
Faa FTse (chair)

acknowledgments: Hedda 
Ransan-cooper (scientific editing), 
stephen pincock (communication 
consultant), Louise Bell, Jules Kajtar, 
Jana sillmann (figure preparation)

also available in this series is 
‘The science of Immunisation: 
Questions and answers’.

right: Rainforest, Far North 
Queensland. Photo: The.Rohit

Front cover—‘Wollongong Harbour’ by 
Robert Montgomery, cc BY, https://flic.
kr/rmonty119/13611846453/ | Inside front 
cover—‘pre-winter storm, southwestern 
australia’ by nasa’s Marshall space 
Flight center, cc BY-nc, https://
flic.kr/nasamarshall/13782454574/ | 
Page 4—‘carrum Beach’ by neil o’connor 
https://flic.kr/gifas/11994390914/ | 
Page 6—Untitled by Kyle D. gahlau 
on Marion Doss, cc BY-nc-sa, 
https://flic.kr/ooocha/3061655857/ 
| Page 8—©istockphoto.com/John 
carnemolla | Page 10—(top right) ‘Ice core 
vitals’ by nasa/ Lora Koenig, cc BY, 
https://flic.kr/nasa_ice/5433412179/; 
(top left) ‘pine tree cross section’ by 
LandLearn nsW, cc BY-nc-sa, https://
flic.kr /photos/landlearnnsw/2987640584/ 
| Page 14—‘Wollongong at night—from 
Bulli Tops’ by Jim Vrckovski https://
flic.kr/jvrckovski/4416104845/ | Page 
15—‘Rainforest canopy’ by Robert Kerton, 
cc BY, http://www.scienceimage.csiro.
au/tag/trees/i/1595/rainforest-canopy/ 
| Page 16—‘nasa Blue Marble 2007 east 
by nasa/goddard space Flight center/
Reto stöckli, cc BY, https://flic.kr/
gsfc/4427417620/ | Page 18—‘cotter 
Dam’ by nick pitsas, cc BY, http://www.
scienceimage.csiro.au/image/11545/
cotter-dam/ | Page 19—‘The atrium’ 
by sardaka, cc BY, http://en.wikipedia.
org/wiki/1_Bligh_street#mediaviewer/
File:1_one_Bligh_street2.jpg | Page 
20—‘Tc carlos – Rapid creek River Road by 
charles strebor, cc BY-nc-sa, https://flic.
kr/rantz/5450621144/ | Page 22—‘coogee 
Beach’ by Robert Montgomery, cc BY, 
https://flic.kr/rmonty119/5040576001/ 
| Page 24—(right) ‘starbug in action’ by 
QcaT, cc BY, http://www.scienceimage.
csiro.au/image/3818/starbug-in-action/ 
| Page 26—‘Brahman cattle’ by csIRo, 
cc BY, http://www.scienceimage.csiro.
au/image/10875/brahman-cattle/ | 
Page 29—‘Blue sheet on Lake Frome’ 
by csIRo atmospheric Research, cc BY, 
http://www.scienceimage.csiro.au/tag/
scientific-research/i/3394/blue-sheet-
on-lake-frome/ | Page 30—‘adjusting the 
solar thermal dish at the Lucas Heights 
facility’ by north sullivan photography, 
cc BY, http://www.scienceimage.csiro.
au/image/2733/adjusting-the-solar-
thermal-dish-at-the-lucas-heights-
facility/ | Page 31—‘capital windfarm’ 
by claudio goodman https://www.flickr.
com/claudiogoodman/15187470369/ 
| Back cover—‘australia’ by The.
Rohit, cc BY-nc, https://flic.kr/rohit_
saxena/3335486718/


	Contents
	Foreword
	Summary
	What is climate change?
	How has climate changed?
	Are human activities causing climate change?
	How do we expect climate to evolve in the future?
	How are extreme events changing?
	How are sea levels changing?
	What are the impacts of climate change?
	What are the uncertainties and their implications?
	What does science say about options to address climate change?
	References



