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Introduction

The following materials have been taken from the Intergovernmental Panel on Climate Change
4™ Assessment Report developed by the UN Intergovernmental Panel on Climate Change in
winter 2007.

As part of its 4" Assessment Report, the United Nations Intergovernmental Panel on Climate
Change (IPCC) released a series of 4 reports related to climate change science; climate change
impacts; climate change mitigation; and a synthesis document. This 4™ Assessment Report was
released 6 years after the last report and included the input of more than 1,200 authors and
2,500 scientific expert reviewers from more than 130 countries.

The series of reports were unprecedented in their finding that it is “very likely” (greater than
90% chance) that heat-trapping greenhouse gas emissions due to human activities were
responsible for “most of the observed increase in globally averaged temperatures since the mid-
20th century.” The report further found that human activities were connected by varying
degrees to a broad range of changes occurring around the globe, and that even with current
mitigation and sustainable development strategies in place, the Earth’s average temperature is
anticipated to rise and will “very likely” lead to changes in climate that are greater than those
observed during the 20" century.

The documents provided in this appendix include a list of the publications from the IPCC as well
as a set of short reports answering frequently asked questions regarding climate change. These
guestions were selected to address some of the more common issues and questions that were
raised at Task Force meetings and Public Listening Sessions over the course of 2008.

These documents can be found in:
IPCC, 2007: Climate Change 2007: The Physical Science Basis. Contribution of Working Group | to
the Fourth Assessment Report of the Intergovernmental Panel on Climate Change [Solomon, S.,
D. Qin, M. Manning, Z. Chen, M. Marquis, K.B. Averyt, M. Tignor and H.L. Miller (eds.)]. Cambridge
University Press, Cambridge, United Kingdom and New York, NY, USA, 996 pp.

And accessed online at:
http://www.ipcc.ch/ipccreports/ar4-wgl.htm



http://www.ipcc.ch/ipccreports/ar4-wg1.htm

Annex VI

Publications by the Intergovernmental Panel on Climate Change

Assessment Reports

Fourth Assessment Report

Climate Change 2007: The Physical Science Basis
Contribution of Working Group I to the Fourth Assessment Report

Climate Change 2007: Impacts, Adaptation and Vulnerability
Contribution of Working Group II to the Fourth Assessment Re-
port

Climate Change 2007: Mitigation of Climate Change
Contribution of Working Group III to the Fourth Assessment
Report

Climate Change 2007: Synthesis Report

Contribution of Working Groups I, II and III to the Fourth Assess-
ment Report

Third Assessment Report

Climate Change 2001: The Scientific Basis
Contribution of Working Group I to the Third Assessment Report

Climate Change 2001: Impacts, Adaptation and Vulnerability
Contribution of Working Group II to the Third Assessment Report

Climate Change 2001: Mitigation
Contribution of Working Group III to the Third Assessment Report

Climate Change 2001: Synthesis Report
Contribution of Working Groups I, IT and III to the Third Assess-
ment Report

Second Assessment Report

Climate Change 1995: The Science of Climate Change
Contribution of Working Group I to the Second Assessment Re-
port

Climate Change 1995: Scientific-Technical Analyses of Impacts,
Adaptations and Mitigation of Climate Change

Contribution of Working Group II to the Second Assessment
Report

Climate Change 1995: The Economic and Social Dimensions of
Climate Change

Contribution of Working Group III to the Second Assessment Re-
port

Climate Change 1995: Synthesis of Scientific-Technical Infor-
mation Relevant to Interpreting Article 2 of the UN Frame-
work Convention on Climate Change

Contribution of Working Groups I, IT and IIT to the Second Assess-
ment Report

Supplementary Report to the First Assessment Report

Climate Change 1992: The Supplementary Report to the IPCC
Scientific Assessment
Supplementary report of the IPCC Scientific Assessment Working

Group I
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Climate Change 1992: The Supplementary Report to the IPCC
Impacts Assessment
Supplementary report of the IPCC Impacts Assessment Working

Group II

Climate Change: The IPCC 1990 and 1992 Assessments
IPCC First Assessment Report Overview and Policymaker Sum-
maries and 1992 IPCC Supplementary Report

First Assessment Report
Climate Change: The Scientific Assessment
Report of the IPCC Scientific Assessment Working Group I, 1990

Climate Change: The IPCC Impacts Assessment
Report of the IPCC Impacts Assessment Working Group II, 1990

Climate Change: The IPCC Response Strategies
Report of the IPCC Response Strategies Working Group III, 1990

Special Reports
Carbon Dioxide Capture and Storage 2005

Safeguarding the Ozone Layer and the Global Climate System:
Issues Related to Hydrofluorocarbons and Perfluorocarbons
(IPCC/TEAP joint report) 2005

Land Use, Land-Use Change and Forestry 2000
Emissions Scenarios 2000

Methodological and Technological Issues in Technology Trans-
fer 2000

Aviation and the Global Atmosphere 1999

The Regional Impacts of Climate Change: An Assessment of
Vulnerability 1997

Climate Change 1994: Radiative Forcing of Climate Change
and an Evaluation of the IPCC IS92 Emissions Scenarios 1994

Methodology Reports and technical guidelines

2006 IPCC Guidelines for National Greenhouse Gas Invento-
ries (5 Volumes) 2006

Definitions and Methodological Options to Inventory Emissions
from Direct Human-induced Degradation of Forests and
Devegetation of Other Vegetation Types 2003

Good Practice Guidance for Land Use, Land-use Change and
Forestry IPCC National Greenhouse Gas Inventories Programme,
2003

Good Practice Guidance and Uncertainty Management in Na-
tional Greenhouse Gas Inventories IPCC National Greenhouse
Gas Inventories Programme, 2000

Revised 1996 IPCC Guidelines for National Greenhouse Gas
Inventories (3 volumes), 1996



IPCC Technical Guidelines for Assessing Climate Change Im-
pacts and Adaptations 1995

IPCC Guidelines for National Greenhouse Gas Inventories (3
volumes) 1994

Preliminary Guidelines for Assessing Impacts of Climate
Change 1992

Assessment of the Vulnerability of Coastal Areas to Sea Level
Rise — A Common Methodology 1991

Technical Papers

Climate Change and Biodiversity

IPCC Technical Paper 5, 2002

Implications of Proposed CO, Emissions Limitations

IPCC Technical Paper 4, 1997

Stabilisation of Atmospheric Greenhouse Gases: Physical, Bio-

logical and Socio-Economic Implications
IPCC Technical Paper 3, 1997

An Introduction to Simple Climate Models Used in the IPCC
Second Assessment Report
IPCC Technical Paper 2, 1997

Technologies, Policies and Measures for Mitigating Climate

Change
IPCC Technical Paper 1, 1996

Supplementary material

Global Climate Change and the Rising Challenge of the Sea
Coastal Zone Management Subgroup of the IPCC Response Strat-
egies Working Group, 1992

Emissions Scenarios
Prepared by the IPCC Response Strategies Working Group, 1990

For a more comprehensive list of supplementary material published
by the IPCC (workshop and meeting reports), please see
www.ipcc.ch or contact the IPCC Secretariat.
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Frequently Asked Questions

Frequently Asked Question 2.1

How do Human Activities Contribute to Climate Change
and How do They Compare with Natural Influences?

Human activities contribute to climate change by causing
changes in Earth's atmosphere in the amounts of greenhouse gas-
es, aerosols (small particles), and cloudiness. The largest known
contribution comes from the burning of fossil fuels, which releases
carbon dioxide gas to the atmosphere. Greenhouse gases and aero-
sols affect climate by altering incoming solar radiation and out-
going infrared (thermal) radiation that are part of Earth's energy
balance. Changing the atmospheric abundance or properties of
these gases and particles can lead to a warming or cooling of the
climate system. Since the start of the industrial era (about 1750),
the overall ¢ffect of human activities on climate has been a warm-
ing influence. The human impact on climate during this era greatly
exceeds that due fo known changes in natural processes, such as
solar changes and volcanic eruptions.

Greenhouse Gases

Human activities result in emissions of four principal green-
house gases: carbon dioxide (CO,), methane (CH,), nitrous oxide
(N,0) and the halocarbons (a group of gases containing fluorine,
chlorine and bromine). These gases accumulate in the atmosphere,
causing concentrations to increase with time. Significant increases
in all of these gases have occurred in the industrial era (see Figure
1). All of these increases are attributable to human activities.

¢ Carbon dioxide has increased from fossil fuel use in transpor-
tation, building heating and cooling and the manufacture of
cement and other goods. Deforestation releases CO, and re-
duces its uptake by plants. Carbon dioxide is also released in
natural processes such as the decay of plant matter.

e Methane has increased as a result of human activities related
to agriculture, natural gas distribution and landfills. Methane
is also released from natural processes that occur, for example,
in wetlands. Methane concentrations are not currently increas-
ing in the atmosphere because growth rates decreased over the
last two decades.

¢ Nitrous oxide is also emitted by human activities such as fertil-
izer use and fossil fuel burning. Natural processes in soils and
the oceans also release N,0.

e Halocarbon gas concentrations have increased primarily due
to human activities. Natural processes are also a small source.
Principal halocarbons include the chlorofluorocarbons (e.g.,
CFC-11 and CFC-12), which were used extensively as refrig-
eration agents and in other industrial processes before their
presence in the atmosphere was found to cause stratospheric
ozone depletion. The abundance of chlorofluorocarbon gases is
decreasing as a result of international regulations designed to
protect the ozone layer.
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FAQ 2.1, Figure 1. Atmospheric concentrations of important long-lived green-
house gases over the last 2,000 years. Increases since about 1750 are attributed to
human activities in the industrial era. Concentration units are parts per million (ppm)
or parts per billion (ppb), indicating the number of molecules of the greenhouse gas
per million or billion air molecules, respectively, in an atmospheric sample. (Data
combined and simplified from Chapters 6 and 2 of this report)

e Ozone is a greenhouse gas that is continually produced and
destroyed in the atmosphere by chemical reactions. In the tro-
posphere, human activities have increased ozone through the
release of gases such as carbon monoxide, hydrocarbons and
nitrogen oxide, which chemically react to produce ozone. As
mentioned above, halocarbons released by human activities
destroy ozone in the stratosphere and have caused the ozone
hole over Antarctica.

* Water vapour is the most abundant and important greenhouse
gas in the atmosphere. However, human activities have only
a small direct influence on the amount of atmospheric wa-
ter vapour. Indirectly, humans have the potential to affect
water vapour substantially by changing climate. For example,
a warmer atmosphere contains more water vapour. Human
activities also influence water vapour through CH, emissions,
because CH, undergoes chemical destruction in the strato-
sphere, producing a small amount of water vapour.

® Aerosols are small particles present in the atmosphere with
widely varying size, concentration and chemical composition.
Some aerosols are emitted directly into the atmosphere while
others are formed from emitted compounds. Aerosols contain
both naturally occurring compounds and those emitted as a re-
sult of human activities. Fossil fuel and biomass burning have
increased aerosols containing sulphur compounds, organic
compounds and black carbon (soot). Human activities such as
(continued)
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Frequently Asked Questions

surface mining and industrial processes
have increased dust in the atmosphere.
Natural aerosols include mineral dust re-
leased from the surface, sea salt aerosols,
biogenic emissions from the land and
oceans and sulphate and dust aerosols
produced by volcanic eruptions.

Radiative Forcing of Factors Affected by
Human Activities

The contributions to radiative forcing
from some of the factors influenced by hu-
man activities are shown in Figure 2. The
values reflect the total forcing relative to the
start of the industrial era (about 1750). The
forcings for all greenhouse gas increases,
which are the best understood of those due
to human activities, are positive because each
gas absorbs outgoing infrared radiation in the
atmosphere. Among the greenhouse gases,
C0, increases have caused the largest forcing
over this period. Tropospheric ozone increas-
es have also contributed to warming, while
stratospheric ozone decreases have contrib-
uted to cooling.

Aerosol particles influence radiative forc-
ing directly through reflection and absorption
of solar and infrared radiation in the atmo-
sphere. Some aerosols cause a positive forcing
while others cause a negative forcing. The di-
rect radiative forcing summed over all aerosol
types is negative. Aerosols also cause a nega-
tive radiative forcing indirectly through the
changes they cause in cloud properties.

Human activities since the industrial era
have altered the nature of land cover over
the globe, principally through changes in

(continued)

Natural

Radiative forcing of climate between 1750 and 2005
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FAQ 2.1, Figure 2. Summary of the principal components of the radiative forcing of climate change. All these
radiative forcings result from one or more factors that affect climate and are associated with human activities or
natural processes as discussed in the text. The values represent the forcings in 2005 relative to the start of the
industrial era (about 1750). Human activities cause significant changes in long-lived gases, ozone, water vapour,
surface albedo, aerosols and contrails. The only increase in natural forcing of any significance between 1750 and
2005 occurred in solar irradiance. Positive forcings lead to warming of climate and negative forcings lead to a
cooling. The thin black line attached to each coloured bar represents the range of uncertainty for the respective
value. (Figure adapted from Figure 2.20 of this report.)

FAQ 2.1, Box 1: What is Radiative Forcing?

What is radiative forcing? The influence of a factor that can cause climate change, such as a greenhouse gas, is often evaluated in
terms of its radiative forcing. Radiative forcing is a measure of how the energy balance of the Earth-atmosphere system is influenced
when factors that affect climate are altered. The word radiative arises because these factors change the balance between incoming solar
radiation and outgoing infrared radiation within the Earth's atmosphere. This radiative balance controls the Earth's surface temperature.
The term forcing is used to indicate that Earth'’s radiative balance is being pushed away from its normal state.

Radiative forcing is usually quantified as the rate of energy change per unit area of the globe as measured at the top of the atmo-
sphere] and is expressed in units of "Watts per square metre’ (see Figure 2). When radiative forcing from a factor or group of factors
is evaluated as positive, the energy of the Earth-atmosphere system will ultimately increase, leading to a warming of the system. In
contrast, for a negative radiative forcing, the energy will ultimately decrease, leading to a cooling of the system. Important challenges
for climate scientists are to identify all the factors that affect climate and the mechanisms by which they exert a forcing, to quantify the
radiative forcing of each factor and to evaluate the total radiative forcing from the group of factors.
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Frequently Asked Questions

croplands, pastures and forests. They have also modified the reflec-
tive properties of ice and snow. Overall, it is likely that more solar
radiation is now being reflected from Earth's surface as a result of
human activities. This change results in a negative forcing.

Aircraft produce persistent linear trails of condensation (‘con-
trails’) in regions that have suitably low temperatures and high
humidity. Contrails are a form of cirrus cloud that reflect solar ra-
diation and absorb infrared radiation. Linear contrails from global
aircraft operations have increased Earth’s cloudiness and are esti-
mated to cause a small positive radiative forcing.

Radiative Forcing from Natural Changes

Natural forcings arise due to solar changes and explosive
volcanic eruptions. Solar output has increased gradually in the
industrial era, causing a small positive radiative forcing (see Figure
2). This is in addition to the cyclic changes in solar radiation that

follow an 11-year cycle. Solar energy directly heats the climate
system and can also affect the atmospheric abundance of some
greenhouse gases, such as stratospheric ozone. Explosive volcanic
eruptions can create a short-lived (2 to 3 years) negative forcing
through the temporary increases that occur in sulphate aerosol
in the stratosphere. The stratosphere is currently free of volcanic
aerosol, since the last major eruption was in 1991 (Mt. Pinatubo).

The differences in radiative forcing estimates between the
present day and the start of the industrial era for solar irradiance
changes and volcanoes are both very small compared to the differ-
ences in radiative forcing estimated to have resulted from human
activities. As a result, in today’s atmosphere, the radiative forcing
from human activities is much more important for current and
future climate change than the estimated radiative forcing from
changes in natural processes.
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Frequently Asked Questions

Frequently Asked Question 3.1

How are Temperatures on Earth Changing?

Instrumental observations over the past 157 years show that
temperatures at the surface have risen globally, with important
regional variations. For the global average, warming in the last
century has occurred in two phases, from the 1910s fo the 1940s
(0.35°C), and more strongly from the 1970s to the present (0.55°C).
An increasing rate of warming has taken place over the last 25
years, and 11 of the 12 warmest years on record have occurred
in the past 12 years. Above the surface, global observations since
the late 1950s show that the troposphere (up fo about 10 km) has
warmed at a slightly greater rate than the surface, while the strato-
sphere (about 10-30 km) has cooled markedly since 1979. This
is in accord with physical expectations and most model results.
Confirmation of global warming comes from warming of the oceans,
rising sea levels, glaciers melting, sea ice retreating in the Arctic
and diminished snow cover in the Northern Hemisphere.

There is no single thermometer measuring the global tempera-
ture. Instead, individual thermometer measurements taken every
day at several thousand stations over the land areas of the world
are combined with thousands more measurements of sea surface
temperature taken from ships moving over the oceans to produce
an estimate of global average temperature every month. To ob-
tain consistent changes over time, the main analysis is actually
of anomalies (departures from the climatological mean at each
site) as these are more robust to changes in data availability. It is
now possible to use these measurements from 1850 to the present,
although coverage is much less than global in the second half of
the 19th century, is much better after 1957 when measurements
began in Antarctica, and best after about 1980, when satellite
measurements began.

Expressed as a global average, surface temperatures have in-
creased by about 0.74°C over the past hundred years (between
1906 and 2005; see Figure 1). However, the warming has been
neither steady nor the same in different seasons or in different
locations. There was not much overall change from 1850 to about
1915, aside from ups and downs associated with natural variabil-
ity but which may have also partly arisen from poor sampling. An
increase (0.35°C) occurred in the global average temperature from
the 1910s to the 1940s, followed by a slight cooling (0.1°C), and
then a rapid warming (0.55°C) up to the end of 2006 (Figure 1).
The warmest years of the series are 1998 and 2005 (which are sta-
tistically indistinguishable), and 11 of the 12 warmest years have
occurred in the last 12 years (1995 to 2006). Warming, particu-
larly since the 1970s, has generally been greater over land than
over the oceans. Seasonally, warming has been slightly greater in
the winter hemisphere. Additional warming occurs in cities and
urban areas (often referred to as the urban heat island effect), but
is confined in spatial extent, and its effects are allowed for both
by excluding as many of the affected sites as possible from the
global temperature data and by increasing the error range (the
blue band in the figure).

A few areas have cooled since 1901, most notably the north-
ern North Atlantic near southern Greenland. Warming during this
time has been strongest over the continental interiors of Asia and
northern North America. However, as these are areas with large
year-to-year variability, the most evident warming signal has oc-
curred in parts of the middle and lower latitudes, particularly the
tropical oceans. In the lower left panel of Figure 1, which shows
temperature trends since 1979, the pattern in the Pacific Ocean
features warming and cooling regions related to El Nifio.

Analysis of long-term changes in daily temperature extremes
has recently become possible for many regions of the world (parts
of North America and southern South America, Europe, north-
ern and eastern Asia, southern Africa and Australasia). Especially
since the 1950s, these records show a decrease in the number
of very cold days and nights and an increase in the number of
extremely hot days and warm nights (see FAQ 3.3). The length of
the frost-free season has increased in most mid- and high-latitude
regions of both hemispheres. In the Northern Hemisphere, this is
mostly manifest as an earlier start to spring.

In addition to the surface data described above, measurements
of temperature above the surface have been made with weather
balloons, with reasonable coverage over land since 1958, and
from satellite data since 1979. All data are adjusted for changes in
instruments and observing practices where necessary. Microwave
satellite data have been used to create a ‘satellite temperature re-
cord’ for thick layers of the atmosphere including the troposphere
(from the surface up to about 10 km) and the lower stratosphere
(about 10 to 30 km). Despite several new analyses with improved
cross-calibration of the 13 instruments on different satellites used
since 1979 and compensation for changes in observing time and
satellite altitude, some uncertainties remain in trends.

For global observations since the late 1950s, the most re-
cent versions of all available data sets show that the troposphere
has warmed at a slightly greater rate than the surface, while the
stratosphere has cooled markedly since 1979. This is in accord
with physical expectations and most model results, which dem-
onstrate the role of increasing greenhouse gases in tropospheric
warming and stratospheric cooling; ozone depletion also contrib-
utes substantially to stratospheric cooling.

Consistent with observed increases in surface temperature,
there have been decreases in the length of river and lake ice sea-
sons. Further, there has been an almost worldwide reduction in
glacial mass and extent in the 20th century; melting of the Green-
land Ice Sheet has recently become apparent; snow cover has de-
creased in many Northern Hemisphere regions; sea ice thickness
and extent have decreased in the Arctic in all seasons, most dra-
matically in spring and summer; the oceans are warming; and sea
level is rising due to thermal expansion of the oceans and melting

of land ice.
(continued)
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FAQ 3.1, Figure 1. (Top) Annual global mean observed temperatures’ (black dots) along with simple fits to the data. The left hand axis shows anomalies relative to the 1961
to 1990 average and the right hand axis shows the estimated actual temperature (°C). Linear trend fits to the last 25 (yellow), 50 (orange), 100 (purple) and 150 years (red) are
shown, and correspond to 1981 to 2005, 1956 to 2005, 1906 to 2005, and 1856 to 2005, respectively. Note that for shorter recent periods, the slope is greater, indicating accel-
erated warming. The blue curve is a smoothed depiction to capture the decadal variations. To give an idea of whether the fluctuations are meaningful, decadal 5% to 95% (light
blue) error ranges about that line are given (accordingly, annual values do exceed those limits). Results from climate models driven by estimated radiative forcings for the 20th
century (Chapter 9) suggest that there was little change prior to about 1915, and that a substantial fraction of the early 20th-century change was contributed by naturally oc-
curring influences including solar radiation changes, volcanism and natural variability. From about 1940 fo 1970 the increasing industrialisation following World War Il increased
pollution in the Northern Hemisphere, contributing to cooling, and increases in carbon dioxide and other greenhouse gases dominate the observed warming after the mid-1970s.
(Bottom) Patterns of linear global temperature frends from 1979 to 2005 estimated at the surface (left), and for the troposphere (right) from the surface to about 10 km altitude,
from satellite records. Grey areas indicate incomplete data. Note the more spatially uniform warming in the satellite tropospheric record while the surface temperature changes
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Frequently Asked Question 6.2

Is the Current Climate Change Unusual Compared to
Earlier Changes in Earth’s History?

Climate has changed on all fime scales throughout Earth’s histo-
ry. Some aspects of the current climate change are not unusual, but
others are. The concentration of CO, in the atmosphere has reached
a record high relative to more than the past half-million years, and
has done so at an exceptionally fast rate. Current global tempera-
tures are warmer than they have ever been during at least the past
five centuries, probably even for more than a millennium. If warm-
ing continues unabated, the resulting climate change within this
cenfury would be extremely unusual in geological terms. Another
unusual aspect of recent climate change is its cause: past climate
changes were natural in origin (see FAQ 6.1), whereas most of the
warming of the past 50 years is attributable to human activities.

When comparing the current climate change to earlier, natural
ones, three distinctions must be made. First, it must be clear which
variable is being compared: is it greenhouse gas concentration or
temperature (or some other climate parameter), and is it their abso-
lute value or their rate of change? Second, local changes must not
be confused with global changes. Local climate changes are often
much larger than global ones, since local factors (e.g., changes in
oceanic or atmospheric circulation) can shift the delivery of heat
or moisture from one place to another and local feedbacks operate
(e.g., sea ice feedback). Large changes in global mean temperature,
in contrast, require some global forcing (such as a change in green-
house gas concentration or solar activity). Third, it is necessary to
distinguish between time scales. Climate changes over millions of
years can be much larger and have different causes (e.g., continental
drift) compared to climate changes on a centennial time scale.

The main reason for the current concern about climate change
is the rise in atmospheric carbon dioxide (CO,) concentration (and
some other greenhouse gases), which is very unusual for the Qua-
ternary (about the last two million years). The concentration of CO,
is now known accurately for the past 650,000 years from antarctic
ice cores. During this time, CO, concentration varied between a low
of 180 ppm during cold glacial times and a high of 300 ppm during
warm interglacials. Over the past century, it rapidly increased well
out of this range, and is now 379 ppm (see Chapter 2). For compari-
son, the approximately 80-ppm rise in CO, concentration at the end
of the past ice ages generally took over 5,000 years. Higher values
than at present have only occurred many millions of years ago (see
FAQ 6.1).

Temperature is a more difficult variable to reconstruct than CO,
(a globally well-mixed gas), as it does not have the same value all
over the globe, so that a single record (e.g., an ice core) is only of
limited value. Local temperature fluctuations, even those over just a
few decades, can be several degrees celsius, which is larger than the
global warming signal of the past century of about 0.7°C.

More meaningful for global changes is an analysis of large-scale
(global or hemispheric) averages, where much of the local varia-
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tion averages out and variability is smaller. Sufficient coverage of
instrumental records goes back only about 150 years. Further back
in time, compilations of proxy data from tree rings, ice cores, etc.,
go back more than a thousand years with decreasing spatial cover-
age for earlier periods (see Section 6.5). While there are differences
among those reconstructions and significant uncertainties remain,
all published reconstructions find that temperatures were warm
during medieval times, cooled to low values in the 17th, 18th and
19th centuries, and warmed rapidly after that. The medieval level
of warmth is uncertain, but may have been reached again in the
mid-20th century, only to have likely been exceeded since then.
These conclusions are supported by climate modelling as well. Be-
fore 2,000 years ago, temperature variations have not been system-
atically compiled into large-scale averages, but they do not provide
evidence for warmer-than-present global annual mean temperatures
going back through the Holocene (the last 11,600 years; see Sec-
tion 6.4). There are strong indications that a warmer climate, with
greatly reduced global ice cover and higher sea level, prevailed until
around 3 million years ago. Hence, current warmth appears unusual
in the context of the past millennia, but not unusual on longer
time scales for which changes in tectonic activity (which can drive
natural, slow variations in greenhouse gas concentration) become
relevant (see Box 6.1).

A different matter is the current rate of warming. Are more rapid
global climate changes recorded in proxy data? The largest tem-
perature changes of the past million years are the glacial cycles,
during which the global mean temperature changed by 4°C to 7°C
between ice ages and warm interglacial periods (local changes were
much larger, for example near the continental ice sheets). However,
the data indicate that the global warming at the end of an ice age
was a gradual process taking about 5,000 years (see Section 6.3). It
is thus clear that the current rate of global climate change is much
more rapid and very unusual in the context of past changes. The
much-discussed abrupt climate shifts during glacial times (see Sec-
tion 6.3) are not counter-examples, since they were probably due to
changes in ocean heat transport, which would be unlikely to affect
the global mean temperature.

Further back in time, beyond ice core data, the time resolution of
sediment cores and other archives does not resolve changes as rapid
as the present warming. Hence, although large climate changes have
occurred in the past, there is no evidence that these took place at
a faster rate than present warming. If projections of approximately
5°C warming in this century (the upper end of the range) are re-
alised, then the Earth will have experienced about the same amount
of global mean warming as it did at the end of the last ice age; there
is no evidence that this rate of possible future global change was
matched by any comparable global temperature increase of the last
50 million years.
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Frequently Asked Question 8.1

How Reliable Are the Models Used to Make Projections

of Future Climate Change?

There is considerable confidence that climate models provide
credible quantitative estimates of future climate change, particularly
at continental scales and above. This confidence comes from the
Jfoundation of the models in accepted physical principles and from
their ability to reproduce observed features of current climate and
past climate changes. Confidence in model estimates is higher
Jfor some climate variables (e.g., temperature) than for others
(e.g., precipitation). Over several decades of development, models
have consistently provided a robust and unambiguous picture of
significant climate warming in response to increasing greenhouse
gases.

Climate models are mathematical representations of the cli-
mate system, expressed as computer codes and run on powerful
computers. One source of confidence in models comes from the
fact that model fundamentals are based on established physi-
cal laws, such as conservation of mass, energy and momentum,
along with a wealth of observations.

A second source of confidence comes from the ability of
models to simulate important aspects of the current climate.
Models are routinely and extensively assessed by comparing
their simulations with observations of the atmosphere, ocean,
cryosphere and land surface. Unprecedented levels of evaluation
have taken place over the last decade in the form of organised
multi-model ‘intercomparisons’. Models show significant and

increasing skill in representing many important mean climate
features, such as the large-scale distributions of atmospheric
temperature, precipitation, radiation and wind, and of oceanic
temperatures, currents and sea ice cover. Models can also simu-
late essential aspects of many of the patterns of climate vari-
ability observed across a range of time scales. Examples include
the advance and retreat of the major monsoon systems, the
seasonal shifts of temperatures, storm tracks and rain belts, and
the hemispheric-scale seesawing of extratropical surface pres-
sures (the Northern and Southern ‘annular modes’). Some cli-
mate models, or closely related variants, have also been tested
by using them to predict weather and make seasonal forecasts.
These models demonstrate skill in such forecasts, showing they
can represent important features of the general circulation
across shorter time scales, as well as aspects of seasonal and
interannual variability. Models’ ability to represent these and
other important climate features increases our confidence that
they represent the essential physical processes important for
the simulation of future climate change. (Note that the limita-
tions in climate models’ ability to forecast weather beyond a
few days do not limit their ability to predict long-term climate
changes, as these are very different types of prediction - see

FAQ 1.2.)
(continued)

FAQ 8.1, Figure 1. Global mean
near-surface temperatures over the 20th
century from observations (black) and as
obtained from 58 simulations produced
by 14 different climate models driven by
both natural and human-caused factors
that influence climate (yellow). The
mean of all these runs is also shown
(thick red line). Temperature anomalies
are shown relative to the 1901 to 1950
mean. Vertical grey lines indicate the
timing of major volcanic eruptions.
(Figure adapted from Chapter 9, Figure
9.5. Refer to corresponding caption for
further details.)
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A third source of confidence comes from the ability of mod-
els to reproduce features of past climates and climate changes.
Models have been used to simulate ancient climates, such as
the warm mid-Holocene of 6,000 years ago or the last gla-
cial maximum of 21,000 years ago (see Chapter 6). They can
reproduce many features (allowing for uncertainties in recon-
structing past climates) such as the magnitude and broad-scale
pattern of oceanic cooling during the last ice age. Models can
also simulate many observed aspects of climate change over the
instrumental record. One example is that the global temperature
trend over the past century (shown in Figure 1) can be mod-
elled with high skill when both human and natural factors that
influence climate are included. Models also reproduce other ob-
served changes, such as the faster increase in nighttime than
in daytime temperatures, the larger degree of warming in the
Arctic and the small, short-term global cooling (and subsequent
recovery) which has followed major volcanic eruptions, such
as that of Mt. Pinatubo in 1991 (see FAQ 8.1, Figure 1). Model
global temperature projections made over the last two decades
have also been in overall agreement with subsequent observa-
tions over that period (Chapter 1).

Nevertheless, models still show significant errors. Although
these are generally greater at smaller scales, important large-
scale problems also remain. For example, deficiencies re-
main in the simulation of tropical precipitation, the El Nifio-
Southern Oscillation and the Madden-Julian Oscillation (an
observed variation in tropical winds and rainfall with a time
scale of 30 to 90 days). The ultimate source of most such
errors is that many important small-scale processes cannot be
represented explicitly in models, and so must be included in
approximate form as they interact with larger-scale features.
This is partly due to limitations in computing power, but also
results from limitations in scientific understanding or in the
availability of detailed observations of some physical processes.
Significant uncertainties, in particular, are associated with the
representation of clouds, and in the resulting cloud responses
to climate change. Consequently, models continue to display a
substantial range of global temperature change in response to
specified greenhouse gas forcing (see Chapter 10). Despite such
uncertainties, however, models are unanimous in their predic-

tion of substantial climate warming under greenhouse gas in-
creases, and this warming is of a magnitude consistent with
independent estimates derived from other sources, such as from
observed climate changes and past climate reconstructions.

Since confidence in the changes projected by global models
decreases at smaller scales, other techniques, such as the use of
regional climate models, or downscaling methods, have been
specifically developed for the study of regional- and local-scale
climate change (see FAQ 11.1). However, as global models con-
tinue to develop, and their resolution continues to improve,
they are becoming increasingly useful for investigating impor-
tant smaller-scale features, such as changes in extreme weather
events, and further improvements in regional-scale representa-
tion are expected with increased computing power. Models are
also becoming more comprehensive in their treatment of the
climate system, thus explicitly representing more physical and
biophysical processes and interactions considered potentially
important for climate change, particularly at longer time scales.
Examples are the recent inclusion of plant responses, ocean
biological and chemical interactions, and ice sheet dynamics in
some global climate models.

In summary, confidence in models comes from their physical
basis, and their skill in representing observed climate and past
climate changes. Models have proven to be extremely important
tools for simulating and understanding climate, and there is
considerable confidence that they are able to provide credible
quantitative estimates of future climate change, particularly at
larger scales. Models continue to have significant limitations,
such as in their representation of clouds, which lead to uncer-
tainties in the magnitude and timing, as well as regional details,
of predicted climate change. Nevertheless, over several decades
of model development, they have consistently provided a robust
and unambiguous picture of significant climate warming in re-
sponse to increasing greenhouse gases.
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Frequently Asked Question 9.2

Can the Warming of the 20th Century
be Explained by Natural Variability?

It is very unlikely that the 20th-century warming can be
explained by natural causes. The late 20th century has been
unusually warm. Palaeoclimatic reconstructions show that the
second half of the 20th century was likely the warmest 50-year
period in the Northern Hemisphere in the last 1300 years. This
rapid warming is consistent with the scientific understanding
of how the climate should respond to a rapid increase in green-
house gases like that which has occurred over the past century,
and the warming is inconsistent with the scientific understand-
ing of how the climate should respond to natural external fac-
tors such as variability in solar output and volcanic activity.
Climate models provide a suitable tool to study the various in-
fluences on the Earth’s climate. When the effects of increasing
levels of greenhouse gases are included in the models, as well
as natural external factors, the models produce good simula-
tions of the warming that has occurred over the past century.
The models fail fo reproduce the observed warming when run
using only natural factors. When human factors are included,
the models also simulate a geographic pattern of femperature
change around the globe similar to that which has occurred in
recent decades. This spatial pattern, which has features such as
a greafer warming at high northern latitudes, differs from the
most important patterns of natural climate variability that are
associated with internal climate processes, such as El Niiio.

Variations in the Earth’s climate over time are caused by
natural internal processes, such as El Nifio, as well as changes
in external influences. These external influences can be natu-
ral in origin, such as volcanic activity and variations in so-
lar output, or caused by human activity, such as greenhouse
gas emissions, human-sourced aerosols, ozone depletion and
land use change. The role of natural internal processes can be
estimated by studying observed variations in climate and by
running climate models without changing any of the external
factors that affect climate. The effect of external influences can
be estimated with models by changing these factors, and by us-
ing physical understanding of the processes involved. The com-
bined effects of natural internal variability and natural external
factors can also be estimated from climate information recorded
in tree rings, ice cores and other types of natural ‘thermometers’
prior to the industrial age.

The natural external factors that affect climate include vol-
canic activity and variations in solar output. Explosive vol-
canic eruptions occasionally eject large amounts of dust and
sulphate aerosol high into the atmosphere, temporarily shield-
ing the Earth and reflecting sunlight back to space. Solar output
has an 11-year cycle and may also have longer-term varia-
tions. Human activities over the last 100 years, particularly the
burning of fossil fuels, have caused a rapid increase in carbon
dioxide and other greenhouse gases in the atmosphere. Before

the industrial age, these gases had remained at near stable con-
centrations for thousands of years. Human activities have also
caused increased concentrations of fine reflective particles, or
‘aerosols’, in the atmosphere, particularly during the 1950s and
1960s.

Although natural internal climate processes, such as El Nifio,
can cause variations in global mean temperature for relatively
short periods, analysis indicates that a large portion is due to
external factors. Brief periods of global cooling have followed
major volcanic eruptions, such as Mt. Pinatubo in 1991. In the
early part of the 20th century, global average temperature rose,
during which time greenhouse gas concentrations started to
rise, solar output was probably increasing and there was little
volcanic activity. During the 1950s and 1960s, average global
temperatures levelled off, as increases in aerosols from fossil
fuels and other sources cooled the planet. The eruption of Mt.
Agung in 1963 also put large quantities of reflective dust into
the upper atmosphere. The rapid warming observed since the
1970s has occurred in a period when the increase in greenhouse
gases has dominated over all other factors.

Numerous experiments have been conducted using climate
models to determine the likely causes of the 20th-century cli-
mate change. These experiments indicate that models cannot
reproduce the rapid warming observed in recent decades when
they only take into account variations in solar output and vol-
canic activity. However, as shown in Figure 1, models are able
to simulate the observed 20th-century changes in temperature
when they include all of the most important external factors,
including human influences from sources such as greenhouse
gases and natural external factors. The model-estimated re-
sponses to these external factors are detectable in the 20th-cen-
tury climate globally and in each individual continent except
Antarctica, where there are insufficient observations. The hu-
man influence on climate very likely dominates over all other
causes of change in global average surface temperature during
the past half century.

An important source of uncertainty arises from the incom-
plete knowledge of some external factors, such as human-
sourced aerosols. In addition, the climate models themselves
are imperfect. Nevertheless, all models simulate a pattern of
response to greenhouse gas increases from human activities
that is similar to the observed pattern of change. This pattern
includes more warming over land than over the oceans. This
pattern of change, which differs from the principal patterns
of temperature change associated with natural internal vari-
ability, such as El Nifio, helps to distinguish the response to
greenhouse gases from that of natural external factors. Models
and observations also both show warming in the lower part of

(continued)
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FAQ 9.2, Figure 1. Temperature changes relative to the corresponding average for 1901-1950 (°C) from decade to decade from 1906 to 2005 over the Earth’s continents,
as well as the entire globe, global land area and the global ocean (lower graphs). The black line indicates observed temperature change, while the coloured bands show the
combined range covered by 90% of recent model simulations. Red indicates simulations that include natural and human factors, while blue indicates simulations that include
only natural factors. Dashed black lines indicate decades and continental regions for which there are substantially fewer observations. Detailed descriptions of this figure and
the methodology used in its production are given in the Supplementary Material, Appendix 9.C.

the atmosphere (the troposphere) and cooling higher up in the
stratosphere. This is another ‘fingerprint’ of change that reveals
the effect of human influence on the climate. If, for example,
an increase in solar output had been responsible for the recent
climate warming, both the troposphere and the stratosphere
would have warmed. In addition, differences in the timing of
the human and natural external influences help to distinguish
the climate responses to these factors. Such considerations in-
crease confidence that human rather than natural factors were
the dominant cause of the global warming observed over the
last 50 years.

Estimates of Northern Hemisphere temperatures over the last
one to two millennia, based on natural ‘thermometers’ such as
tree rings that vary in width or density as temperatures change,
and historical weather records, provide additional evidence that

the 20th-century warming cannot be explained by only nat-
ural internal variability and natural external forcing factors.
Confidence in these estimates is increased because prior to the
industrial era, much of the variation they show in Northern
Hemisphere average temperatures can be explained by episodic
cooling caused by large volcanic eruptions and by changes in
the Sun’s output. The remaining variation is generally consis-
tent with the variability simulated by climate models in the
absence of natural and human-induced external factors. While
there is uncertainty in the estimates of past temperatures, they
show that it is likely that the second half of the 20th century
was the warmest 50-year period in the last 1300 years. The
estimated climate variability caused by natural factors is small
compared to the strong 20th-century warming.
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Frequently Asked Question 11.1

Do Projected Changes in Climate Vary from Region

to Region?

Climate varies from region to region. This variation is driven by
the uneven distribution of solar heating, the individual responses
of the atmosphere, oceans and land surface, the interactions be-
tween these, and the physical characteristics of the regions. The
perturbations of the atmospheric constituents that lead to global
changes affect certain aspects of these complex interactions. Some
human-induced factors that affect climate (‘forcings’) are global
in nature, while others differ from one region to another. For
example, carbon dioxide, which causes warming, is distributed
evenly around fhe globe, regardless of where the emissions origi-
nate, whereas sulphate aerosols (small particles) that offset some
of the warming tend to be regional in their distribution. Further-
more, the response to forcings is partly governed
by feedback processes that may operate in different
regions from those in which the forcing is greatest.
Thus, the projected changes in climate will also
vary from region to region.

Latitude is a good starting point for consid-
ering how changes in climate will affect a re-
gion. For example, while warming is expected
everywhere on Earth, the amount of projected
warming generally increases from the tropics to
the poles in the Northern Hemisphere. Precipita-
tion is more complex, but also has some latitude-
dependent features. At latitudes adjacent to the
polar regions, precipitation is projected to in-
crease, while decreases are projected in many
regions adjacent to the tropics (see Figure 1).
Increases in tropical precipitation are projected
during rainy seasons (e.g., monsoons), and over
the tropical Pacific in particular.

Location with respect to oceans and moun-
tain ranges is also an important factor. Gener-
ally, the interiors of continents are projected to
warm more than the coastal areas. Precipitation
responses are especially sensitive not only to the
continental geometry, but to the shape of nearby
mountain ranges and wind flow direction. Mon-
soons, extratropical cyclones and hurricanes/
typhoons are all influenced in different ways by
these region-specific features.

Some of the most difficult aspects of un-
derstanding and projecting changes in region-
al climate relate to possible changes in the
circulation of the atmosphere and oceans, and
their patterns of variability. Although general
statements covering a variety of regions with

qualitatively similar climates can be made in some cases, nearly
every region is idiosyncratic in some ways. This is true whether
it is the coastal zones surrounding the subtropical Mediterra-
nean Sea, the extreme weather in the North American interior
that depends on moisture transport from the Gulf of Mexico,
or the interactions between vegetation distribution, oceanic
temperatures and atmospheric circulation that help control the
southern limit of the Sahara Desert.

While developing an understanding of the correct balance
of global and regional factors remains a challenge, the under-
standing of these factors is steadily growing, increasing our
confidence in regional projections.

multi-model

FAQ 11.1, Figure 1. Blue and green areas on the map are by the end of the century projected to
experience increases in precipitation, while areas in yellow and pink are projected to have decreases.
The top panel shows projections for the period covering December, January and February, while the
bottom panel shows projections for the period covering June, July and August.
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