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Foreword

Representing the fi rst major global assessment of climate change 
science in six years, “Climate Change 2007 – The Physical Science 
Basis” has quickly captured the attention of both policymakers and the 
general public. The report confi rms that our scientifi c understanding 
of the climate system and its sensitivity to greenhouse gas emissions 
is now richer and deeper than ever before. It also portrays a dynamic 
research sector that will provide ever greater insights into climate 
change over the coming years.

The rigor and credibility of this report owes much to the unique 
nature of the Intergovernmental Panel on Climate Change (IPCC). 
Established by the World Meteorological Organization and the United 
Nations Environment Programme in 1988, the IPCC is both an 
intergovernmental body and a network of the world’s leading climate 
change scientists and experts. 

The chapters forming the bulk of this report describe scientists’ 
assessment of the state-of-knowledge in their respective fi elds. They 
were written by 152 coordinating lead authors and lead authors from 
over 30 countries and reviewed by over 600 experts. A large number of 
government reviewers also contributed review comments.

The Summary for Policymakers was approved by offi cials from 113 
governments and represents their understanding – and their ownership 
– of the entire underlying report. It is this combination of expert and 
government review that constitutes the strength of the IPCC.

The IPCC does not conduct new research. Instead, its mandate is to 
make policy-relevant – as opposed to policy-prescriptive – assessments 
of the existing worldwide literature on the scientifi c, technical and 
socio-economic aspects of climate change. Its earlier assessment 
reports helped to inspire governments to adopt and implement the 
United Nations Framework Convention on Climate Change and the 
Kyoto Protocol. The current report will also be highly relevant as 
Governments consider their options for moving forward together to 
address the challenge of climate change.

Climate Change 2007 – the Physical Science Basis is the fi rst 
volume of the IPCC’s Fourth Assessment Report. The second volume 
considers climate change impacts, vulnerabilities and adaptation 
options, while the third volume assesses the opportunities for and the 
costs of mitigation. A fourth volume provides a synthesis of the IPCC’s 
overall fi ndings.

The Physical Science Basis was made possible by the commitment 
and voluntary labor of the world’s leading climate scientists. We 
would like to express our gratitude to all the Coordinating Lead 
Authors, Lead Authors, Contributing Authors, Review Editors and 
Reviewers. We would also like to thank the staff of the Working 
Group I Technical Support Unit and the IPCC Secretariat for their 
dedication in coordinating the production of another successful IPCC 
report. 

Many Governments have supported the participation of their 
resident scientists in the IPCC process and contributed to the IPCC 
Trust Fund, thus also assuring the participation of experts from 
developing countries and countries with economies in transition. The 
governments of Italy, China, New Zealand and Norway hosted drafting 
sessions, while the Government of France hosted the fi nal plenary that 
approved and accepted the report. The Government of the United States 
of America funded the Working Group I Technical Support Unit.

Finally, we would like to thank Dr R.K. Pachauri, Chairman of 
the IPCC, for his sound direction and tireless and able guidance of 
the IPCC, and Dr. Susan Solomon and Prof. Dahe Qin, the Co-Chairs 
of Working Group I, for their skillful leadership of Working Group I 
through the production of this report.

M. Jarraud

Secretary General

World Meteorological Organization

A. Steiner

Executive Director

United Nations Environment Programme
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Preface

This Working Group I contribution to the IPCC’s Fourth 
Assessment Report (AR4) provides a comprehensive assessment of 
the physical science of climate change and continues to broaden the 
view of that science, following on from previous Working Group I 
assessments. The results presented here are based on the extensive 
scientifi c literature that has become available since completion of the 
IPCC’s Third Assessment Report, together with expanded data sets, 
new analyses, and more sophisticated climate modelling capabilities. 

This report has been prepared in accordance with rules and 
procedures established by the IPCC and used for previous assessment 
reports. The report outline was agreed at the 21st Session of the Panel in 
November 2003 and the lead authors were accepted at the 31st Session 
of the IPCC Bureau in April 2004. Drafts prepared by the authors were 
subject to two rounds of review and revision during which over 30,000 
written comments were submitted by over 650 individual experts 
as well as by governments and international organizations. Review 
Editors for each chapter have ensured that all substantive government 
and expert review comments received appropriate consideration. 
The Summary for Policymakers was approved line-by-line and the 
underlying chapters were then accepted at the 10th Session of IPCC 
Working Group I from 29 January to 1 February 2007.

Scope of the Report

The Working Group I report focuses on those aspects of the 
current understanding of the physical science of climate change that 
are judged to be most relevant to policymakers. It does not attempt 
to review the evolution of scientifi c understanding or to cover all of 
climate science. Furthermore, this assessment is based on the relevant 
scientifi c literature available to the authors in mid-2006 and the reader 
should recognize that some topics covered here may be subject to 
further rapid development. 

A feature of recent climate change research is the breadth of 
observations now available for different components of the climate 
system, including the atmosphere, oceans, and cryosphere.  Additional 
observations and new analyses have broadened our understanding and 
enabled many uncertainties to be reduced. New information has also 
led to some new questions in areas such as unanticipated changes in ice 
sheets, their potential effect on sea level rise, and the implications of 
complex interactions between climate change and biogeochemistry. 

In considering future projections of climate change, this report 
follows decisions made by the Panel during the AR4 scoping and 
approval process to use emission scenarios that have been previously 
assessed by the IPCC for consistency across the three Working Groups. 
However, the value of information from new climate models related to 
climate stabilization has also been recognized. In order to address both 
topics, climate modelling groups have conducted climate simulations 
that included idealized experiments in which atmospheric composition 
is held constant. Together with climate model ensemble simulations, 
including many model runs for the 20th and 21st centuries, this 
assessment has been able to consider far more simulations than any 
previous assessment of climate change. 

The IPCC assessment of the effects of climate change and of options 
for responding to or avoiding such effects, are assessed by Working 
Groups II and III and so are not covered here.  In particular, while 
this Working Group I report presents results for a range of emission 
scenarios consistent with previous reports, an updated assessment 
of the plausible range of future emissions can only be conducted by 
Working Group III. 

The Structure of this Report

This Working Group I assessment includes, for the fi rst time, an 
introductory chapter, Chapter 1, which covers the ways in which 
climate change science has progressed, including an overview of the 
methods used in climate change science, the role of climate models 
and evolution in the treatment of uncertainties. 

Chapters 2 and 7 cover the changes in atmospheric constituents 
(both gases and aerosols) that affect the radiative energy balance in 
the atmosphere and determine the Earth’s climate. Chapter 2 presents 
a perspective based on observed change in the atmosphere and covers 
the central concept of radiative forcing. Chapter 7 complements this by 
considering the interactions between the biogeochemical cycles that 
affect atmospheric constituents and climate change, including aerosol/
cloud interactions. 

Chapters 3, 4 and 5 cover the extensive range of observations now 
available for the atmosphere and surface, for snow, ice and frozen 
ground, and for the oceans respectively. While observed changes 
in these components of the climate system are closely inter-related 
through physical processes, the separate chapters allow a more focused 
assessment of available data and their uncertainties, including remote 
sensing data from satellites. Chapter 5 includes observed changes in 
sea level, recognizing the strong interconnections between these and 
ocean heat content. 

Chapter 6 presents a palaeoclimatic perspective and assesses 
the evidence for past climate change and the extent to which that is 
explained by our present scientifi c understanding. It includes a new 
assessment of reconstructed temperatures for the past 1300 years. 

Chapter 8 covers the ways in which physical processes are 
simulated in climate models and the evaluation of models against 
observed climate, including its average state and variability. Chapter 
9 covers the closely related issue of the extent to which observed 
climate change can be attributed to different causes, both natural and 
anthropogenic. 

Chapter 10 covers the use of climate models for projections of 
global climate including their uncertainties. It shows results for 
different levels of future greenhouse gases, providing a probabilistic 
assessment of a range of physical climate system responses and the 
time scales and inertia associated with such responses. Chapter 11 
covers regional climate change projections consistent with the global 
projections. It includes an assessment of model reliability at regional 
levels and the factors that can signifi cantly infl uence regional scale 
climate change.

The Summary for Policymakers (SPM) and Technical Summary 
(TS) of this report follow a parallel structure and each includes 
cross references to the chapter and section where the material being 
summarized can be found in the underlying report. In this way these 
summary components of the report provide a road-map to the content 
of the entire report and the reader is encouraged to use the SPM and 
TS in that way.  

An innovation in this report is the inclusion of 19 Frequently Asked 
Questions, in which the authors provide scientifi c answers to a range 
of general questions in a form that will be useful for a broad range 
of teaching purposes. Finally the report is accompanied by about 250 
pages of supplementary material that was reviewed along with the 
chapter drafts and is made available on CDRom and in web-based 
versions of the report to provide an additional level of detail, such as 
results for individual climate models. 
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Summary for Policymakers 

Introduction

The Working Group I contribution to the IPCC Fourth 
Assessment Report describes progress in understanding of 
the human and natural drivers of climate change,1 observed 
climate change, climate processes and attribution, and 
estimates of projected future climate change. It builds 
upon past IPCC assessments and incorporates new fi ndings 
from the past six years of research. Scientifi c progress 
since the Third Assessment Report (TAR) is based upon 
large amounts of new and more comprehensive data, 
more sophisticated analyses of data, improvements in 
understanding of processes and their simulation in models 
and more extensive exploration of uncertainty ranges.

The basis for substantive paragraphs in this Summary 
for Policymakers can be found in the chapter sections 
specifi ed in curly brackets.

Human and Natural Drivers
of Climate Change

Changes in the atmospheric abundance of greenhouse 

gases and aerosols, in solar radiation and in land surface 

properties alter the energy balance of the climate system. 

These changes are expressed in terms of radiative 

forcing,2 which is used to compare how a range of human 

and natural factors drive warming or cooling infl uences 

on global climate. Since the TAR, new observations and 

related modelling of greenhouse gases, solar activity, land 

surface properties and some aspects of aerosols have led 

to improvements in the quantitative estimates of radiative 

forcing.

Global atmospheric concentrations of carbon 

dioxide, methane and nitrous oxide have increased 

markedly as a result of human activities since 1750 

and now far exceed pre-industrial values determined 

from ice cores spanning many thousands of years 

(see Figure SPM.1). The global increases in carbon 

dioxide concentration are due primarily to fossil fuel 

use and land use change, while those of methane 

and nitrous oxide are primarily due to agriculture.  

{2.3, 6.4, 7.3}

• Carbon dioxide is the most important anthropogenic 
greenhouse gas (see Figure SPM.2). The global 
atmospheric concentration of carbon dioxide has 
increased from a pre-industrial value of about 280 ppm 
to 379 ppm3 in 2005. The atmospheric concentration 
of carbon dioxide in 2005 exceeds by far the natural 
range over the last 650,000 years (180 to 300 ppm) as 
determined from ice cores. The annual carbon dioxide 
concentration growth rate was larger during the last 
10 years (1995–2005 average: 1.9 ppm per year), than 
it has been since the beginning of continuous direct 
atmospheric measurements (1960–2005 average: 1.4 
ppm per year) although there is year-to-year variability 
in growth rates.  {2.3, 7.3}

• The primary source of the increased atmospheric 
concentration of carbon dioxide since the pre-industrial 
period results from fossil fuel use, with land-use change 
providing another signifi cant but smaller contribution. 
Annual fossil carbon dioxide emissions4 increased 
from an average of 6.4 [6.0 to 6.8]5 GtC (23.5 [22.0 to 
25.0] GtCO2) per year in the 1990s to 7.2 [6.9 to 7.5] 
GtC (26.4 [25.3 to 27.5] GtCO2) per year in 2000–2005 
(2004 and 2005 data are interim estimates). Carbon 
dioxide emissions associated with land-use change 

1 Climate change in IPCC usage refers to any change in climate over time, whether due to natural variability or as a result of human activity. This usage differs from 
that in the United Nations Framework Convention on Climate Change, where climate change refers to a change of climate that is attributed directly or indirectly to 
human activity that alters the composition of the global atmosphere and that is in addition to natural climate variability observed over comparable time periods.

2 Radiative forcing is a measure of the infl uence that a factor has in altering the balance of incoming and outgoing energy in the Earth-atmosphere system and is an 
index of the importance of the factor as a potential climate change mechanism. Positive forcing tends to warm the surface while negative forcing tends to cool it. In 
this report, radiative forcing values are for 2005 relative to pre-industrial conditions defi ned at 1750 and are expressed in watts per square metre (W m–2). See Glos-
sary and Section 2.2 for further details.

3 ppm (parts per million) or ppb (parts per billion, 1 billion = 1,000 million) is the ratio of the number of greenhouse gas molecules to the total number of molecules of 
dry air. For example, 300 ppm means 300 molecules of a greenhouse gas per million molecules of dry air.

4 Fossil carbon dioxide emissions include those from the production, distribution and consumption of fossil fuels and as a by-product from cement production. An 
emission of 1 GtC corresponds to 3.67 GtCO2.

5 In general, uncertainty ranges for results given in this Summary for Policymakers are 90% uncertainty intervals unless stated otherwise, that is, there is an estimated 
5% likelihood that the value could be above the range given in square brackets and 5% likelihood that the value could be below that range. Best estimates are 
given where available. Assessed uncertainty intervals are not always symmetric about the corresponding best estimate. Note that a number of uncertainty ranges in 
the Working Group I TAR corresponded to 2 standard deviations (95%), often using expert judgement.
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Figure SPM.1. Atmospheric concentrations of carbon dioxide, 
methane and nitrous oxide over the last 10,000 years (large 
panels) and since 1750 (inset panels). Measurements are shown 
from ice cores (symbols with different colours for different studies) 
and atmospheric samples (red lines). The corresponding radiative 
forcings are shown on the right hand axes of the large panels. 
{Figure 6.4}

are estimated to be 1.6 [0.5 to 2.7] GtC (5.9 [1.8 to 
9.9] GtCO2) per year over the 1990s, although these 
estimates have a large uncertainty.  {7.3}

• The global atmospheric concentration of methane has 
increased from a pre-industrial value of about 715 ppb 
to 1732 ppb in the early 1990s, and was 1774 ppb in 
2005. The atmospheric concentration of methane 
in 2005 exceeds by far the natural range of the last 
650,000 years (320 to 790 ppb) as determined from ice 
cores. Growth rates have declined since the early 1990s, 
consistent with total emissions (sum of anthropogenic 
and natural sources) being nearly constant during this 
period. It is very likely6 that the observed increase 
in methane concentration is due to anthropogenic 
activities, predominantly agriculture and fossil fuel 
use, but relative contributions from different source 
types are not well determined.  {2.3, 7.4} 

• The global atmospheric nitrous oxide concentration 
increased from a pre-industrial value of about 270 
ppb to 319 ppb in 2005. The growth rate has been 
approximately constant since 1980. More than a third 
of all nitrous oxide emissions are anthropogenic and 
are primarily due to agriculture.  {2.3, 7.4}

The understanding of anthropogenic warming and 

cooling infl uences on climate has improved since 

the TAR, leading to very high confi dence7 that the 

global average net effect of human activities since 

1750 has been one of warming, with a radiative 

forcing of +1.6 [+0.6 to +2.4] W m–2 (see Figure 

SPM.2).  {2.3., 6.5, 2.9}

• The combined radiative forcing due to increases in 
carbon dioxide, methane, and nitrous oxide is +2.30 
[+2.07 to +2.53] W m–2, and its rate of increase 
during the industrial era is very likely to have been 
unprecedented in more than 10,000 years (see Figures 

CHANGES IN GREENHOUSE GASES FROM ICE CORE 
AND MODERN DATA

6 In this Summary for Policymakers, the following terms have been used to 
indicate the assessed likelihood, using expert judgement, of an outcome or 
a result: Virtually certain > 99% probability of occurrence, Extremely likely > 
95%, Very likely > 90%, Likely > 66%, More likely than not > 50%, Unlikely 
< 33%, Very unlikely < 10%, Extremely unlikely < 5% (see Box TS.1 for more 
details).

7 In this Summary for Policymakers the following levels of confi dence have 
been used to express expert judgements on the correctness of the underly-
ing science: very high confi dence represents at least a 9 out of 10 chance 
of being correct; high confi dence represents about an 8 out of 10 chance of 
being correct (see Box TS.1) 
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Figure SPM.2. Global average radiative forcing (RF) estimates and ranges in 2005 for anthropogenic carbon dioxide (CO2 ), methane 
(CH4 ), nitrous oxide (N2O) and other important agents and mechanisms, together with the typical geographical extent (spatial scale) of 
the forcing and the assessed level of scientifi c understanding (LOSU). The net anthropogenic radiative forcing and its range are also 
shown. These require summing asymmetric uncertainty estimates from the component terms, and cannot be obtained by simple addition. 
Additional forcing factors not included here are considered to have a very low LOSU. Volcanic aerosols contribute an additional natural 
forcing but are not included in this fi gure due to their episodic nature. The range for linear contrails does not include other possible effects 
of aviation on cloudiness.  {2.9, Figure 2.20}

SPM.1 and SPM.2). The carbon dioxide radiative 
forcing increased by 20% from 1995 to 2005, the 
largest change for any decade in at least the last 200 
years.  {2.3, 6.4} 

• Anthropogenic contributions to aerosols (primarily 
sulphate, organic carbon, black carbon, nitrate and 
dust) together produce a cooling effect, with a total 
direct radiative forcing of –0.5 [–0.9 to –0.1] W m–2 
and an indirect cloud albedo forcing of –0.7 [–1.8 to 
–0.3] W m–2. These forcings are now better understood 
than at the time of the TAR due to improved in situ, 
satellite and ground-based measurements and more 

comprehensive modelling, but remain the dominant 
uncertainty in radiative forcing. Aerosols also infl uence 
cloud lifetime and precipitation.  {2.4, 2.9, 7.5}

• Signifi cant anthropogenic contributions to radiative 
forcing come from several other sources. Tropospheric 
ozone changes due to emissions of ozone-forming 
chemicals (nitrogen oxides, carbon monoxide, and 
hydrocarbons) contribute +0.35 [+0.25 to +0.65] 
W m–2. The direct radiative forcing due to changes 
in halocarbons8 is +0.34 [+0.31 to +0.37] W m–2. 
Changes in surface albedo, due to land cover changes 
and deposition of black carbon aerosols on snow, exert 

RADIATIVE FORCING COMPONENTS

8 Halocarbon radiative forcing has been recently assessed in detail in IPCC’s Special Report on Safeguarding the Ozone Layer and the Global Climate System (2005).
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respective forcings of –0.2 [–0.4 to 0.0] and +0.1 [0.0 
to +0.2] W m–2. Additional terms smaller than ±0.1 W 
m–2 are shown in Figure SPM.2.  {2.3, 2.5, 7.2}

• Changes in solar irradiance since 1750 are estimated 
to cause a radiative forcing of +0.12 [+0.06 to +0.30] 
W m–2, which is less than half the estimate given in the 
TAR.  {2.7}

Direct Observations of Recent
Climate Change

Since the TAR, progress in understanding how climate is 

changing in space and in time has been gained through 

improvements and extensions of numerous datasets and 

data analyses, broader geographical coverage, better 

understanding of uncertainties, and a wider variety of 

measurements. Increasingly comprehensive observations 

are available for glaciers and snow cover since the 1960s, 

and for sea level and ice sheets since about the past 

decade. However, data coverage remains limited in some 

regions.  

Warming of the climate system is unequivocal, as is 

now evident from observations of increases in global 

average air and ocean temperatures, widespread 

melting of snow and ice, and rising global average 

sea level (see Figure SPM.3).  {3.2, 4.2, 5.5}

• Eleven of the last twelve years (1995–2006) rank among 
the 12 warmest years in the instrumental record of 
global surface temperature9 (since 1850). The updated 
100-year linear trend (1906 to 2005) of 0.74°C [0.56°C 
to 0.92°C] is therefore larger than the corresponding 
trend for 1901 to 2000 given in the TAR of 0.6°C 
[0.4°C to 0.8°C]. The linear warming trend over the 
last 50 years (0.13°C [0.10°C to 0.16°C] per decade) 
is nearly twice that for the last 100 years. The total 
temperature increase from 1850–1899 to 2001–2005 is 
0.76°C [0.57°C to 0.95°C]. Urban heat island effects 
are real but local, and have a negligible infl uence (less 
than 0.006°C per decade over land and zero over the 
oceans) on these values.  {3.2} 

• New analyses of balloon-borne and satellite 
measurements of lower- and mid-tropospheric 
temperature show warming rates that are similar 
to those of the surface temperature record and are 
consistent within their respective uncertainties, largely 
reconciling a discrepancy noted in the TAR. {3.2, 3.4} 

• The average atmospheric water vapour content has 
increased since at least the 1980s over land and ocean 
as well as in the upper troposphere. The increase is 
broadly consistent with the extra water vapour that 
warmer air can hold.  {3.4} 

• Observations since 1961 show that the average 
temperature of the global ocean has increased to depths 
of at least 3000 m and that the ocean has been absorbing 
more than 80% of the heat added to the climate system. 
Such warming causes seawater to expand, contributing 
to sea level rise (see Table SPM.1).  {5.2, 5.5} 

• Mountain glaciers and snow cover have declined on 
average in both hemispheres. Widespread decreases 
in glaciers and ice caps have contributed to sea level 
rise (ice caps do not include contributions from the 
Greenland and Antarctic Ice Sheets). (See Table 
SPM.1.)  {4.6, 4.7, 4.8, 5.5} 

• New data since the TAR now show that losses from 
the ice sheets of Greenland and Antarctica have very 
likely contributed to sea level rise over 1993 to 2003 
(see Table SPM.1). Flow speed has increased for some 
Greenland and Antarctic outlet glaciers, which drain ice 
from the interior of the ice sheets. The corresponding 
increased ice sheet mass loss has often followed 
thinning, reduction or loss of ice shelves or loss of 
fl oating glacier tongues. Such dynamical ice loss is 
suffi cient to explain most of the Antarctic net mass 
loss and approximately half of the Greenland net mass 
loss. The remainder of the ice loss from Greenland has 
occurred because losses due to melting have exceeded 
accumulation due to snowfall.  {4.6, 4.8, 5.5}

• Global average sea level rose at an average rate of 1.8 
[1.3 to 2.3] mm per year over 1961 to 2003. The rate 
was faster over 1993 to 2003: about 3.1 [2.4 to 3.8] 
mm per year. Whether the faster rate for 1993 to 2003 
refl ects decadal variability or an increase in the longer-
term trend is unclear. There is high confi dence that 

9 The average of near-surface air temperature over land and sea surface temperature.
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CHANGES IN TEMPERATURE, SEA LEVEL AND NORTHERN  HEMISPHERE SNOW COVER

Figure SPM.3. Observed changes in (a) global average surface temperature, (b) global average sea level from tide gauge (blue) and 
satellite (red) data and (c) Northern Hemisphere snow cover for March-April. All changes are relative to corresponding averages for 
the period 1961–1990. Smoothed curves represent decadal average values while circles show yearly values. The shaded areas are the 
uncertainty intervals estimated from a comprehensive analysis of known uncertainties (a and b) and from the time series (c).  {FAQ 3.1, 
Figure 1, Figure 4.2, Figure 5.13}
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the rate of observed sea level rise increased from the 
19th to the 20th century. The total 20th-century rise is 
estimated to be 0.17 [0.12 to 0.22] m.  {5.5}

• For 1993 to 2003, the sum of the climate contributions 
is consistent within uncertainties with the total sea level 
rise that is directly observed (see Table SPM.1). These 
estimates are based on improved satellite and in situ 
data now available. For the period 1961 to 2003, the 
sum of climate contributions is estimated to be smaller 
than the observed sea level rise. The TAR reported a 
similar discrepancy for 1910 to 1990.  {5.5} 

At continental, regional and ocean basin scales, 

numerous long-term changes in climate have 

been observed. These include changes in arctic 

temperatures and ice, widespread changes in 

precipitation amounts, ocean salinity, wind patterns 

and aspects of extreme weather including droughts, 

heavy precipitation, heat waves and the intensity of 

tropical cyclones.10  {3.2, 3.3, 3.4, 3.5, 3.6, 5.2}

• Average arctic temperatures increased at almost twice 
the global average rate in the past 100 years. Arctic 
temperatures have high decadal variability, and a warm 
period was also observed from 1925 to 1945.  {3.2}

10  Tropical cyclones include hurricanes and typhoons.

11  The assessed regions are those considered in the regional projections chapter of the TAR and in Chapter 11 of this report.

• Satellite data since 1978 show that annual average 
arctic sea ice extent has shrunk by 2.7 [2.1 to 3.3]% 
per decade, with larger decreases in summer of 7.4 [5.0 
to 9.8]% per decade. These values are consistent with 
those reported in the TAR.  {4.4}

• Temperatures at the top of the permafrost layer have 
generally increased since the 1980s in the Arctic (by 
up to 3°C). The maximum area covered by seasonally 
frozen ground has decreased by about 7% in the 
Northern Hemisphere since 1900, with a decrease in 
spring of up to 15%.  {4.7}

• Long-term trends from 1900 to 2005 have been observed 
in precipitation amount over many large regions.11 
Signifi cantly increased precipitation has been observed 
in eastern parts of North and South America, northern 
Europe and northern and central Asia. Drying has been 
observed in the Sahel, the Mediterranean, southern 
Africa and parts of southern Asia. Precipitation is 
highly variable spatially and temporally, and data are 
limited in some regions. Long-term trends have not 
been observed for the other large regions assessed.11  
{3.3, 3.9}

• Changes in precipitation and evaporation over the 
oceans are suggested by freshening of mid- and high-
latitude waters together with increased salinity in low-
latitude waters.  {5.2}

Table SPM.1.  Observed rate of sea level rise and estimated contributions from different sources.  {5.5, Table 5.3} 

 Rate of sea level rise (mm per year)
Source of sea level rise 1961–2003 1993–2003

Thermal expansion 0.42 ± 0.12 1.6 ± 0.5

Glaciers and ice caps 0.50 ± 0.18 0.77 ± 0.22

Greenland Ice Sheet 0.05 ± 0.12 0.21 ± 0.07

Antarctic Ice Sheet 0.14 ± 0.41 0.21 ± 0.35

Sum of individual climate 1.1 ± 0.5 2.8 ± 0.7
contributions to sea level rise

Observed total sea level rise 1.8 ± 0.5a 3.1 ± 0.7a

Difference
(Observed minus sum of 0.7 ± 0.7 0.3 ± 1.0
estimated climate contributions) 

Table note:
a Data prior to 1993 are from tide gauges and after 1993 are from satellite altimetry.
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Table notes: 
a See Table 3.7 for further details regarding defi nitions.
b See Table TS.4, Box TS.5 and Table 9.4.
c Decreased frequency of cold days and nights (coldest 10%).
d Warming of the most extreme days and nights each year.
e Increased frequency of hot days and nights (hottest 10%).
f Magnitude of anthropogenic contributions not assessed. Attribution for these phenomena based on expert judgement rather than formal attribution 

studies. 
g Extreme high sea level depends on average sea level and on regional weather systems. It is defi ned here as the highest 1% of hourly values of ob-

served sea level at a station for a given reference period. 
h Changes in observed extreme high sea level closely follow the changes in average sea level.  {5.5} It is very likely that anthropogenic activity contributed 

to a rise in average sea level.  {9.5} 
i In all scenarios, the projected global average sea level at 2100 is higher than in the reference period.  {10.6} The effect of changes in regional weather 

systems on sea level extremes has not been assessed.

• Mid-latitude westerly winds have strengthened in both 
hemispheres since the 1960s.  {3.5}

• More intense and longer droughts have been observed 
over wider areas since the 1970s, particularly in the 
tropics and subtropics. Increased drying linked with 
higher temperatures and decreased precipitation has 
contributed to changes in drought. Changes in sea 
surface temperatures, wind patterns and decreased 
snowpack and snow cover have also been linked to 
droughts.  {3.3}

• The frequency of heavy precipitation events has 
increased over most land areas, consistent with warming 
and observed increases of atmospheric water vapour.  
{3.8, 3.9}

• Widespread changes in extreme temperatures have been 
observed over the last 50 years. Cold days, cold nights 
and frost have become less frequent, while hot days, 
hot nights and heat waves have become more frequent 
(see Table SPM.2).  {3.8}

Table SPM.2. Recent trends, assessment of human infl uence on the trend and projections for extreme weather events for which there 
is an observed late-20th century trend.  {Tables 3.7, 3.8, 9.4; Sections 3.8, 5.5, 9.7, 11.2–11.9}

  Likelihood that trend Likelihood of a Likelihood of future trends
 Phenomenona and occurred in late 20th human contribution based on projections for
 direction of trend century (typically to observed trendb 21st century using
  post 1960)  SRES scenarios

 Warmer and fewer cold
 days and nights over Very likelyc Likelyd Virtually certaind

 most land areas 

 Warmer and more frequent
 hot days and nights over Very likelye Likely (nights)d Virtually certaind

 most land areas 

 Warm spells/heat waves.
 Frequency increases over Likely More likely than notf Very likely
 most land areas 

 Heavy precipitation events.
 Frequency (or proportion of 

Likely More likely than notf Very likely total rainfall from heavy falls)
 increases over most areas  

 Area affected by Likely in many 
More likely than not Likely droughts increases regions since 1970s 

 Intense tropical cyclone Likely in some 
More likely than notf Likely activity increases regions since 1970 

 Increased incidence of
 extreme high sea level Likely More likely than notf,h Likelyi

 (excludes tsunamis)g
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• There is observational evidence for an increase in 
intense tropical cyclone activity in the North Atlantic 
since about 1970, correlated with increases of tropical 
sea surface temperatures. There are also suggestions 
of increased intense tropical cyclone activity in some 
other regions where concerns over data quality are 
greater. Multi-decadal variability and the quality of 
the tropical cyclone records prior to routine satellite 
observations in about 1970 complicate the detection 
of long-term trends in tropical cyclone activity. There 
is no clear trend in the annual numbers of tropical 
cyclones.  {3.8} 

Some aspects of climate have not been observed to 

change.  {3.2, 3.8, 4.4, 5.3}

• A decrease in diurnal temperature range (DTR) was 
reported in the TAR, but the data available then extended 
only from 1950 to 1993. Updated observations reveal 
that DTR has not changed from 1979 to 2004 as both 
day- and night-time temperature have risen at about 
the same rate. The trends are highly variable from one 
region to another.  {3.2}

• Antarctic sea ice extent continues to show interannual 
variability and localised changes but no statistically 
signifi cant average trends, consistent with the lack 
of warming refl ected in atmospheric temperatures 
averaged across the region.  {3.2, 4.4}

• There is insuffi cient evidence to determine whether 
trends exist in the meridional overturning circulation 
(MOC) of the global ocean or in small-scale phenomena 
such as tornadoes, hail, lightning and dust-storms.  
{3.8, 5.3}

A Palaeoclimatic Perspective

Palaeoclimatic studies use changes in climatically sensitive 

indicators to infer past changes in global climate on time 

scales ranging from decades to millions of years. Such proxy 

data (e.g., tree ring width) may be infl uenced by both local 

temperature and other factors such as precipitation, and 

are often representative of particular seasons rather than 

full years. Studies since the TAR draw increased confi dence 

from additional data showing coherent behaviour across 

multiple indicators in different parts of the world. However, 

uncertainties generally increase with time into the past due 

to increasingly limited spatial coverage. 

Palaeoclimatic information supports the inter-

pretation that the warmth of the last half century 

is unusual in at least the previous 1,300 years. 

The last time the polar regions were signifi cantly 

warmer than present for an extended period (about 

125,000 years ago), reductions in polar ice volume 

led to 4 to 6 m of sea level rise.  {6.4, 6.6}

• Average Northern Hemisphere temperatures during the 
second half of the 20th century were very likely higher 
than during any other 50-year period in the last 500 
years and likely the highest in at least the past 1,300 
years. Some recent studies indicate greater variability 
in Northern Hemisphere temperatures than suggested 
in the TAR, particularly fi nding that cooler periods 
existed in the 12th to 14th, 17th and 19th centuries. 
Warmer periods prior to the 20th century are within the 
uncertainty range given in the TAR.  {6.6}

• Global average sea level in the last interglacial period 
(about 125,000 years ago) was likely 4 to 6 m higher 
than during the 20th century, mainly due to the retreat 
of polar ice. Ice core data indicate that average polar 
temperatures at that time were 3°C to 5°C higher than 
present, because of differences in the Earth’s orbit. The 
Greenland Ice Sheet and other arctic ice fi elds likely 
contributed no more than 4 m of the observed sea level 
rise. There may also have been a contribution from 
Antarctica.  {6.4} 
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Understanding and Attributing
Climate Change

This assessment considers longer and improved records, 

an expanded range of observations and improvements in 

the simulation of many aspects of climate and its variability 

based on studies since the TAR. It also considers the results 

of new attribution studies that have evaluated whether 

observed changes are quantitatively consistent with the 

expected response to external forcings and inconsistent 

with alternative physically plausible explanations.

Most of the observed increase in global average 

temperatures since the mid-20th century is very 

likely due to the observed increase in anthropogenic 

greenhouse gas concentrations.12 This is an 

advance since the TAR’s conclusion that “most of 

the observed warming over the last 50 years is likely 

to have been due to the increase in greenhouse gas 

concentrations”. Discernible human infl uences 

now extend to other aspects of climate, including 

ocean warming, continental-average temperatures, 

temperature extremes and wind patterns (see 

Figure SPM.4 and Table SPM.2).  {9.4, 9.5}

• It is likely that increases in greenhouse gas 
 concentrations alone would have caused more 
 warming than observed because volcanic and 

anthropogenic aerosols have offset some warming that 
would otherwise have taken place.  {2.9, 7.5, 9.4}

• The observed widespread warming of the atmosphere 
and ocean, together with ice mass loss, support the 
conclusion that it is extremely unlikely that global 
climate change of the past 50 years can be explained 
without external forcing, and very likely that it is not 
due to known natural causes alone.  {4.8, 5.2, 9.4, 9.5, 
9.7} 

• Warming of the climate system has been detected in 
changes of surface and atmospheric temperatures in 
the upper several hundred metres of the ocean, and 
in contributions to sea level rise. Attribution studies 
have established anthropogenic contributions to all of 
these changes. The observed pattern of tropospheric 
warming and stratospheric cooling is very likely due to 
the combined infl uences of greenhouse gas increases 
and stratospheric ozone depletion.  {3.2, 3.4, 9.4, 9.5} 

• It is likely that there has been signifi cant anthropogenic 
warming over the past 50 years averaged over each 
continent except Antarctica (see Figure SPM.4). 
The observed patterns of warming, including greater 
warming over land than over the ocean, and their 
changes over time, are only simulated by models that 
include anthropogenic forcing. The ability of coupled 
climate models to simulate the observed temperature 
evolution on each of six continents provides stronger 
evidence of human infl uence on climate than was 
available in the TAR.  {3.2, 9.4}

• Diffi culties remain in reliably simulating and attributing 
observed temperature changes at smaller scales. On 
these scales, natural climate variability is relatively 
larger, making it harder to distinguish changes expected 
due to external forcings. Uncertainties in local forcings 
and feedbacks also make it diffi cult to estimate the 
contribution of greenhouse gas increases to observed 
small-scale temperature changes.  {8.3, 9.4} 

• Anthropogenic forcing is likely to have contributed 
to changes in wind patterns,13 affecting extra-
tropical storm tracks and temperature patterns in 
both hemispheres. However, the observed changes in 
the Northern Hemisphere circulation are larger than 
simulated in response to 20th-century forcing change.  
{3.5, 3.6, 9.5, 10.3} 

• Temperatures of the most extreme hot nights, cold 
nights and cold days are likely to have increased due 
to anthropogenic forcing. It is more likely than not that 
anthropogenic forcing has increased the risk of heat 
waves (see Table SPM.2).  {9.4} 

12 Consideration of remaining uncertainty is based on current methodologies. 
13 In particular, the Southern and Northern Annular Modes and related changes in the North Atlantic Oscillation. {3.6, 9.5, Box TS.2}
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GLOBAL AND CONTINENTAL TEMPERATURE CHANGE

Figure SPM.4. Comparison of observed continental- and global-scale changes in surface temperature with results simulated by climate 
models using natural and anthropogenic forcings. Decadal averages of observations are shown for the period 1906 to 2005 (black line) 
plotted against the centre of the decade and relative to the corresponding average for 1901–1950. Lines are dashed where spatial 
coverage is less than 50%. Blue shaded bands show the 5–95% range for 19 simulations from fi ve climate models using only the natural 
forcings due to solar activity and volcanoes. Red shaded bands show the 5–95% range for 58 simulations from 14 climate models using 
both natural and anthropogenic forcings.  {FAQ 9.2, Figure 1}
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Projections of Future
Changes in Climate

A major advance of this assessment of climate change 

projections compared with the TAR is the large number of 

simulations available from a broader range of models. Taken 

together with additional information from observations, 

these provide a quantitative basis for estimating likelihoods 

for many aspects of future climate change. Model 

simulations cover a range of possible futures including 

idealised emission or concentration assumptions. These 

include SRES14 illustrative marker scenarios for the 2000 

to 2100 period and model experiments with greenhouse 

gases and aerosol concentrations held constant after year 

2000 or 2100. 

For the next two decades, a warming of about 

0.2°C per decade is projected for a range of SRES 

emission scenarios. Even if the concentrations of 

all greenhouse gases and aerosols had been kept 

constant at year 2000 levels, a further warming of 

about 0.1°C per decade would be expected.  {10.3, 

10.7}

• Since IPCC’s fi rst report in 1990, assessed projections 
have suggested global average temperature increases 
between about 0.15°C and 0.3°C per decade for 1990 to 
2005. This can now be compared with observed values 
of about 0.2°C per decade, strengthening confi dence in 
near-term projections.  {1.2, 3.2} 

• Model experiments show that even if all radiative 
forcing agents were held constant at year 2000 levels, 
a further warming trend would occur in the next two 
decades at a rate of about 0.1°C per decade, due mainly 
to the slow response of the oceans. About twice as 
much warming (0.2°C per decade) would be expected 
if emissions are within the range of the SRES scenarios. 
Best-estimate projections from models indicate 
that decadal average warming over each inhabited 
continent by 2030 is insensitive to the choice among 
SRES scenarios and is very likely to be at least twice 
as large as the corresponding model-estimated natural 
variability during the 20th century.  {9.4, 10.3, 10.5, 
11.2–11.7, Figure TS-29} 

Analysis of climate models together with 

constraints from observations enables an assessed 

likely range to be given for climate sensitivity for 

the fi rst time and provides increased confi dence in 

the understanding of the climate system response 

to radiative forcing.  {6.6, 8.6, 9.6, Box 10.2}

• The equilibrium climate sensitivity is a measure of the 
climate system response to sustained radiative forcing. 
It is not a projection but is defi ned as the global average 
surface warming following a doubling of carbon 
dioxide concentrations. It is likely to be in the range 
2°C to 4.5°C with a best estimate of about 3°C, and is 
very unlikely to be less than 1.5°C. Values substantially 
higher than 4.5°C cannot be excluded, but agreement 
of models with observations is not as good for those 
values. Water vapour changes represent the largest 
feedback affecting climate sensitivity and are now 
better understood than in the TAR. Cloud feedbacks 
remain the largest source of uncertainty.  {8.6, 9.6, Box 
10.2} 

• It is very unlikely that climate changes of at least the 
seven centuries prior to 1950 were due to variability 
generated within the climate system alone. A signifi cant 
fraction of the reconstructed Northern Hemisphere 
inter-decadal temperature variability over those 
centuries is very likely attributable to volcanic eruptions 
and changes in solar irradiance, and it is likely that 
anthropogenic forcing contributed to the early 20th-
century warming evident in these records.  {2.7, 2.8, 
6.6, 9.3}

14 SRES refers to the IPCC Special Report on Emission Scenarios (2000). The SRES scenario families and illustrative cases, which did not include additional climate 
initiatives, are summarised in a box at the end of this Summary for Policymakers. Approximate carbon dioxide equivalent concentrations corresponding to the 
computed radiative forcing due to anthropogenic greenhouse gases and aerosols in 2100 (see p. 823 of the TAR) for the SRES B1, A1T, B2, A1B, A2 and A1FI illus-
trative marker scenarios are about 600, 700, 800, 850, 1250 and 1,550 ppm respectively. Scenarios B1, A1B and A2 have been the focus of model intercomparison 
studies and many of those results are assessed in this report.
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Continued greenhouse gas emissions at or above 

current rates would cause further warming and 

induce many changes in the global climate system 

during the 21st century that would very likely be 

larger than those observed during the 20th century.  

{10.3}

• Advances in climate change modelling now enable 
best estimates and likely assessed uncertainty ranges to 
be given for projected warming for different emission 
scenarios. Results for different emission scenarios are 
provided explicitly in this report to avoid loss of this 
policy-relevant information. Projected global average 
surface warmings for the end of the 21st century 
(2090–2099) relative to 1980–1999 are shown in Table 
SPM.3. These illustrate the differences between lower 
and higher SRES emission scenarios, and the projected 
warming uncertainty associated with these scenarios.  
{10.5}

• Best estimates and likely ranges for global average 
surface air warming for six SRES emissions marker 
scenarios are given in this assessment and are shown 
in Table SPM.3. For example, the best estimate for 
the low scenario (B1) is 1.8°C (likely range is 1.1°C 
to 2.9°C), and the best estimate for the high scenario 

(A1FI) is 4.0°C (likely range is 2.4°C to 6.4°C). 
Although these projections are broadly consistent with 
the span quoted in the TAR (1.4°C to 5.8°C), they are 
not directly comparable (see Figure SPM.5). The Fourth 
Assessment Report is more advanced as it provides best 
estimates and an assessed likelihood range for each of 
the marker scenarios. The new assessment of the likely 
ranges now relies on a larger number of climate models 
of increasing complexity and realism, as well as new 
information regarding the nature of feedbacks from the 
carbon cycle and constraints on climate response from 
observations.  {10.5}

• Warming tends to reduce land and ocean uptake of 
atmospheric carbon dioxide, increasing the fraction of 
anthropogenic emissions that remains in the atmosphere. 
For the A2 scenario, for example, the climate-carbon 
cycle feedback increases the corresponding global 
average warming at 2100 by more than 1°C. Assessed 
upper ranges for temperature projections are larger 
than in the TAR (see Table SPM.3) mainly because 
the broader range of models now available suggests 
stronger climate-carbon cycle feedbacks.  {7.3, 10.5} 

• Model-based projections of global average sea level 
rise at the end of the 21st century (2090–2099) are 
shown in Table SPM.3. For each scenario, the midpoint 
of the range in Table SPM.3 is within 10% of the 

Table SPM.3. Projected global average surface warming and sea level rise at the end of the 21st century.  {10.5, 10.6, Table 10.7}

Table notes:
a These estimates are assessed from a hierarchy of models that encompass a simple climate model, several Earth System Models of Intermediate 

 Complexity and a large number of Atmosphere-Ocean General Circulation Models (AOGCMs).
b Year 2000 constant composition is derived from AOGCMs only.

 Temperature Change Sea Level Rise 
 (°C at 2090-2099 relative to 1980-1999)a (m at 2090-2099 relative to 1980-1999)

 Best Likely Model-based range excluding future
Case estimate range rapid dynamical changes in ice fl ow

Constant Year 2000 
concentrationsb 0.6 0.3 – 0.9 NA

B1 scenario 1.8 1.1 – 2.9 0.18 – 0.38

A1T scenario 2.4 1.4 – 3.8 0.20 – 0.45

B2 scenario 2.4 1.4 – 3.8 0.20 – 0.43

A1B scenario 2.8 1.7 – 4.4 0.21 – 0.48

A2 scenario 3.4 2.0 – 5.4 0.23 – 0.51

A1FI scenario 4.0 2.4 – 6.4 0.26 – 0.59
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TAR model average for 2090–2099. The ranges are 
narrower than in the TAR mainly because of improved 
information about some uncertainties in the projected 
contributions.15  {10.6}

• Models used to date do not include uncertainties in 
climate-carbon cycle feedback nor do they include 
the full effects of changes in ice sheet fl ow, because a 
basis in published literature is lacking. The projections 
include a contribution due to increased ice fl ow from 
Greenland and Antarctica at the rates observed for 1993 
to 2003, but these fl ow rates could increase or decrease 
in the future. For example, if this contribution were to 
grow linearly with global average temperature change, 

the upper ranges of sea level rise for SRES scenarios 
shown in Table SPM.3 would increase by 0.1 to 0.2 m. 
Larger values cannot be excluded, but understanding of 
these effects is too limited to assess their likelihood or 
provide a best estimate or an upper bound for sea level 
rise.  {10.6}

• Increasing atmospheric carbon dioxide concentrations 
lead to increasing acidifi cation of the ocean. Projections 
based on SRES scenarios give reductions in average 
global surface ocean pH16 of between 0.14 and 0.35 
units over the 21st century, adding to the present 
decrease of 0.1 units since pre-industrial times.  {5.4, 
Box 7.3, 10.4}

Figure SPM.5. Solid lines are multi-model global averages of surface warming (relative to 1980–1999) for the scenarios A2, A1B and B1, 
shown as continuations of the 20th century simulations. Shading denotes the ±1 standard deviation range of individual model annual 
averages. The orange line is for the experiment where concentrations were held constant at year 2000 values. The grey bars at right 
indicate the best estimate (solid line within each bar) and the likely range assessed for the six SRES marker scenarios. The assessment of 
the best estimate and likely ranges in the grey bars includes the AOGCMs in the left part of the fi gure, as well as results from a hierarchy 
of independent models and observational constraints.  {Figures 10.4 and 10.29}

MULTI-MODEL AVERAGES AND ASSESSED RANGES FOR SURFACE WARMING

15 TAR projections were made for 2100, whereas projections in this report are for 2090–2099. The TAR would have had similar ranges to those in Table SPM.3 if it had  
treated the uncertainties in the same way.

16 Decreases in pH correspond to increases in acidity of a solution. See Glossary for further details.
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PROJECTIONS OF SURFACE TEMPERATURES

• Sea ice is projected to shrink in both the Arctic and 
Antarctic under all SRES scenarios. In some projections, 
arctic late-summer sea ice disappears almost entirely 
by the latter part of the 21st century.  {10.3} 

• It is very likely that hot extremes, heat waves and heavy 
precipitation events will continue to become more 
frequent.  {10.3}

• Based on a range of models, it is likely that future 
tropical cyclones (typhoons and hurricanes) will 
become more intense, with larger peak wind speeds 
and more heavy precipitation associated with ongoing 
increases of tropical sea surface temperatures. There is 
less confi dence in projections of a global decrease in 
numbers of tropical cyclones. The apparent increase 
in the proportion of very intense storms since 1970 in 
some regions is much larger than simulated by current 
models for that period.  {9.5, 10.3, 3.8} 

There is now higher confi dence in projected patterns 

of warming and other regional-scale features, 

including changes in wind patterns, precipitation 

and some aspects of extremes and of ice.  {8.2, 8.3, 

8.4, 8.5, 9.4, 9.5, 10.3, 11.1}

• Projected warming in the 21st century shows scenario-
independent geographical patterns similar to those 
observed over the past several decades. Warming is 
expected to be greatest over land and at most high 
northern latitudes, and least over the Southern Ocean 
and parts of the North Atlantic Ocean (see Figure 
SPM.6).  {10.3} 

• Snow cover is projected to contract. Widespread 
increases in thaw depth are projected over most 
permafrost regions.  {10.3, 10.6} 

Figure SPM.6. Projected surface temperature changes for the early and late 21st century relative to the period 1980–1999. The central 
and right panels show the AOGCM multi-model average projections for the B1 (top), A1B (middle) and A2 (bottom) SRES scenarios 
averaged over the decades 2020–2029 (centre) and 2090–2099 (right). The left panels show corresponding uncertainties as the relative 
probabilities of estimated global average warming from several different AOGCM and Earth System Model of Intermediate Complexity 
studies for the same periods. Some studies present results only for a subset of the SRES scenarios, or for various model versions. 
Therefore the difference in the number of curves shown in the left-hand panels is due only to differences in the availability of results.  
{Figures 10.8 and 10.28}
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PROJECTED PATTERNS OF PRECIPITATION CHANGES

Figure SPM.7. Relative changes in precipitation (in percent) for the period 2090–2099, relative to 1980–1999. Values are multi-model 
averages based on the SRES A1B scenario for December to February (left) and June to August (right). White areas are where less than 
66% of the models agree in the sign of the change and stippled areas are where more than 90% of the models agree in the sign of the 
change.  {Figure 10.9}

• Extratropical storm tracks are projected to move 
poleward, with consequent changes in wind, 
precipitation and temperature patterns, continuing the 
broad pattern of observed trends over the last half-
century.  {3.6, 10.3} 

• Since the TAR, there is an improving understanding 
of projected patterns of precipitation. Increases in the 
amount of precipitation are very likely in high latitudes, 
while decreases are likely in most subtropical land 
regions (by as much as about 20% in the A1B scenario 
in 2100, see Figure SPM.7), continuing observed 
patterns in recent trends.  {3.3, 8.3, 9.5, 10.3, 11.2 to 
11.9} 

• Based on current model simulations, it is very likely that 
the meridional overturning circulation (MOC) of the 
Atlantic Ocean will slow down during the 21st century. 
The multi-model average reduction by 2100 is 25% 
(range from zero to about 50%) for SRES emission 
scenario A1B. Temperatures in the Atlantic region 
are projected to increase despite such changes due to 
the much larger warming associated with projected 
increases in greenhouse gases. It is very unlikely that 
the MOC will undergo a large abrupt transition during 
the 21st century. Longer-term changes in the MOC 
cannot be assessed with confi dence.  {10.3, 10.7}  

Anthropogenic warming and sea level rise would 

continue for centuries due to the time scales 

associated with climate processes and feedbacks, 

even if greenhouse gas concentrations were to be 

stabilised.  {10.4, 10.5, 10.7}

• Climate-carbon cycle coupling is expected to add 
carbon dioxide to the atmosphere as the climate system 
warms, but the magnitude of this feedback is uncertain. 
This increases the uncertainty in the trajectory of 
carbon dioxide emissions required to achieve a 
particular stabilisation level of atmospheric carbon 
dioxide concentration. Based on current understanding 
of climate-carbon cycle feedback, model studies 
suggest that to stabilise at 450 ppm carbon dioxide 
could require that cumulative emissions over the 21st 
century be reduced from an average of approximately 
670 [630 to 710] GtC (2460 [2310 to 2600] GtCO2) to 
approximately 490 [375 to 600] GtC (1800 [1370 to 
2200] GtCO2). Similarly, to stabilise at 1000 ppm, this 
feedback could require that cumulative emissions be 
reduced from a model average of approximately 1415 
[1340 to 1490] GtC (5190 [4910 to 5460] GtCO2) to 
approximately 1100 [980 to 1250] GtC (4030 [3590 to 
4580] GtCO2).  {7.3, 10.4}
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• If radiative forcing were to be stabilised in 2100 at B1 
or A1B levels14 a further increase in global average 
temperature of about 0.5°C would still be expected, 
mostly by 2200.  {10.7}

• If radiative forcing were to be stabilised in 2100 at A1B 
levels14, thermal expansion alone would lead to 0.3 to 
0.8 m of sea level rise by 2300 (relative to 1980–1999). 
Thermal expansion would continue for many centuries, 
due to the time required to transport heat into the deep 
ocean.  {10.7}

• Contraction of the Greenland Ice Sheet is projected 
to continue to contribute to sea level rise after 2100. 
Current models suggest that ice mass losses increase 
with temperature more rapidly than gains due to 
precipitation and that the surface mass balance 
becomes negative at a global average warming 
(relative to pre-industrial values) in excess of 1.9°C 
to 4.6°C. If a negative surface mass balance were 
sustained for millennia, that would lead to virtually 
complete elimination of the Greenland Ice Sheet and 
a resulting contribution to sea level rise of about 7 m. 
The corresponding future temperatures in Greenland 

are comparable to those inferred for the last interglacial 
period 125,000 years ago, when palaeoclimatic 
information suggests reductions of polar land ice extent 
and 4 to 6 m of sea level rise.  {6.4, 10.7} 

• Dynamical processes related to ice fl ow not included 
in current models but suggested by recent observations 
could increase the vulnerability of the ice sheets to 
warming, increasing future sea level rise. Understanding 
of these processes is limited and there is no consensus 
on their magnitude.  {4.6, 10.7}

• Current global model studies project that the Antarctic 
Ice Sheet will remain too cold for widespread surface 
melting and is expected to gain in mass due to increased 
snowfall. However, net loss of ice mass could occur if 
dynamical ice discharge dominates the ice sheet mass 
balance.  {10.7}

• Both past and future anthropogenic carbon dioxide 
emissions will continue to contribute to warming and 
sea level rise for more than a millennium, due to the 
time scales required for removal of this gas from the 
atmosphere.  {7.3, 10.3}
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17 Emission scenarios are not assessed in this Working Group I Report of the IPCC.  This box summarising the SRES scenarios is taken from the TAR and has been 
subject to prior line-by-line approval by the Panel.

THE EMISSION SCENARIOS OF THE IPCC SPECIAL REPORT ON EMISSION SCENARIOS (SRES)17

A1. The A1 storyline and scenario family describes a future world of very rapid economic growth, global 
population that peaks in mid-century and declines thereafter, and the rapid introduction of new and more effi cient 
technologies. Major underlying themes are convergence among regions, capacity building and increased cultural 
and social interactions, with a substantial reduction in regional differences in per capita income. The A1 scenario 
family develops into three groups that describe alternative directions of technological change in the energy system. 
The three A1 groups are distinguished by their technological emphasis: fossil-intensive (A1FI), non-fossil energy 
sources (A1T) or a balance across all sources (A1B) (where balanced is defi ned as not relying too heavily on one 
particular energy source, on the assumption that similar improvement rates apply to all energy supply and end 
use technologies).

A2. The A2 storyline and scenario family describes a very heterogeneous world. The underlying theme is self-
reliance and preservation of local identities. Fertility patterns across regions converge very slowly, which results 
in continuously increasing population. Economic development is primarily regionally oriented and per capita 
economic growth and technological change more fragmented and slower than other storylines.

B1. The B1 storyline and scenario family describes a convergent world with the same global population, that 
peaks in mid-century and declines thereafter, as in the A1 storyline, but with rapid change in economic structures 
toward a service and information economy, with reductions in material intensity and the introduction of clean 
and resource-effi cient technologies. The emphasis is on global solutions to economic, social and environmental 
sustainability, including improved equity, but without additional climate initiatives.

B2. The B2 storyline and scenario family describes a world in which the emphasis is on local solutions to 
economic, social and environmental sustainability. It is a world with continuously increasing global population, at 
a rate lower than A2, intermediate levels of economic development, and less rapid and more diverse technological 
change than in the B1 and A1 storylines. While the scenario is also oriented towards environmental protection and 
social equity, it focuses on local and regional levels.

An illustrative scenario was chosen for each of the six scenario groups A1B, A1FI, A1T, A2, B1 and B2. All 
should be considered equally sound.

The SRES scenarios do not include additional climate initiatives, which means that no scenarios are included 
that explicitly assume implementation of the United Nations Framework Convention on Climate Change or the 
emissions targets of the Kyoto Protocol.
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TS.1 Introduction

In the six years since the IPCC’s Third Assessment 
Report (TAR), signifi cant progress has been made in 
understanding past and recent climate change and in 
projecting future changes. These advances have arisen 
from large amounts of new data, more sophisticated 
analyses of data, improvements in the understanding 
and simulation of physical processes in climate models 
and more extensive exploration of uncertainty ranges 
in model results. The increased confi dence in climate 
science provided by these developments is evident in 
this Working Group I contribution to the IPCC’s Fourth 
Assessment Report. 

While this report provides new and important policy-
relevant information on the scientifi c understanding of 
climate change, the complexity of the climate system 
and the multiple interactions that determine its behaviour 
impose limitations on our ability to understand fully the 
future course of Earth’s global climate. There is still an 
incomplete physical understanding of many components 
of the climate system and their role in climate change. 
Key uncertainties include aspects of the roles played by 
clouds, the cryosphere, the oceans, land use and couplings 
between climate and biogeochemical cycles. The areas of 
science covered in this report continue to undergo rapid 
progress and it should be recognised that the present 
assessment refl ects scientifi c understanding based on the 
peer-reviewed literature available in mid-2006.

The key fi ndings of the IPCC Working Group I 
assessment are presented in the Summary for 
Policymakers. This Technical Summary provides a more 
detailed overview of the scientifi c basis for those fi ndings 
and provides a road map to the chapters of the underlying 
report. It focuses on key fi ndings, highlighting what 
is new since the TAR. The structure of the Technical 
Summary is as follows:

• Section 2: an overview of current scientifi c 
understanding of the natural and anthropogenic drivers 
of changes in climate;

• Section 3: an overview of observed changes in the 
climate system (including the atmosphere, oceans 
and cryosphere) and their relationships to physical 
processes;

• Section 4: an overview of explanations of observed 
climate changes based on climate models and physical 

understanding, the extent to which climate change can 
be attributed to specifi c causes and a new evaluation of 
climate sensitivity to greenhouse gas increases;

• Section 5: an overview of projections for both near- 
and far-term climate changes including the time scales 
of responses to changes in forcing, and probabilistic 
information about future climate change; and

• Section 6: a summary of the most robust fi ndings 
and the key uncertainties in current understanding of 
physical climate change science.

Each paragraph in the Technical Summary reporting 
substantive results is followed by a reference in curly 
brackets to the corresponding chapter section(s) of the 
underlying report where the detailed assessment of the 
scientifi c literature and additional information can be 
found.

TS.2 Changes in Human and   
 Natural Drivers of Climate

The Earth’s global mean climate is determined by 
incoming energy from the Sun and by the properties of the 
Earth and its atmosphere, namely the refl ection, absorption 
and emission of energy within the atmosphere and at the 
surface. Although changes in received solar energy (e.g., 
caused by variations in the Earth’s orbit around the Sun) 
inevitably affect the Earth’s energy budget, the properties 
of the atmosphere and surface are also important and these 
may be affected by climate feedbacks. The importance of 
climate feedbacks is evident in the nature of past climate 
changes as recorded in ice cores up to 650,000 years old. 

Changes have occurred in several aspects of the 
atmosphere and surface that alter the global energy 
budget of the Earth and can therefore cause the climate 
to change. Among these are increases in greenhouse 
gas concentrations that act primarily to increase the 
atmospheric absorption of outgoing radiation, and 
increases in aerosols (microscopic airborne particles or 
droplets) that act to refl ect and absorb incoming solar 
radiation and change cloud radiative properties. Such 
changes cause a radiative forcing of the climate system.1 
Forcing agents can differ considerably from one another in 
terms of the magnitudes of forcing, as well as spatial and 
temporal features. Positive and negative radiative forcings 
contribute to increases and decreases, respectively, in 

1 ‘Radiative forcing’ is a measure of the infl uence a factor has in altering the balance of incoming and outgoing energy in the Earth-atmosphere system and is an 
index of the importance of the factor as a potential climate change mechanism. Positive forcing tends to warm the surface while negative forcing tends to cool it. 
In this report, radiative forcing values are for changes relative to a pre-industrial background at 1750, are expressed in Watts per square metre (W m–2) and, unless 
otherwise noted, refer to a global and annual average value. See Glossary for further details.
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Box TS.1: Treatment of Uncertainties in the Working Group I Assessment

The importance of consistent and transparent treatment of uncertainties is clearly recognised by the IPCC in preparing its 
assessments of climate change. The increasing attention given to formal treatments of uncertainty in previous assessments 
is addressed in Section 1.6. To promote consistency in the general treatment of uncertainty across all three Working Groups, 
authors of the Fourth Assessment Report have been asked to follow a brief set of guidance notes on determining and 
describing uncertainties in the context of an assessment.2 This box summarises the way that Working Group I has applied 
those guidelines and covers some aspects of the treatment of uncertainty specifi c to material assessed here. 

Uncertainties can be classifi ed in several diff erent ways according to their origin. Two primary types are ‘value uncertainties’ 
and ‘structural uncertainties’. Value uncertainties arise from the incomplete determination of particular values or results, 
for example, when data are inaccurate or not fully representative of the phenomenon of interest. Structural uncertainties 
arise from an incomplete understanding of the processes that control particular values or results, for example, when the 
conceptual framework or model used for analysis does not include all the relevant processes or relationships. Value 
uncertainties are generally estimated using statistical techniques and expressed probabilistically. Structural uncertainties 
are generally described by giving the authors’ collective judgment of their confi dence in the correctness of a result. In both 
cases, estimating uncertainties is intrinsically about describing the limits to knowledge and for this reason involves expert 
judgment about the state of that knowledge. A diff erent type of uncertainty arises in systems that are either chaotic or not 
fully deterministic in nature and this also limits our ability to project all aspects of climate change.

The scientifi c literature assessed here uses a variety of other generic ways of categorising uncertainties. Uncertainties 
associated with ‘random errors’ have the characteristic of decreasing as additional measurements are accumulated, 
whereas those associated with ‘systematic errors’ do not. In dealing with climate records, considerable attention has been 
given to the identifi cation of systematic errors or unintended biases arising from data sampling issues and methods of 
analysing and combining data. Specialised statistical methods based on quantitative analysis have been developed for the 
detection and attribution of climate change and for producing probabilistic projections of future climate parameters. These 
are summarised in the relevant chapters.

The uncertainty guidance provided for the Fourth Assessment Report draws, for the fi rst time, a careful distinction 
between levels of confi dence in scientifi c understanding and the likelihoods of specifi c results. This allows authors to 
express high confi dence that an event is extremely unlikely (e.g., rolling a dice twice and getting a six both times), as well 
as high confi dence that an event is about as likely as not (e.g., a tossed coin coming up heads). Confi dence and likelihood 
as used here are distinct concepts but are often linked in practice.

The standard terms used to defi ne levels of confi dence in this report are as given in the IPCC Uncertainty Guidance Note, 
namely:

Confi dence Terminology Degree of confi dence in being correct
Very high confi dence At least 9 out of 10 chance 

High confi dence About 8 out of 10 chance

Medium confi dence About 5 out of 10 chance

Low confi dence About 2 out of 10 chance

Very low confi dence Less than 1 out of 10 chance

Note that ‘low confi dence’ and ‘very low confi dence’ are only used for areas of major concern and where a risk-based 
perspective is justifi ed. 

Chapter 2 of this report uses a related term ‘level of scientifi c understanding’ when describing uncertainties in diff erent 
contributions to radiative forcing. This terminology is used for consistency with the Third Assessment Report, and the basis 
on which the authors have determined particular levels of scientifi c understanding uses a combination of approaches 
consistent with the uncertainty guidance note as explained in detail in Section 2.9.2 and Table 2.11.

 (continued) 

2  The IPCC Uncertainty Guidance Note is included in Supplementary Material for this report.
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global average surface temperature. This section updates 
the understanding of estimated anthropogenic and natural 
radiative forcings. 

The overall response of global climate to radiative 
forcing is complex due to a number of positive and negative 
feedbacks that can have a strong infl uence on the climate 
system (see e.g., Sections 4.5 and 5.4). Although water 
vapour is a strong greenhouse gas, its concentration in 
the atmosphere changes in response to changes in surface 
climate and this must be treated as a feedback effect and 
not as a radiative forcing. This section also summarises 
changes in the surface energy budget and its links to the 
hydrological cycle. Insights into the effects of agents such 
as aerosols on precipitation are also noted. 

TS.2.1 Greenhouse Gases

The dominant factor in the radiative forcing of climate 
in the industrial era is the increasing concentration of 
various greenhouse gases in the atmosphere. Several of 
the major greenhouse gases occur naturally but increases 
in their atmospheric concentrations over the last 250 years 
are due largely to human activities. Other greenhouse 
gases are entirely the result of human activities. The 
contribution of each greenhouse gas to radiative forcing 

over a particular period of time is determined by the 
change in its concentration in the atmosphere over that 
period and the effectiveness of the gas in perturbing the 
radiative balance. Current atmospheric concentrations of 
the different greenhouse gases considered in this report 
vary by more than eight orders of magnitude (factor of 
108), and their radiative effi ciencies vary by more than 
four orders of magnitude (factor of 104), refl ecting the 
enormous diversity in their properties and origins. 

The current concentration of a greenhouse gas in 
the atmosphere is the net result of the history of its past 
emissions and removals from the atmosphere. The gases 
and aerosols considered here are emitted to the atmosphere 
by human activities or are formed from precursor species 
emitted to the atmosphere. These emissions are offset 
by chemical and physical removal processes. With the 
important exception of carbon dioxide (CO2), it is generally 
the case that these processes remove a specifi c fraction of 
the amount of a gas in the atmosphere each year and the 
inverse of this removal rate gives the mean lifetime for 
that gas. In some cases, the removal rate may vary with 
gas concentration or other atmospheric properties (e.g., 
temperature or background chemical conditions). 

Long-lived greenhouse gases (LLGHGs), for example, 
CO2, methane (CH4) and nitrous oxide (N2O), are 

The standard terms used in this report to defi ne the likelihood of an outcome or result where this can be estimated 
probabilistically are:

Likelihood Terminology Likelihood of the occurrence/ outcome 

Virtually certain > 99% probability

Extremely likely > 95% probability 

Very likely > 90% probability

Likely > 66% probability

More likely than not > 50% probability

About as likely as not 33 to 66% probability

Unlikely < 33% probability

Very unlikely < 10% probability

Extremely unlikely < 5% probability

Exceptionally unlikely < 1% probability

The terms ‘extremely likely’, ‘extremely unlikely’ and ‘more likely than not’ as defi ned above have been added to those 
given in the IPCC Uncertainty Guidance Note in order to provide a more specifi c assessment of aspects including attribution 
and radiative forcing.

Unless noted otherwise, values given in this report are assessed best estimates and their uncertainty ranges are 90% 
confi dence intervals (i.e., there is an estimated 5% likelihood of the value being below the lower end of the range or above 
the upper end of the range). Note that in some cases the nature of the constraints on a value, or other information available, 
may indicate an asymmetric distribution of the uncertainty range around a best estimate. In such cases, the uncertainty 
range is given in square brackets following the best estimate. 
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chemically stable and persist in the atmosphere over time 
scales of a decade to centuries or longer, so that their 
emission has a long-term infl uence on climate. Because 
these gases are long lived, they become well mixed 
throughout the atmosphere much faster than they are 
removed and their global concentrations can be accurately 
estimated from data at a few locations. Carbon dioxide 
does not have a specifi c lifetime because it is continuously 
cycled between the atmosphere, oceans and land biosphere 
and its net removal from the atmosphere involves a range 
of processes with different time scales. 

Short-lived gases (e.g., sulphur dioxide and carbon 
monoxide) are chemically reactive and generally removed 
by natural oxidation processes in the atmosphere, by 
removal at the surface or by washout in precipitation; 
their concentrations are hence highly variable. Ozone is 
a signifi cant greenhouse gas that is formed and destroyed 
by chemical reactions involving other species in the 
atmosphere. In the troposphere, the human infl uence on 
ozone occurs primarily through changes in precursor gases 
that lead to its formation, whereas in the stratosphere, the 
human infl uence has been primarily through changes 
in ozone removal rates caused by chlorofl uorocarbons 
(CFCs) and other ozone-depleting substances.

TS.2.1.1 Changes in Atmospheric Carbon Dioxide, 
Methane and Nitrous Oxide

Current concentrations of atmospheric CO2 and 
CH4 far exceed pre-industrial values found in polar 
ice core records of atmospheric composition dating 
back 650,000 years. Multiple lines of evidence confi rm 
that the post-industrial rise in these gases does not 
stem from natural mechanisms (see Figure TS.1 and 
Figure TS.2). {2.3, 6.3–6.5, FAQ 7.1} 

The total radiative forcing of the Earth’s climate 
due to increases in the concentrations of the LLGHGs 
CO2, CH4 and N2O, and very likely the rate of increase 
in the total forcing due to these gases over the 
period since 1750, are unprecedented in more than 
10,000 years (Figure TS.2). It is very likely that the 
sustained rate of increase in the combined radiative 
forcing from these greenhouse gases of about +1 W m–2 
over the past four decades is at least six times faster than 
at any time during the two millennia before the Industrial 
Era, the period for which ice core data have the required 
temporal resolution. The radiative forcing due to these 
LLGHGs has the highest level of confi dence of any 
forcing agent. {2.3, 6.4} 

GLACIAL-INTERGLACIAL ICE CORE DATA

Figure TS.1. Variations of deuterium (δD) in antarctic ice, which is a proxy for local temperature, and the atmospheric concentrations of 
the greenhouse gases carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O) in air trapped within the ice cores and from recent 
atmospheric measurements. Data cover 650,000 years and the shaded bands indicate current and previous interglacial warm periods. 
{Adapted from Figure 6.3}
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The concentration of atmospheric CO2 has 
increased from a pre-industrial value of about 
280 ppm to 379 ppm in 2005. Atmospheric CO2 
concentration increased by only 20 ppm over the 
8000 years prior to industrialisation; multi-decadal to 
centennial-scale variations were less than 10 ppm and 
likely due mostly to natural processes. However, since 
1750, the CO2 concentration has risen by nearly 100 ppm. 
The annual CO2 growth rate was larger during the last 
10 years (1995–2005 average: 1.9 ppm yr–1) than it has 
been since continuous direct atmospheric measurements 
began (1960–2005 average: 1.4 ppm yr–1). {2.3, 6.4, 6.5}

Increases in atmospheric CO2 since pre-industrial 
times are responsible for a radiative forcing of +1.66 ± 
0.17 W m–2; a contribution which dominates all other 
radiative forcing agents considered in this report. For 
the decade from 1995 to 2005, the growth rate of CO2 

in the atmosphere led to a 20% increase in its radiative 
forcing. {2.3, 6.4, 6.5}

Emissions of CO2 from fossil fuel use and from the 
effects of land use change on plant and soil carbon 
are the primary sources of increased atmospheric 
CO2. Since 1750, it is estimated that about 2/3rds of 
anthropogenic CO2 emissions have come from fossil fuel 
burning and about 1/3rd from land use change. About 45% 
of this CO2 has remained in the atmosphere, while about 
30% has been taken up by the oceans and the remainder 
has been taken up by the terrestrial biosphere. About half 
of a CO2 pulse to the atmosphere is removed over a time 
scale of 30 years; a further 30% is removed within a few 
centuries; and the remaining 20% will typically stay in the 
atmosphere for many thousands of years. {7.3}

In recent decades, emissions of CO2 have continued 
to increase (see Figure TS.3). Global annual fossil 

Figure TS.2. The concentrations and radiative forcing by (a) carbon dioxide (CO2), (b) methane (CH4), (c) nitrous oxide (N2O) and (d) the 
rate of change in their combined radiative forcing over the last 20,000 years reconstructed from antarctic and Greenland ice and fi rn 
data (symbols) and direct atmospheric measurements (panels a,b,c, red lines). The grey bars show the reconstructed ranges of natural 
variability for the past 650,000 years. The rate of change in radiative forcing (panel d, black line) has been computed from spline fi ts to the 
concentration data. The width of the age spread in the ice data varies from about 20 years for sites with a high accumulation of snow such 
as Law Dome, Antarctica, to about 200 years for low-accumulation sites such as Dome C, Antarctica. The arrow shows the peak in the 
rate of change in radiative forcing that would result if the anthropogenic signals of CO2, CH4, and N2O had been smoothed corresponding 
to conditions at the low-accumulation Dome C site. The negative rate of change in forcing around 1600 shown in the higher-resolution 
inset in panel d results from a CO2 decrease of about 10 ppm in the Law Dome record. {Figure 6.4}

CHANGES IN GREENHOUSE GASES FROM ICE CORE AND MODERN DATA



26

Technical Summary 

CO2 emissions3 increased from an average of 6.4 ± 
0.4 GtC yr–1 in the 1990s to 7.2 ± 0.3 GtC yr–1 in the 
period 2000 to 2005. Estimated CO2 emissions associated 
with land use change, averaged over the 1990s, were4 
0.5 to 2.7 GtC yr–1, with a central estimate of 1.6 Gt yr-1. 
Table TS.1 shows the estimated budgets of CO2 in recent 
decades. {2.3, 6.4, 7.3, FAQ 7.1}

Since the 1980s, natural processes of CO2 uptake 
by the terrestrial biosphere (i.e., the residual land 
sink in Table TS.1) and by the oceans have removed 
about 50% of anthropogenic emissions (i.e., fossil CO2 
emissions and land use change fl ux in Table TS.1). These 
removal processes are infl uenced by the atmospheric 
CO2 concentration and by changes in climate. Uptake 
by the oceans and the terrestrial biosphere have been 
similar in magnitude but the terrestrial biosphere uptake 
is more variable and was higher in the 1990s than in the 
1980s by about 1 GtC yr–1. Observations demonstrate 
that dissolved CO2 concentrations in the surface ocean 
(pCO2) have been increasing nearly everywhere, roughly 
following the atmospheric CO2 increase but with large 
regional and temporal variability. {5.4, 7.3}

Carbon uptake and storage in the terrestrial 
biosphere arise from the net difference between uptake 
due to vegetation growth, changes in reforestation and 
sequestration, and emissions due to heterotrophic 
respiration, harvest, deforestation, fi re, damage by 
pollution and other disturbance factors affecting 
biomass and soils. Increases and decreases in fi re 
frequency in different regions have affected net carbon 

Table TS.1. Global carbon budget. By convention, positive values are CO2 fl uxes (GtC yr–1) into the atmosphere and negative values 
represent uptake from the atmosphere (i.e., ‘CO2 sinks’). Fossil CO2 emissions for 2004 and 2005 are based on interim estimates. Due 
to the limited number of available studies, for the net land-to-atmosphere fl ux and its components, uncertainty ranges are given as 65% 
confi dence intervals and do not include interannual variability (see Section 7.3). NA indicates that data are not available.

1980s 1990s 2000–2005

Atmospheric increase 3.3 ± 0.1 3.2 ± 0.1 4.1 ± 0.1

Fossil carbon dioxide emissions 5.4 ± 0.3 6.4 ± 0.4 7.2 ± 0.3

Net ocean-to-atmosphere fl ux –1.8 ± 0.8 –2.2 ± 0.4 –2.2 ± 0.5

Net land-to-atmosphere fl ux –0.3 ± 0.9 –1.0 ± 0.6 –0.9 ± 0.6

 Partitioned as follows

 Land use change fl ux
1.4

(0.4 to 2.3)
1.6

(0.5 to 2.7) NA

 Residual land sink
–1.7

(–3.4 to 0.2)
–2.6

(–4.3 to –0.9) NA

3  Fossil CO2 emissions include those from the production, distribution and consumption of fossil fuels and from cement production. Emission of 1 GtC corresponds 
to 3.67 GtCO2.

4  As explained in Section 7.3, uncertainty ranges for land use change emissions, and hence for the full carbon cycle budget, can only be given as 65% confi dence 
intervals.

uptake, and in boreal regions, emissions due to fi res appear 
to have increased over recent decades. Estimates of net 
CO2 surface fl uxes from inverse studies using networks 
of atmospheric data demonstrate signifi cant land uptake 
in the mid-latitudes of the Northern Hemisphere (NH) and 
near-zero land-atmosphere fl uxes in the tropics, implying 
that tropical deforestation is approximately balanced by 
regrowth. {7.3} 

Short-term (interannual) variations observed 
in the atmospheric CO2 growth rate are primarily 
controlled by changes in the fl ux of CO2 between 
the atmosphere and the terrestrial biosphere, with 
a smaller but signifi cant fraction due to variability 
in ocean fl uxes (see Figure TS.3). Variability in the 
terrestrial biosphere fl ux is driven by climatic fl uctuations, 
which affect the uptake of CO2 by plant growth and the 
return of CO2 to the atmosphere by the decay of organic 
material through heterotrophic respiration and fi res. El 
Niño-Southern Oscillation (ENSO) events are a major 
source of interannual variability in atmospheric CO2 
growth rate, due to their effects on fl uxes through land and 
sea surface temperatures, precipitation and the incidence 
of fi res. {7.3} 

The direct effects of increasing atmospheric CO2 
on large-scale terrestrial carbon uptake cannot be 
quantifi ed reliably at present. Plant growth can be 
stimulated by increased atmospheric CO2 concentrations 
and by nutrient deposition (fertilization effects). However, 
most experiments and studies show that such responses 
appear to be relatively short lived and strongly coupled 
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to other effects such as availability of water and nutrients. 
Likewise, experiments and studies of the effects of climate 
(temperature and moisture) on heterotrophic respiration 
of litter and soils are equivocal. Note that the effect of 
climate change on carbon uptake is addressed separately 
in section TS.5.4. {7.3}

The CH4 abundance in 2005 of about 1774 ppb is 
more than double its pre-industrial value. Atmospheric 
CH4 concentrations varied slowly between 580 and 
730 ppb over the last 10,000 years, but increased by 
about 1000 ppb in the last two centuries, representing 
the fastest changes in this gas over at least the last 
80,000 years. In the late 1970s and early 1980s, CH4 
growth rates displayed maxima above 1% yr–1, but since 
the early 1990s have decreased signifi cantly and were 
close to zero for the six-year period from 1999 to 2005. 
Increases in CH4 abundance occur when emissions exceed 
removals. The recent decline in growth rates implies that 
emissions now approximately match removals, which are 
due primarily to oxidation by the hydroxyl radical (OH). 
Since the TAR, new studies using two independent tracers 
(methyl chloroform and 14CO) suggest no signifi cant 
long-term change in the global abundance of OH. Thus, 

Figure TS.3. Annual changes in global mean CO2 concentration 
(grey bars) and their fi ve-year means from two different 
measurement networks (red and lower black stepped lines). 
The fi ve-year means smooth out short-term perturbations 
associated with strong ENSO events in 1972, 1982, 1987 and 
1997. Uncertainties in the fi ve-year means are indicated by 
the difference between the red and lower black lines and are 
of order 0.15 ppm. The upper stepped line shows the annual 
increases that would occur if all fossil fuel emissions stayed in the 
atmosphere and there were no other emissions. {Figure 7.4}

the slowdown in the atmospheric CH4 growth rate since 
about 1993 is likely due to the atmosphere approaching 
an equilibrium during a period of near-constant total 
emissions. {2.3, 7.4, FAQ 7.1} 

Increases in atmospheric CH4 concentrations since 
pre-industrial times have contributed a radiative 
forcing of +0.48 ± 0.05 W m–2. Among greenhouse 
gases, this forcing remains second only to that of CO2 in 
magnitude. {2.3}

Current atmospheric CH4 levels are due to 
continuing anthropogenic emissions of CH4, which 
are greater than natural emissions. Total CH4 
emissions can be well determined from observed 
concentrations and independent estimates of removal 
rates. Emissions from individual sources of CH4 are not 
as well quantifi ed as the total emissions but are mostly 
biogenic and include emissions from wetlands, ruminant 
animals, rice agriculture and biomass burning, with 
smaller contributions from industrial sources including 
fossil fuel-related emissions. This knowledge of CH4 
sources, combined with the small natural range of CH4 
concentrations over the past 650,000 years (Figure TS.1) 
and their dramatic increase since 1750 (Figure TS.2), 
make it very likely that the observed long-term changes in 
CH4 are due to anthropogenic activity. {2.3, 6.4, 7.4}

In addition to its slowdown over the last 15 years, 
the growth rate of atmospheric CH4 has shown 
high interannual variability, which is not yet fully 
explained. The largest contributions to interannual 
variability during the 1996 to 2001 period appear to 
be variations in emissions from wetlands and biomass 
burning. Several studies indicate that wetland CH4 
emissions are highly sensitive to temperature and are 
also affected by hydrological changes. Available model 
estimates all indicate increases in wetland emissions due 
to future climate change but vary widely in the magnitude 
of such a positive feedback effect. {7.4}

The N2O concentration in 2005 was 319 ppb, about 
18% higher than its pre-industrial value. Nitrous 
oxide increased approximately linearly by about 
0.8 ppb yr–1 over the past few decades. Ice core data 
show that the atmospheric concentration of N2O varied 
by less than about 10 ppb for 11,500 years before the onset 
of the industrial period. {2.3, 6.4, 6.5}

The increase in N2O since the pre-industrial era now 
contributes a radiative forcing of +0.16 ± 0.02 W m–2 
and is due primarily to human activities, particularly 
agriculture and associated land use change. Current 
estimates are that about 40% of total N2O emissions are 
anthropogenic but individual source estimates remain 
subject to signifi cant uncertainties. {2.3, 7.4}

CO2 EMISSIONS AND INCREASES
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indications of signifi cant upward trends at low latitudes. 
Model studies of the radiative forcing due to the increase 
in tropospheric ozone since pre-industrial times have 
increased in complexity and comprehensiveness compared 
with models used in the TAR. {2.3, 7.4} 

Changes in tropospheric ozone are linked to air 
quality and climate change. A number of studies 
have shown that summer daytime ozone concentrations 
correlate strongly with temperature. This correlation 
appears to refl ect contributions from temperature-
dependent biogenic volatile organic carbon emissions, 
thermal decomposition of peroxyacetylnitrate, which acts 
as a reservoir for nitrogen oxides (NOx), and association of 
high temperatures with regional stagnation. Anomalously 
hot and stagnant conditions during the summer of 1988 
were responsible for the highest surface-level ozone year 
on record in the north-eastern USA. The summer heat wave 
in Europe in 2003 was also associated with exceptionally 
high local ozone at the surface. {Box 7.4} 

The radiative forcing due to the destruction 
of stratospheric ozone is caused by the Montreal 
Protocol gases and is re-evaluated to be –0.05 ± 0.10 
W m–2, weaker than in the TAR, with a medium level of 
scientifi c understanding. The trend of greater and greater 
depletion of global stratospheric ozone observed during 
the 1980s and 1990s is no longer occurring; however, 
global stratospheric ozone is still about 4% below pre-
1980 values and it is not yet clear whether ozone recovery 
has begun. In addition to the chemical destruction of 
ozone, dynamical changes may have contributed to NH 
mid-latitude ozone reduction. {2.3}

Direct emission of water vapour by human activities 
makes a negligible contribution to radiative forcing. 
However, as global mean temperatures increase, 
tropospheric water vapour concentrations increase 
and this represents a key feedback but not a forcing 
of climate change. Direct emission of water to the 
atmosphere by anthropogenic activities, mainly irrigation, 
is a possible forcing factor but corresponds to less than 
1% of the natural sources of atmospheric water vapour. 
The direct injection of water vapour into the atmosphere 
from fossil fuel combustion is signifi cantly lower than 
that from agricultural activity. {2.5}

Based on chemical transport model studies, the 
radiative forcing from increases in stratospheric water 
vapour due to oxidation of CH4 is estimated to be  
+0.07 ± 0.05 W m–2. The level of scientifi c understanding 
is low because the contribution of CH4 to the corres pond-
ing vertical structure of the water vapour change near the 
tropopause is uncertain. Other potential human causes of 
stratospheric water vapour increases that could contribute 
to radiative forcing are poorly understood. {2.3}

TS.2.1.3 Changes in Atmospheric Halocarbons, 
Stratospheric Ozone, Tropospheric Ozone 
and Other Gases

CFCs and hydrochlorofl uorocarbons (HCFCs) 
are greenhouse gases that are purely anthropogenic 
in origin and used in a wide variety of applications. 
Emissions of these gases have decreased due to their 
phase-out under the Montreal Protocol, and the 
atmospheric concentrations of CFC-11 and CFC-113 
are now decreasing due to natural removal processes. 
Observations in polar fi rn cores since the TAR have 
now extended the available time series information for 
some of these greenhouse gases. Ice core and in situ data 
confi rm that industrial sources are the cause of observed 
atmospheric increases in CFCs and HCFCs. {2.3} 

The Montreal Protocol gases contributed +0.32 ± 
0.03 W m–2 to direct radiative forcing in 2005, with 
CFC-12 continuing to be the third most important 
long-lived radiative forcing agent. These gases as a 
group contribute about 12% of the total forcing due to 
LLGHGs. {2.3}

The concentrations of industrial fl uorinated gases 
covered by the Kyoto Protocol (hydrofl uorocarbons 
(HFCs), perfl uorocarbons (PFCs), sulphur hexa-
fl uoride (SF6)) are relatively small but are increasing 
rapidly. Their total radiative forcing in 2005 was 
+0.017 W m–2. {2.3}

Tropospheric ozone is a short-lived greenhouse gas 
produced by chemical reactions of precursor species 
in the atmosphere and with large spatial and temporal 
variability. Improved measurements and modelling 
have advanced the understanding of chemical 
precursors that lead to the formation of tropospheric 
ozone, mainly carbon monoxide, nitrogen oxides 
(including sources and possible long-term trends in 
lightning) and formaldehyde. Overall, current models 
are successful in describing the principal features of the 
present global tropospheric ozone distribution on the 
basis of underlying processes. New satellite and in situ 
measurements provide important global constraints for 
these models; however, there is less confi dence in their 
ability to reproduce the changes in ozone associated with 
large changes in emissions or climate, and in the simulation 
of observed long-term trends in ozone concentrations over 
the 20th century. {7.4}

Tropospheric ozone radiative forcing is estimated to 
be +0.35 [+0.25 to +0.65] W m–2 with a medium level of 
scientifi c understanding. The best estimate of this radiative 
forcing has not changed since the TAR. Observations show 
that trends in tropospheric ozone during the last few decades 
vary in sign and magnitude at many locations, but there are 
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TOTAL AEROSOL OPTICAL DEPTH

Figure TS.4. (Top) The total aerosol optical depth (due to natural plus anthropogenic 
aerosols) at a mid-visible wavelength determined by satellite measurements for January to 
March 2001 and (bottom) August to October 2001, illustrating seasonal changes in industrial 
and biomass-burning aerosols. Data are from satellite measurements, complemented by 
two different kinds of ground-based measurements at locations shown in the two panels 
(see Section 2.4.2 for details). {Figure 2.11}

TS.2.2  Aerosols

Direct aerosol radiative forcing is now considerably 
better quantifi ed than previously and represents a 
major advance in understanding since the time of 
the TAR, when several components had a very low 
level of scientifi c understanding. A total direct aerosol 
radiative forcing combined across all aerosol types can 
now be given for the fi rst time as –0.5 ± 0.4 W m–2, 
with a medium-low level of scientifi c understanding. 
Atmospheric models have improved and many now 
represent all aerosol components 
of signifi cance. Aerosols vary 
considerably in their properties 
that affect the extent to which 
they absorb and scatter radiation, 
and thus different types may have 
a net cooling or warming effect. 
Industrial aerosol consisting 
mainly of a mixture of sulphates, 
organic and black carbon, nitrates 
and industrial dust is clearly 
discernible over many continental 
regions of the NH. Improved in 
situ, satellite and surface-based 
measurements (see Figure TS.4) 
have enabled verifi cation of global 
aerosol model simulations. These 
improvements allow quantifi cation 
of the total direct aerosol 
radiative forcing for the fi rst 
time, representing an important 
advance since the TAR. The direct 
radiative forcing for individual 
species remains less certain and 
is estimated from models to be 
–0.4 ± 0.2 W m–2 for sulphate, 
–0.05 ± 0.05 W m–2 for fossil fuel 
organic carbon, +0.2 ± 0.15 W m–2 
for fossil fuel black carbon, 
+0.03 ± 0.12 W m–2 for biomass 
burning, –0.1 ± 0.1 W m–2 for 
nitrate and –0.1 ± 0.2 W m–2 for 
mineral dust. Two recent emission 
inventory studies support data 
from ice cores and suggest that 
global anthropogenic sulphate 
emissions decreased over the 
1980 to 2000 period and that 
the geographic distribution of 
sulphate forcing has also changed. 
{2.4, 6.6} 

Signifi cant changes in the estimates of the direct 
radiative forcing due to biomass-burning, nitrate 
and mineral dust aerosols have occurred since the 
TAR. For biomass-burning aerosol, the estimated direct 
radiative forcing is now revised from being negative to 
near zero due to the estimate being strongly infl uenced 
by the occurrence of these aerosols over clouds. For the 
fi rst time, the radiative forcing due to nitrate aerosol is 
given. For mineral dust, the range in the direct radiative 
forcing is reduced due to a reduction in the estimate of its 
anthropogenic fraction. {2.4}
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Anthropogenic aerosols effects on water clouds 
cause an indirect cloud albedo effect (referred to as 
the fi rst indirect effect in the TAR), which has a best 
estimate for the fi rst time of –0.7 [–0.3 to –1.8] W m–

2. The number of global model estimates of the albedo 
effect for liquid water clouds has increased substantially 
since the TAR, and the estimates have been evaluated in a 
more rigorous way. The estimate for this radiative forcing 
comes from multiple model studies incorporating more 
aerosol species and describing aerosol-cloud interaction 
processes in greater detail. Model studies including more 
aerosol species or constrained by satellite observations 
tend to yield a relatively weaker cloud albedo effect. 
Despite the advances and progress since the TAR and 
the reduction in the spread of the estimate of the forcing, 
there remain large uncertainties in both measurements and 
modelling of processes, leading to a low level of scientifi c 
understanding, which is an elevation from the very low 
rank in the TAR. {2.4, 7.5, 9.2} 

Other effects of aerosol include a cloud lifetime 
effect, a semi-direct effect and aerosol-ice cloud inter-
actions. These are considered to be part of the climate 
response rather than radiative forcings. {2.4, 7.5}

TS.2.3 Aviation Contrails and Cirrus,
Land Use and Other Effects

Persistent linear contrails from global aviation 
contribute a small radiative forcing of +0.01 [+0.003 
to +0.03] W m–2, with a low level of scientifi c 
understanding. This best estimate is smaller than the 
estimate in the TAR. This difference results from new 
observations of contrail cover and reduced estimates of 
contrail optical depth. No best estimates are available for 
the net forcing from spreading contrails. Their effects on 
cirrus cloudiness and the global effect of aviation aerosol 
on background cloudiness remain unknown. {2.6} 

Human-induced changes in land cover have 
increased the global surface albedo, leading to a 
radiative forcing of –0.2 ± 0.2 W m–2, the same as 
in the TAR, with a medium-low level of scientifi c 
understanding. Black carbon aerosols deposited on 
snow reduce the surface albedo and are estimated 
to yield an associated radiative forcing of +0.1 ± 
0.1 W m–2, with a low level of scientifi c understanding. 
Since the TAR, a number of estimates of the forcing from 
land use changes have been made, using better techniques, 
exclusion of feedbacks in the evaluation and improved 
incorporation of large-scale observations. Uncertainties 
in the estimate include mapping and characterisation of 
present-day vegetation and historical state, parametrization 
of surface radiation processes and biases in models’ 

climate variables. The presence of soot particles in snow 
leads to a decrease in the albedo of snow and a positive 
forcing, and could affect snowmelt. Uncertainties are 
large regarding the manner in which soot is incorporated 
in snow and the resulting optical properties. {2.5}

The impacts of land use change on climate are 
expected to be locally signifi cant in some regions, 
but are small at the global scale in comparison with 
greenhouse gas warming. Changes in the land surface 
(vegetation, soils, water) resulting from human activities 
can signifi cantly affect local climate through shifts in 
radiation, cloudiness, surface roughness and surface 
temperatures. Changes in vegetation cover can also have 
a substantial effect on surface energy and water balance 
at the regional scale. These effects involve non-radiative 
processes (implying that they cannot be quantifi ed by a 
radiative forcing) and have a very low level of scientifi c 
understanding. {2.5, 7.2, 9.3, Box 11.4}

The release of heat from anthropogenic energy 
production can be signifi cant over urban areas but is 
not signifi cant globally. {2.5}

TS.2.4 Radiative Forcing Due to Solar Activity 
and Volcanic Eruptions

Continuous monitoring of total solar irradiance 
now covers the last 28 years. The data show a well-
established 11-year cycle in irradiance that varies 
by 0.08% from solar cycle minima to maxima, with 
no signifi cant long-term trend. New data have more 
accurately quantifi ed changes in solar spectral fl uxes 
over a broad range of wavelengths in association with 
changing solar activity. Improved calibrations using high-
quality overlapping measurements have also contributed 
to a better understanding. Current understanding of solar 
physics and the known sources of irradiance variability 
suggest comparable irradiance levels during the past 
two solar cycles, including at solar minima. The primary 
known cause of contemporary irradiance variability is the 
presence on the Sun’s disk of sunspots (compact, dark 
features where radiation is locally depleted) and faculae 
(extended bright features where radiation is locally 
enhanced). {2.7}

The estimated direct radiative forcing due to 
changes in the solar output since 1750 is +0.12 [+0.06 to 
+0.3] W m–2, which is less than half of the estimate 
given in the TAR, with a low level of scientifi c 
understanding. The reduced radiative forcing estimate 
comes from a re-evaluation of the long-term change in 
solar irradiance since 1610 (the Maunder Minimum) 
based upon: a new reconstruction using a model of solar 
magnetic fl ux variations that does not invoke geomagnetic, 
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cosmogenic or stellar proxies; improved understanding of 
recent solar variations and their relationship to physical 
processes; and re-evaluation of the variations of Sun-
like stars. While this leads to an elevation in the level 
of scientifi c understanding from very low in the TAR 
to low in this assessment, uncertainties remain large 
because of the lack of direct observations and incomplete 
understanding of solar variability mechanisms over long 
time scales. {2.7, 6.6}

Empirical associations have been reported 
between solar-modulated cosmic ray ionization of the 
atmosphere and global average low-level cloud cover 
but evidence for a systematic indirect solar effect 
remains ambiguous. It has been suggested that galactic 
cosmic rays with suffi cient energy to reach the troposphere 
could alter the population of cloud condensation nuclei 
and hence microphysical cloud properties (droplet 
number and concentration), inducing changes in cloud 
processes analogous to the indirect cloud albedo effect 
of tropospheric aerosols and thus causing an indirect 
solar forcing of climate. Studies have probed various 
correlations with clouds in particular regions or using 
limited cloud types or limited time periods; however, the 
cosmic ray time series does not appear to correspond to 
global total cloud cover after 1991 or to global low-level 
cloud cover after 1994. Together with the lack of a proven 
physical mechanism and the plausibility of other causal 
factors affecting changes in cloud cover, this makes the 
association between galactic cosmic ray-induced changes 
in aerosol and cloud formation controversial. {2.7} 

Explosive volcanic eruptions greatly increase the 
concentration of stratospheric sulphate aerosols. A 
single eruption can thereby cool global mean climate 
for a few years. Volcanic aerosols perturb both the 
stratosphere and surface/troposphere radiative energy 
budgets and climate in an episodic manner, and many past 
events are evident in ice core observations of sulphate as 
well as temperature records. There have been no explosive 
volcanic events since the 1991 Mt. Pinatubo eruption 
capable of injecting signifi cant material to the stratosphere. 
However, the potential exists for volcanic eruptions much 
larger than the 1991 Mt. Pinatubo eruption, which could 
produce larger radiative forcing and longer-term cooling 
of the climate system. {2.7, 6.4, 6.6, 9.2}

TS.2.5 Net Global Radiative Forcing, Global 
Warming Potentials and Patterns of 
Forcing 

The understanding of anthropogenic warming 
and cooling infl uences on climate has improved 

since the TAR, leading to very high confi dence that 
the effect of human activities since 1750 has been 
a net positive forcing of +1.6 [+0.6 to +2.4] W m–2. 
Improved understanding and better quantifi cation of the 
forcing mechanisms since the TAR make it possible to 
derive a combined net anthropogenic radiative forcing 
for the fi rst time. Combining the component values for 
each forcing agent and their uncertainties yields the 
probability distribution of the combined anthropogenic 
radiative forcing estimate shown in Figure TS.5; the 
most likely value is about an order of magnitude larger 
than the estimated radiative forcing from changes in 
solar irradiance. Since the range in the estimate is +0.6 
to +2.4 W m–2, there is very high confi dence in the net 
positive radiative forcing of the climate system due to 
human activity. The LLGHGs together contribute +2.63 ± 
0.26 W m–2, which is the dominant radiative forcing term 
and has the highest level of scientifi c understanding. In 
contrast, the total direct aerosol, cloud albedo and surface 
albedo effects that contribute negative forcings are less 
well understood and have larger uncertainties. The range 
in the net estimate is increased by the negative forcing 
terms, which have larger uncertainties than the positive 
terms. The nature of the uncertainty in the estimated 
cloud albedo effect introduces a noticeable asymmetry in 
the distribution. Uncertainties in the distribution include 
structural aspects (e.g., representation of extremes in 
the component values, absence of any weighting of the 
radiative forcing mechanisms, possibility of unaccounted 
for but as yet unquantifi ed radiative forcings) and statistical 
aspects (e.g., assumptions about the types of distributions 
describing component uncertainties). {2.7, 2.9}

The Global Warming Potential (GWP) is a useful 
metric for comparing the potential climate impact of 
the emissions of different LLGHGs (see Table TS.2). 
Global Warming Potentials compare the integrated 
radiative forcing over a specifi ed period (e.g., 100 
years) from a unit mass pulse emission and are a way 
of comparing the potential climate change associated 
with emissions of different greenhouse gases. There are 
well-documented shortcomings of the GWP concept, 
particularly in using it to assess the impact of short-lived 
species. {2.10} 

For the magnitude and range of realistic forcings 
considered, evidence suggests an approximately linear 
relationship between global mean radiative forcing and 
global mean surface temperature response. The spatial 
patterns of radiative forcing vary between different 
forcing agents. However, the spatial signature of the 
climate response is not generally expected to match 
that of the forcing. Spatial patterns of climate response 
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GLOBAL MEAN RADIATIVE FORCINGS

PROBABILITY DISTRIBUTION

Figure TS.5. (a) Global mean radiative forcings (RF) and their 90% confi dence intervals in 2005 for various agents and mechanisms. 
Columns on the right-hand side specify best estimates and confi dence intervals (RF values); typical geographical extent of the forcing 
(Spatial scale); and level of scientifi c understanding (LOSU) indicating the scientifi c confi dence level as explained in Section 2.9. Errors for 
CH4, N2O and halocarbons have been combined. The net anthropogenic radiative forcing and its range are also shown. Best estimates 
and uncertainty ranges can not be obtained by direct addition of individual terms due to the asymmetric uncertainty ranges for some 
factors; the values given here were obtained from a Monte Carlo technique as discussed in Section 2.9. Additional forcing factors not 
included here are considered to have a very low LOSU. Volcanic aerosols contribute an additional form of natural forcing but are not 
included due to their episodic nature. The range for linear contrails does not include other possible effects of aviation on cloudiness. 
(b) Probability distribution of the global mean combined radiative forcing from all anthropogenic agents shown in (a). The distribution is 
calculated by combining the best estimates and uncertainties of each component. The spread in the distribution is increased signifi cantly 
by the negative forcing terms, which have larger uncertainties than the positive terms. {2.9.1, 2.9.2; Figure 2.20} 
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         Global Warming Potential for

           Given Time Horizon Industrial Designation     Radiative
or Common Name  Lifetime   Effi ciency SAR‡

(years) Chemical Formula   (years) (W m–2 ppb–1)   (100-yr) 20-yr 100-yr 500-yr
 
Carbon dioxide CO2 See belowa b1.4x10–5  1 1 1 1
Methanec CH4 12c 3.7x10–4 21 72 25 7.6
Nitrous oxide N2O 114 3.03x10–3 310 289 298 153
 
Substances controlled by the Montreal Protocol      

CFC-11 CCl3F 45 0.25 3,800 6,730 4,750 1,620
CFC-12 CCl2F2 100 0.32 8,100 11,000 10,900 5,200
CFC-13 CClF3 640 0.25  10,800 14,400 16,400
CFC-113 CCl2FCClF2 85 0.3 4,800 6,540 6,130 2,700
CFC-114 CClF2CClF2 300 0.31  8,040 10,000 8,730
CFC-115 CClF2CF3 1,700 0.18  5,310 7,370 9,990
Halon-1301 CBrF3 65 0.32 5,400 8,480 7,140 2,760
Halon-1211 CBrClF2 16 0.3  4,750 1,890 575
Halon-2402 CBrF2CBrF2 20 0.33  3,680 1,640 503
Carbon tetrachloride CCl4 26 0.13 1,400 2,700 1,400 435
Methyl bromide CH3Br 0.7 0.01  17 5 1
Methyl chloroform CH3CCl3 5 0.06  506 146 45
HCFC-22 CHClF2 12 0.2 1,500 5,160 1,810 549
HCFC-123 CHCl2CF3 1.3 0.14 90 273 77 24
HCFC-124 CHClFCF3 5.8 0.22 470 2,070 609 185
HCFC-141b CH3CCl2F 9.3 0.14  2,250 725 220
HCFC-142b CH3CClF2 17.9 0.2 1,800 5,490 2,310 705
HCFC-225ca CHCl2CF2CF3 1.9 0.2  429 122 37
HCFC-225cb CHClFCF2CClF2 5.8 0.32  2,030 595 181
 
Hydrofl uorocarbons

HFC-23 CHF3 270 0.19 11,700 12,000 14,800 12,200
HFC-32 CH2F2 4.9 0.11 650 2,330 675 205
HFC-125 CHF2CF3 29 0.23 2,800 6,350 3,500 1,100
HFC-134a CH2FCF3 14 0.16 1,300 3,830 1,430 435
HFC-143a CH3CF3 52 0.13 3,800 5,890 4,470 1,590
HFC-152a CH3CHF2 1.4 0.09 140 437 124 38
HFC-227ea CF3CHFCF3 34.2 0.26 2,900 5,310 3,220 1,040
HFC-236fa CF3CH2CF3 240 0.28 6,300 8,100 9,810 7,660
HFC-245fa CHF2CH2CF3 7.6 0.28  3,380 1030 314
HFC-365mfc CH3CF2CH2CF3 8.6 0.21  2,520 794 241
HFC-43-10mee CF3CHFCHFCF2CF3 15.9 0.4 1,300 4,140 1,640 500
 
Perfl uorinated compounds      

Sulphur hexafl uoride SF6 3,200 0.52 23,900 16,300 22,800 32,600
Nitrogen trifl uoride NF3 740 0.21  12,300 17,200 20,700
PFC-14 CF4 50,000 0.10 6,500 5,210 7,390 11,200
PFC-116 C2F6 10,000 0.26 9,200 8,630 12,200 18,200

Table TS.2. Lifetimes, radiative effi ciencies and direct (except for CH4) global warming potentials (GWP) relative to CO2. {Table 2.14}
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         Global Warming Potential for

           Given Time Horizon Industrial Designation   Radiative
or Common Name  Lifetime Effi ciency SAR‡

(years) Chemical Formula (years) (W m–2 ppb–1)   (100-yr) 20-yr 100-yr 500-yr

Perfl uorinated compounds (continued)     

PFC-218 C3F8 2,600 0.26 7,000 6,310 8,830 12,500
PFC-318 c-C4F8 3,200 0.32 8,700 7,310 10,300 14,700
PFC-3-1-10 C4F10 2,600 0.33 7,000 6,330 8,860 12,500
PFC-4-1-12 C5F12 4,100 0.41  6,510 9,160 13,300
PFC-5-1-14 C6F14 3,200 0.49 7,400 6,600 9,300 13,300
PFC-9-1-18 C10F18 >1,000d 0.56  >5,500 >7,500 >9,500
trifl uoromethyl SF5CF3 800 0.57  13,200 17,700 21,200
sulphur pentafl uoride
 
Fluorinated ethers       

HFE-125 CHF2OCF3 136 0.44  13,800 14,900 8,490
HFE-134 CHF2OCHF2 26 0.45  12,200 6,320 1,960
HFE-143a CH3OCF3 4.3 0.27  2,630 756 230
HCFE-235da2 CHF2OCHClCF3 2.6 0.38  1,230 350 106
HFE-245cb2 CH3OCF2CHF2 5.1 0.32  2,440 708 215
HFE-245fa2 CHF2OCH2CF3 4.9 0.31  2,280 659 200
HFE-254cb2 CH3OCF2CHF2 2.6 0.28  1,260 359 109
HFE-347mcc3 CH3OCF2CF2CF3 5.2 0.34  1,980 575 175
HFE-347pcf2 CHF2CF2OCH2CF3 7.1 0.25  1,900 580 175
HFE-356pcc3 CH3OCF2CF2CHF2  0.33 0.93  386 110 33
HFE-449sl 
(HFE-7100) C4F9OCH3 3.8 0.31  1,040 297 90
HFE-569sf2 C4F9OC2H5 0.77 0.3  207 59 18
(HFE-7200)  

HFE-43-10pccc124 CHF2OCF2OC2F4OCHF2 6.3 1.37  6,320 1,870 569
(H-Galden 1040x)  

HFE-236ca12 CHF2OCF2OCHF2 12.1 0.66  8,000 2,800 860
(HG-10) 
HFE-338pcc13 CHF2OCF2CF2OCHF2 6.2 0.87  5,100 1,500 460
(HG-01)  
 
Perfl uoropolyethers       

PFPMIE CF3OCF(CF3)CF2OCF2OCF3 800 0.65  7,620 10,300 12,400
 
Hydrocarbons and other compounds – Direct Effects      

Dimethylether CH3OCH3 0.015 0.02  1 1 <<1
Methylene chloride CH2Cl2  0.38 0.03  31 8.7 2.7
Methyl chloride CH3Cl  1.0 0.01  45 13 4

Notes:

‡ SAR refers to the IPCC Second Assessment Report (1995) used for reporting under the UNFCCC. 

a The CO2 response function used in this report is based on the revised version of the Bern Carbon cycle model used in Chapter 10 of this report 
(Bern2.5CC; Joos et al. 2001) using a background CO2 concentration value of 378 ppm. The decay of a pulse of CO2 with time t is given by

                                  where a0 = 0.217, a1 = 0.259, a2 = 0.338, a3 = 0.186, τ1 = 172.9 years, τ2 = 18.51 years, and τ3 = 1.186 years, for t < 1,000 years.

b The radiative effi ciency of CO2 is calculated using the IPCC (1990) simplifi ed expression as revised in the TAR, with an updated background concentration 
value of 378 ppm and a perturbation of +1 ppm (see Section 2.10.2). 

c The perturbation lifetime for CH4 is 12 years as in the TAR (see also Section 7.4). The GWP for CH4 includes indirect effects from enhancements of ozone 
and stratospheric water vapour (see Section 2.10) . 

d The assumed lifetime of 1000 years is a lower limit.

i = 1

3

 a0 + Σ ai • e
-t/τi

Table TS.2 (continued)
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TS.3 Observations of
 Changes in Climate

This assessment evaluates changes in the Earth’s climate 
system, considering not only the atmosphere, but also the 
ocean and the cryosphere, as well as phenomena such 
as atmospheric circulation changes, in order to increase 
understanding of trends, variability and processes of 
climate change at global and regional scales. Observational 
records employing direct methods are of variable length as 
described below, with global temperature estimates now 
beginning as early as 1850. Observations of extremes of 
weather and climate are discussed, and observed changes 
in extremes are described. The consistency of observed 
changes among different climate variables that allows 
an increasingly comprehensive picture to be drawn is 
also described. Finally, palaeoclimatic information that 
generally employs indirect proxies to infer information 
about climate change over longer time scales (up to 
millions of years) is also assessed. 

TS.3.1 Atmospheric Changes: Instrumental 
Record

This assessment includes analysis of global and 
hemispheric means, changes over land and ocean and 
distributions of trends in latitude, longitude and altitude. 
Since the TAR, improvements in observations and their 
calibration, more detailed analysis of methods and 
extended time series allow more in-depth analyses of 
changes including atmospheric temperature, precipitation, 
humidity, wind and circulation. Extremes of climate are a 
key expression of climate variability, and this assessment 
includes new data that permit improved insights into the 
changes in many types of extreme events including heat 
waves, droughts, heavy precipitation and tropical cyclones 
(including hurricanes and typhoons). {3.2–3.4, 3.8}

Furthermore, advances have occurred since the TAR 
in understanding how a number of seasonal and long-
term anomalies can be described by patterns of climate 
variability. These patterns arise from internal interactions 
and from the differential effects on the atmosphere of land 
and ocean, mountains and large changes in heating. Their 
response is often felt in regions far removed from their 
physical source through atmospheric teleconnections 
associated with large-scale waves in the atmosphere. 
Understanding temperature and precipitation anomalies 
associated with the dominant patterns of climate 
variability is essential to understanding many regional 
climate anomalies and why these may differ from those at 
the global scale. Changes in storm tracks, the jet streams, 

are largely controlled by climate processes and feedbacks. 
For example, sea ice-albedo feedbacks tend to enhance 
the high-latitude response. Spatial patterns of response 
are also affected by differences in thermal inertia between 
land and sea areas. {2.8, 9.2}

The pattern of response to a radiative forcing can 
be altered substantially if its structure is favourable 
for affecting a particular aspect of the atmospheric 
structure or circulation. Modelling studies and data 
comparisons suggest that mid- to high-latitude circulation 
patterns are likely to be affected by some forcings such 
as volcanic eruptions, which have been linked to changes 
in the Northern Annular Mode (NAM) and North 
Atlantic Oscillation (NAO) (see Section 3.1 and Box 
TS.2). Simulations also suggest that absorbing aerosols, 
particularly black carbon, can reduce the solar radiation 
reaching the surface and can warm the atmosphere at 
regional scales, affecting the vertical temperature profi le 
and the large-scale atmospheric circulation. {2.8, 7.5, 9.2}

The spatial patterns of radiative forcings for ozone, 
aerosol direct effects, aerosol-cloud interactions and 
land use have considerable uncertainties. This is in 
contrast to the relatively high confi dence in the spatial 
pattern of radiative forcing for the LLGHGs. The net 
positive radiative forcing in the Southern Hemisphere 
(SH) very likely exceeds that in the NH because of smaller 
aerosol concentrations in the SH. {2.9}

TS 2.6 Surface Forcing and the
 Hydrologic Cycle

Observations and models indicate that changes 
in the radiative fl ux at the Earth’s surface affect the 
surface heat and moisture budgets, thereby involving 
the hydrologic cycle. Recent studies indicate that 
some forcing agents can infl uence the hydrologic cycle 
differently than others through their interactions 
with clouds. In particular, changes in aerosols 
may have affected precipitation and other aspects 
of the hydrologic cycle more strongly than other 
anthropogenic forcing agents. Energy deposited at the 
surface directly affects evaporation and sensible heat 
transfer. The instantaneous radiative fl ux change at the 
surface (hereafter called ‘surface forcing’) is a useful 
diagnostic tool for understanding changes in the heat and 
moisture surface budgets and the accompanying climate 
change. However, unlike radiative forcing, it cannot be 
used to quantitatively compare the effects of different 
agents on the equilibrium global mean surface temperature 
change. Net radiative forcing and surface forcing have 
different equator-to-pole gradients in the NH, and are 
different between the NH and SH. {2.9, 7.2, 7.5, 9.5}
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regions of preferred blocking anticyclones and changes 
in monsoons can also occur in conjunction with these 
preferred patterns of variability. {3.5–3.7}

TS.3.1.1 Global Average Temperatures

2005 and 1998 were the warmest two years in the 
instrumental global surface air temperature record 
since 1850. Surface temperatures in 1998 were enhanced 
by the major 1997–1998 El Niño but no such strong 
anomaly was present in 2005. Eleven of the last 12 years 
(1995 to 2006) – the exception being 1996 – rank among 
the 12 warmest years on record since 1850. {3.2}

The global average surface temperature has 
increased, especially since about 1950. The updated 
100-year trend (1906–2005) of 0.74°C ± 0.18°C is larger 
than the 100-year warming trend at the time of the TAR 
(1901–2000) of 0.6°C ± 0.2°C due to additional warm 
years. The total temperature increase from 1850-1899 
to 2001-2005 is 0.76°C ± 0.19°C. The rate of warming 
averaged over the last 50 years (0.13°C ± 0.03°C per 
decade) is nearly twice that for the last 100 years. Three 
different global estimates all show consistent warming 
trends. There is also consistency between the data sets 
in their separate land and ocean domains, and between 
sea surface temperature (SST) and nighttime marine air 
temperature (see Figure TS.6). {3.2} 

Recent studies confi rm that effects of urbanisation 
and land use change on the global temperature record 
are negligible (less than 0.006°C per decade over 
land and zero over the ocean) as far as hemispheric- 
and continental-scale averages are concerned. All 
observations are subject to data quality and consistency 
checks to correct for potential biases. The real but local 
effects of urban areas are accounted for in the land 
temperature data sets used. Urbanisation and land use 
effects are not relevant to the widespread oceanic warming 
that has been observed. Increasing evidence suggests that 
urban heat island effects also affect precipitation, cloud 
and diurnal temperature range (DTR). {3.2} 

The global average DTR has stopped decreasing. A 
decrease in DTR of approximately 0.1°C per decade was 
reported in the TAR for the period 1950 to 1993. Updated 
observations reveal that DTR has not changed from 1979 
to 2004 as both day- and night time temperature have risen 
at about the same rate. The trends are highly variable from 
one region to another. {3.2}

New analyses of radiosonde and satellite 
measurements of lower- and mid-tropospheric 
temperature show warming rates that are generally 
consistent with each other and with those in the 
surface temperature record within their respective 
uncertainties for the periods 1958 to 2005 and 1979 
to 2005. This largely resolves a discrepancy noted 
in the TAR (see Figure TS.7). The radiosonde record 
is markedly less spatially complete than the surface 
record and increasing evidence suggests that a number 
of radiosonde data sets are unreliable, especially in the 
tropics. Disparities remain among different tropospheric 
temperature trends estimated from satellite Microwave 
Sounding Unit (MSU) and advanced MSU measurements 
since 1979, and all likely still contain residual errors. 
However, trend estimates have been substantially 
improved and data set differences reduced since the TAR, 
through adjustments for changing satellites, orbit decay 
and drift in local crossing time (diurnal cycle effects). It 
appears that the satellite tropospheric temperature record 
is broadly consistent with surface temperature trends 
provided that the stratospheric infl uence on MSU channel 
2 is accounted for. The range across different data sets of 
global surface warming since 1979 is 0.16°C to 0.18°C 
per decade, compared to 0.12°C to 0.19°C per decade 

for MSU-derived estimates of tropospheric temperatures. 
It is likely that there is increased warming with altitude 
from the surface through much of the troposphere in the 
tropics, pronounced cooling in the stratosphere, and a 
trend towards a higher tropopause. {3.4} 

Stratospheric temperature estimates from adjusted 
radiosondes, satellites and reanalyses are all in 
qualitative agreement, with a cooling of between 0.3°C 
and 0.6°C per decade since 1979 (see Figure TS.7). 
Longer radiosonde records (back to 1958) also indicate 
stratospheric cooling but are subject to substantial 
instrumental uncertainties. The rate of cooling increased 
after 1979 but has slowed in the last decade. It is likely 
that radiosonde records overestimate stratospheric 
cooling, owing to changes in sondes not yet taken 
into account. The trends are not monotonic, because 
of stratospheric warming episodes that follow major 
volcanic eruptions. {3.4}
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TS.3.1.2 Spatial Distribution of Changes in 
Temperature, Circulation and Related 
Variables

Surface temperatures over land regions have 
warmed at a faster rate than over the oceans in both 
hemispheres. Longer records now available show 
signifi cantly faster rates of warming over land than 
ocean in the past two decades (about 0.27°C vs. 0.13°C 
per decade). {3.2}

The warming in the last 30 years is widespread over 
the globe, and is greatest at higher northern latitudes. 
The greatest warming has occurred in the NH winter (DJF) 
and spring (MAM). Average arctic temperatures have 
been increasing at almost twice the rate of the rest of the 
world in the past 100 years. However, arctic temperatures 
are highly variable. A slightly longer arctic warm period, 
almost as warm as the present, was observed from 1925 
to 1945, but its geographical distribution appears to have 
been different from the recent warming since its extent 
was not global. {3.2} 

Figure TS.6. (Top) Patterns of linear global temperature trends over the period 1979 to 2005 estimated at the surface (left), and for the 
troposphere from satellite records (right). Grey indicates areas with incomplete data. (Bottom) Annual global mean temperatures (black 
dots) with linear fi ts to the data. The left hand axis shows temperature anomalies relative to the 1961 to 1990 average and the right hand 
axis shows estimated actual temperatures, both in °C. Linear trends are shown for the last 25 (yellow), 50 (orange), 100 (purple) and 150 
years (red). The smooth blue curve shows decadal variations (see Appendix 3.A), with the decadal 90% error range shown as a pale blue 
band about that line. The total temperature increase from the period 1850 to 1899 to the period 2001 to 2005 is 0.76°C ± 0.19°C. {FAQ 
3.1, Figure 1.}

GLOBAL TEMPERATURE TRENDS
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There is evidence for long-term changes in 
the large-scale atmospheric circulation, such 
as a poleward shift and strengthening of the 
westerly winds. Regional climate trends can be 
very different from the global average, refl ecting 
changes in the circulations and interactions of the 
atmosphere and ocean and the other components 
of the climate system. Stronger mid-latitude 
westerly wind maxima have occurred in both 
hemispheres in most seasons from at least 1979 
to the late 1990s, and poleward displacements 
of corresponding Atlantic and southern polar 
front jet streams have been documented. The 
westerlies in the NH increased from the 1960s 
to the 1990s but have since returned to values 
close to the long-term average. The increased 
strength of the westerlies in the NH changes the 
fl ow from oceans to continents, and is a major 
factor in the observed winter changes in storm 
tracks and related patterns of precipitation and 
temperature trends at mid- and high-latitudes. 
Analyses of wind and signifi cant wave height 
support reanalysis-based evidence for changes 
in NH extratropical storms from the start of 
the reanalysis record in the late 1970s until the 
late 1990s. These changes are accompanied 
by a tendency towards stronger winter polar 
vortices throughout the troposphere and lower 
stratosphere. {3.2, 3.5}

Many regional climate changes can be 
described in terms of preferred patterns of 
climate variability and therefore as changes 
in the occurrence of indices that characterise 
the strength and phase of these patterns. The 
importance, over all time scales, of fl uctuations 
in the westerlies and storm tracks in the North 
Atlantic has often been noted, and these 
fl uctuations are described by the NAO (see 
Box TS.2 for an explanation of this and other 

OBSERVED AIR TEMPERATURES

Figure TS.7. Observed surface (D) and upper air temperatures for the lower 
troposphere (C), mid- to upper troposphere (B) and lower stratosphere (A), 
shown as monthly mean anomalies relative to the period 1979 to 1997 
smoothed with a seven-month running mean fi lter. Dashed lines indicate 
the times of major volcanic eruptions. {Figure 3.17}

preferred patterns). The characteristics of fl uctuations in 
the zonally averaged westerlies in the two hemispheres 
have more recently been described by their respective 
‘annular modes’, the Northern and Southern Annular 
Modes (NAM and SAM). The observed changes can be 
expressed as a shift of the circulation towards the structure 
associated with one sign of these preferred patterns. The 
increased mid-latitude westerlies in the North Atlantic 
can be largely viewed as refl ecting either NAO or NAM 
changes; multi-decadal variability is also evident in the 
Atlantic, both in the atmosphere and the ocean. In the 
SH, changes in circulation related to an increase in the 

SAM from the 1960s to the present are associated with 
strong warming over the Antarctic Peninsula and, to a 
lesser extent, cooling over parts of continental Antarctica. 
Changes have also been observed in ocean-atmosphere 
interactions in the Pacifi c. The ENSO is the dominant 
mode of global-scale variability on interannual time scales 
although there have been times when it is less apparent. 
The 1976–1977 climate shift, related to the phase change 
in the Pacifi c Decadal Oscillation (PDO) towards more El 
Niño events and changes in the evolution of ENSO, has 
affected many areas, including most tropical monsoons. 
For instance, over North America, ENSO and Pacifi c-
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Box TS.2: Patterns (Modes) of Climate Variability

Analysis of atmospheric and climatic variability has shown that a signifi cant component of it can be described in terms 
of fl uctuations in the amplitude and sign of indices of a relatively small number of preferred patterns of variability. Some of 
the best known of these are:

• El Niño-Southern Oscillation (ENSO), a coupled fl uctuation in the atmosphere and the equatorial Pacifi c Ocean, with 
preferred time scales of two to about seven years. ENSO is often measured by the diff erence in surface pressure 
anomalies between Tahiti and Darwin and the SSTs in the central and eastern equatorial Pacifi c. ENSO has global 
teleconnections.

• North Atlantic Oscillation (NAO), a measure 
of the strength of the Icelandic Low and 
the Azores High, and of the westerly winds 
between them, mainly in winter. The NAO 
has associated fl uctuations in the storm track, 
temperature and precipitation from the North 
Atlantic into Eurasia (see Box TS.2, Figure 1).

• Northern Annular Mode (NAM), a winter 
fl uctuation in the amplitude of a pattern 
characterised by low surface pressure in the 
Arctic and strong mid-latitude westerlies. The 
NAM has links with the northern polar vortex 
and hence the stratosphere. 

• Southern Annular Mode (SAM), the 
fl uctuation of a pattern with low antarctic 
surface pressure and strong mid-latitude 
westerlies, analogous to the NAM, but present 
year round.

• Pacifi c-North American (PNA) pattern, 
an atmospheric large-scale wave pattern 
featuring a sequence of tropospheric high- 
and low-pressure anomalies stretching from 
the subtropical west Pacifi c to the east coast 
of North America.

• Pacifi c Decadal Oscillation (PDO), a measure 
of the SSTs in the North Pacifi c that has a very 
strong correlation with the North Pacifi c Index 
(NPI) measure of the depth of the Aleutian 
Low. However, it has a signature throughout 
much of the Pacifi c.

The extent to which all these preferred patterns of variability can be considered to be true modes of the climate system 
is a topic of active research. However, there is evidence that their existence can lead to larger-amplitude regional responses 
to forcing than would otherwise be expected. In particular, a number of the observed 20th-century climate changes can be 
viewed in terms of changes in these patterns. It is therefore important to test the ability of climate models to simulate them 
(see Section TS.4, Box TS.7) and to consider the extent to which observed changes related to these patterns are linked to 
internal variability or to anthropogenic climate change. {3.6, 8.4} 

Box TS.2, Figure 1. A schematic of the changes associated with the 
positive phase of the NAO and NAM. The changes in pressure and winds 
are shown, along with precipitation changes. Warm colours indicate 
areas that are warmer than normal and blue indicates areas that are 
cooler than normal.

POSITIVE PHASE OF NAO AND NAM
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North American (PNA) teleconnection-related changes 
appear to have led to contrasting changes across the 
continent, as the western part has warmed more than the 
eastern part, while the latter has become cloudier and 
wetter. There is substantial low-frequency atmospheric 
variability in the Pacifi c sector over the 20th century, 
with extended periods of weakened (1900–1924; 1947–
1976) as well as strengthened (1925–1946; 1977–2003) 
circulation. {3.2, 3.5, 3.6} 

Changes in extremes of temperature are consistent 
with warming. Observations show widespread reductions 
in the number of frost days in mid-latitude regions, 
increases in the number of warm extremes (warmest 
10% of days or nights) and a reduction in the number of 
daily cold extremes (coldest 10% of days or nights) (see 
Box TS.5). The most marked changes are for cold nights, 
which have declined over the 1951 to 2003 period for all 
regions where data are available (76% of the land). {3.8}

Heat waves have increased in duration beginning in 
the latter half of the 20th century. The record-breaking 
heat wave over western and central Europe in the summer 
of 2003 is an example of an exceptional recent extreme. 
That summer (JJA) was the warmest since comparable 
instrumental records began around 1780 (1.4°C above 
the previous warmest in 1807). Spring drying of the 
land surface over Europe was an important factor in the 
occurrence of the extreme 2003 temperatures. Evidence 
suggests that heat waves have also increased in frequency 
and duration in other locations. The very strong correlation 
between observed dryness and high temperatures over 
land in the tropics during summer highlights the important 
role moisture plays in moderating climate. {3.8, 3.9} 

There is insuffi cient evidence to determine whether 
trends exist in such events as tornadoes, hail, lightning 
and dust storms which occur at small spatial scales. 
{3.8}

TS.3.1.3 Changes in the Water Cycle: Water Vapour, 
Clouds, Precipitation and Tropical Storms

Tropospheric water vapour is increasing (Figure 
TS.8). Surface specifi c humidity has generally increased 
since 1976 in close association with higher temperatures 
over both land and ocean. Total column water vapour 
has increased over the global oceans by 1.2 ± 0.3% 
per decade (95% confi dence limits) from 1988 to 2004. 
The observed regional changes are consistent in pattern 
and amount with the changes in SST and the assumption of 
a near-constant relative humidity increase in water vapour 
mixing ratio. The additional atmospheric water vapour 
implies increased moisture availability for precipitation. 
{3.4}

Upper-tropospheric water vapour is also increasing.
Due to instrumental limitations, it is diffi cult to assess 
long-term changes in water vapour in the upper 
troposphere, where it is of radiative importance. However, 
the available data now show evidence for global increases 
in upper-tropospheric specifi c humidity over the past two 
decades (Figure TS.8). These observations are consistent 
with the observed increase in temperatures and represent 
an important advance since the TAR. {3.4}

Cloud changes are dominated by ENSO. Widespread 
(but not ubiquitous) decreases in continental DTR have 
coincided with increases in cloud amounts. Surface and 
satellite observations disagree on changes in total and low-
level cloud changes over the ocean. However, radiation 

Figure TS.8. (a) Linear trends in precipitable water (total column 
water vapour) over the period 1988 to 2004 (% per decade) and 
(b) the monthly time series of anomalies, relative to the period 
shown, over the global ocean with linear trend. (c) The global 
mean (80°N to 80°S) radiative signature of upper-tropospheric 
moistening is given by monthly time series of combinations of 
satellite brightness temperature anomalies (°C), relative to the 
period 1982 to 2004, with the dashed line showing the linear 
trend of the key brightness temperature in °C per decade. {3.4, 
Figures 3.20 and 3.21} 

ATMOSPHERIC WATER VAPOUR
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Figure TS.9. (Top) Distribution of linear trends of annual land 
precipitation amounts over the period 1901 to 2005 (% per 
century) and (middle) 1979 to 2005 (% per decade). Areas in grey 
have insuffi cient data to produce reliable trends. The percentage 
is based on the 1961 to 1990 period. (Bottom) Time series of 
annual global land precipitation anomalies with respect to the 
1961 to 1990 base period for 1900 to 2005. The smooth curves 
show decadal variations (see Appendix 3.A) for different data 
sets. {3.3, Figures 3.12 and 3.13}

changes at the top of the atmosphere from the 1980s to 
1990s (possibly related in part to the ENSO phenomenon) 
appear to be associated with reductions in tropical upper-
level cloud cover, and are consistent with changes in the 
energy budget and in observed ocean heat content. {3.4}

‘Global dimming’ is not global in extent and it has 
not continued after 1990. Reported decreases in solar 
radiation at the Earth’s surface from 1970 to 1990 have an 
urban bias. Further, there have been increases since about 
1990. An increasing aerosol load due to human activities 
decreases regional air quality and the amount of solar 
radiation reaching the Earth’s surface. In some areas, 
such as Eastern Europe, recent observations of a reversal 
in the sign of this effect link changes in solar radiation to 
concurrent air quality improvements. {3.4}

Long-term trends in precipitation amounts from 
1900 to 2005 have been observed in many large regions 
(Figure TS.9). Signifi cantly increased precipitation has 
been observed in the eastern parts of North and South 
America, northern Europe and northern and central Asia. 
Drying has been observed in the Sahel, the Mediterranean, 
southern Africa and parts of southern Asia. Precipitation 
is highly variable spatially and temporally, and robust 
long-term trends have not been established for other large 
regions.5 {3.3}

Substantial increases in heavy precipitation events 
have been observed. It is likely that there have been 
increases in the number of heavy precipitation events 
(e.g., above the 95th percentile) in many land regions 
since about 1950, even in those regions where there has 
been a reduction in total precipitation amount. Increases 
have also been reported for rarer precipitation events 
(1 in 50 year return period), but only a few regions 
have suffi cient data to assess such trends reliably (see 
Figure TS.10). {3.8}

There is observational evidence for an increase of 
intense tropical cyclone activity in the North Atlantic 
since about 1970, correlated with increases in tropical 
SSTs. There are also suggestions of increased intense 
tropical cyclone activity in some other regions where 
concerns over data quality are greater. Multi-decadal 
variability and the quality of the tropical cyclone records 
prior to routine satellite observations in about 1970 
complicate the detection of long-term trends in tropical 
cyclone activity and there is no clear trend in the annual 
numbers of tropical cyclones. Estimates of the potential 
destructiveness of tropical cyclones suggest a substantial 
upward trend since the mid-1970s, with a trend towards 
longer lifetimes and greater intensity. Trends are also 
apparent in SST, a critical variable known to infl uence 

GLOBAL MEAN PRECIPITATION

5 The assessed regions are those considered in the regional projections chapter of the TAR and in Chapter 11 of this report.
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Figure TS.10. (Top) Observed trends (% per decade) over the period 1951 to 2003 in the contribution to total annual precipitation from 
very wet days (i.e., corresponding to the 95th percentile and above). White land areas have insuffi cient data for trend determination. 
(Bottom) Anomalies (%) of the global (regions with data shown in top panel) annual time series of very wet days (with respect to 1961–
1990) defi ned as the percentage change from the base period average (22.5%). The smooth orange curve shows decadal variations (see 
Appendix 3.A). {Figure 3.39}

Figure TS.11. Tropical Atlantic (10°N–20°N) sea surface temperature annual anomalies (°C) in the region of Atlantic hurricane formation, 
relative to the 1961 to 1990 mean. {Figure 3.33}

ANNUAL SEA-SURFACE TEMPERATURE ANOMALIES

ANNUAL PRECIPITATION TRENDS
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These allow an improved understanding of how the 
cryosphere is changing, including its contributions to 
recent changes in sea level. The periods from 1961 to the 
present and from 1993 to the present are a focus of this 
report, due to the availability of directly measured glacier 
mass balance data and altimetry observations of the ice 
sheets, respectively. {4.1}

Snow cover has decreased in most regions, especially 
in spring. Northern Hemisphere snow cover observed by 
satellite over the 1966 to 2005 period decreased in every 
month except November and December, with a stepwise 
drop of 5% in the annual mean in the late 1980s (see 
Figure TS.12). In the SH, the few long records or proxies 
mostly show either decreases or no changes in the past 
40 years or more. Northern Hemisphere April snow cover 
extent is strongly correlated with 40°N to 60°N April 
temperature, refl ecting the feedback between snow and 
temperature. {4.2}

Decreases in snowpack have been documented in 
several regions worldwide based upon annual time 
series of mountain snow water equivalent and snow 
depth. Mountain snow can be sensitive to small changes 
in temperature, particularly in temperate climatic zones 
where the transition from rain to snow is generally closely 
associated with the altitude of the freezing level. Declines 
in mountain snowpack in western North America and in 
the Swiss Alps are largest at lower, warmer elevations. 
Mountain snow water equivalent has declined since 1950 
at 75% of the stations monitored in western North America. 
Mountain snow depth has also declined in the Alps and in 
southeastern Australia. Direct observations of snow depth 
are too limited to determine changes in the Andes, but 
temperature measurements suggest that the altitude where 
snow occurs (above the snow line) has probably risen in 
mountainous regions of South America. {4.2}

Permafrost and seasonally frozen ground in most 
regions display large changes in recent decades. 
Changes in permafrost conditions can affect river runoff, 
water supply, carbon exchange and landscape stability, 
and can cause damage to infrastructure. Temperature 
increases at the top of the permafrost layer of up to 3°C 
since the 1980s have been reported. Permafrost warming 
has also been observed with variable magnitude in the 
Canadian Arctic, Siberia, the Tibetan Plateau and Europe. 
The permafrost base is thawing at a rate ranging from 
0.04 m yr–1 in Alaska to 0.02 m yr–1 on the Tibetan Plateau. 
{4.7}

The maximum area covered by seasonally frozen 
ground decreased by about 7% in the NH over the 

tropical cyclone development (see Figure TS.11). 
Variations in the total numbers of tropical cyclones result 
from ENSO and decadal variability, which also lead to a 
redistribution of tropical storm numbers and tracks. The 
numbers of hurricanes in the North Atlantic have been 
above normal (based on 1981–2000) in nine of the years 
from 1995 to 2005. {3.8}

More intense and longer droughts have been 
observed over wider areas, particularly in the 
tropics and subtropics since the 1970s. While there 
are many different measures of drought, many studies 
use precipitation changes together with temperature.6 

Increased drying due to higher temperatures and decreased 
land precipitation have contributed to these changes. 
{3.3} 

TS.3.2 Changes in the Cryosphere: 
Instrumental Record

Currently, ice permanently covers 10% of the land 
surface, with only a tiny fraction occurring outside 
Antarctica and Greenland. Ice also covers approximately 
7% of the oceans in the annual mean. In midwinter, snow 
covers approximately 49% of the land surface in the NH. 
An important property of snow and ice is its high surface 
albedo. Because up to 90% of the incident solar radiation 
is refl ected by snow and ice surfaces, while only about 
10% is refl ected by the open ocean or forested lands, 
changes in snow and ice cover are important feedback 
mechanisms in climate change. In addition, snow and ice 
are effective insulators. Seasonally frozen ground is more 
extensive than snow cover, and its presence is important 
for energy and moisture fl uxes. Therefore, frozen surfaces 
play important roles in energy and climate processes. 
{4.1}

The cryosphere stores about 75% of the world’s 
freshwater. At a regional scale, variations in mountain 
snowpack, glaciers and small ice caps play a crucial role in 
freshwater availability. Since the change from ice to liquid 
water occurs at specifi c temperatures, ice is a component 
of the climate system that could be subject to abrupt 
change following suffi cient warming. Observations and 
analyses of changes in ice have expanded and improved 
since the TAR, including shrinkage of mountain glacier 
volume, decreases in snow cover, changes in permafrost 
and frozen ground, reductions in arctic sea ice extent, 
coastal thinning of the Greenland Ice Sheet exceeding 
inland thickening from increased snowfall, and reductions 
in seasonally frozen ground and river and lake ice cover. 

6  Precipitation and temperature are combined in the Palmer Drought Severity Index (PDSI), considered in this report as one measure of drought. The PDSI does not 
include variables such as wind speed, solar radiation, cloudiness and water vapour but is a superior measure to precipitation alone.
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latter half of the 20th century, with a decrease in spring 
of up to 15%. Its maximum depth has decreased by about 
0.3 m in Eurasia since the mid-20th century. In addition, 
maximum seasonal thaw depth increased by about 0.2 m 
in the Russian Arctic from 1956 to 1990. {4.7}

On average, the general trend in NH river and lake 
ice over the past 150 years indicates that the freeze-up 
date has become later at an average rate of 5.8 ± 1.9 
days per century, while the breakup date has occurred 
earlier, at a rate of 6.5 ± 1.4 days per century. However, 
considerable spatial variability has also been observed, 
with some regions showing trends of opposite sign. {4.3}

Annual average arctic sea ice extent has shrunk by 
about 2.7 ± 0.6% per decade since 1978 based upon 
satellite observations (see Figure TS.13). The decline 
in summer extent is larger than in winter extent, with the 
summer minimum declining at a rate of about 7.4 ± 2.4% 
per decade. Other data indicate that the summer decline 
began around 1970. Similar observations in the Antarctic 

Box TS.3: Ice Sheet Dynamics and Stability

Ice sheets are thick, broad masses of ice formed mainly from compaction of snow. They spread under their own weight, 
transferring mass towards their margins where it is lost primarily by runoff  of surface melt water or by calving of icebergs 
into marginal seas or lakes. Ice sheets fl ow by deformation within the ice or melt water-lubricated sliding over materials 
beneath. Rapid basal motion requires that the basal temperature be raised to the melting point by heat from the Earth’s 
interior, delivered by melt water transport, or from the ‘friction’ of ice motion. Sliding velocities under a given gravitational 
stress can diff er by several orders of magnitude, depending on the presence or absence of deformable sediment, the 
roughness of the substrate and the supply and distribution of water. Basal conditions are generally poorly characterised, 
introducing important uncertainties to the understanding of ice sheet stability. {4.6}

Ice fl ow is often channelled into fast-moving ice streams (that fl ow between slower-moving ice walls) or outlet glaciers 
(with rock walls). Enhanced fl ow in ice streams arises either from higher gravitational stress linked to thicker ice in bedrock 
troughs, or from increased basal lubrication. {4.6}

Ice discharged across the coast often remains attached to the ice sheet to become a fl oating ice shelf. An ice shelf moves 
forward, spreading and thinning under its own weight, and fed by snowfall on its surface and ice input from the ice sheet. 
Friction at ice shelf sides and over local shoals slows the fl ow of the ice shelf and thus the discharge from the ice sheet. 
An ice shelf loses mass by calving icebergs from the front and by basal melting into the ocean cavity beneath. Studies 
suggest an ocean warming of 1°C could increase ice shelf basal melt by 10 m yr–1, but inadequate knowledge of the largely 
inaccessible ice shelf cavities restricts the accuracy of such estimates. {4.6}

The palaeo-record of previous ice ages indicates that ice sheets shrink in response to warming and grow in response 
to cooling, and that shrinkage can be far faster than growth. The volumes of the Greenland and Antarctic Ice Sheets are 
equivalent to approximately 7 m and 57 m of sea level rise, respectively. Palaeoclimatic data indicate that substantial 
melting of one or both ice sheets has likely occurred in the past. However, ice core data show that neither ice sheet was 
completely removed during warm periods of at least the past million years. Ice sheets can respond to environmental forcing 
over very long time scales, implying that commitments to future changes may result from current warming. For example, 
a surface warming may take more than 10,000 years to penetrate to the bed and change temperatures there. Ice velocity 
over most of an ice sheet changes slowly in response to changes in the ice sheet shape or surface temperature, but large 
velocity changes may occur rapidly in ice streams and outlet glaciers in response to changing basal conditions, penetration 
of surface melt water to the bed or changes in the ice shelves into which they fl ow. {4.6, 6.4}

Models currently confi gured for long integrations remain most reliable in their treatment of surface accumulation 
and ablation, as for the TAR, but do not include full treatments of ice dynamics; thus, analyses of past changes or future 
projections using such models may underestimate ice fl ow contributions to sea level rise, but the magnitude of such an 
eff ect is unknown. {8.2}

reveal larger interannual variability but no consistent 
trends during the period of satellite observations. In 
contrast to changes in continental ice such as ice sheets 
and glaciers, changes in sea ice do not directly contribute 
to sea level change (because this ice is already fl oating), 
but can contribute to salinity changes through input of 
freshwater. {4.4}

During the 20th century, glaciers and ice caps 
have experienced widespread mass losses and have 
contributed to sea level rise. Mass loss of glaciers and ice 
caps (excluding those around the ice sheets of Greenland 
and Antarctica) is estimated to be 0.50 ± 0.18 mm yr–1 
in sea level equivalent (SLE) between 1961 and 2003, 
and 0.77 ± 0.22 mm yr–1 SLE between 1991 and 2003. 
The late 20th-century glacier wastage likely has been a 
response to post-1970 warming. {4.5}

Recent observations show evidence for rapid 
changes in ice fl ow in some regions, contributing to 
sea level rise and suggesting that the dynamics of ice 
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Figure TS.12. (Top) Northern Hemisphere March-April snow-
covered area from a station-derived snow cover index (prior 
to 1972) and from satellite data (during and after 1972). The 
smooth curve shows decadal variations (see Appendix 3.A) with 
the 5 to 95% data range shaded in yellow. (Bottom) Differences 
in the distribution of March-April snow cover between earlier 
(1967–1987) and later (1988–2004) portions of the satellite era 
(expressed in percent coverage). Tan colours show areas where 
snow cover has declined. Red curves show the 0°C and 5°C 
isotherms averaged for March-April 1967 to 2004, from the 
Climatic Research Unit (CRU) gridded land surface temperature 
version 2 (CRUTEM2v) data. The greatest decline generally 
tracks the 0°C and 5°C isotherms, refl ecting the strong feedback 
between snow and temperature.   {Figures 4.2, 4.3}

Figure TS.13. (a) Arctic minimum sea ice extent; (b) arctic sea ice 
extent anomalies; and (c) antarctic sea ice extent anomalies all for 
the period 1979 to 2005. Symbols indicate annual values while 
the smooth blue curves show decadal variations (see Appendix 
3.A). The dashed lines indicate the linear trends. (a) Results 
show a linear trend of –60 ± 20 x 103 km2 yr–1, or approximately 
-7.4% per decade. (b) The linear trend is –33 ± 7.4 x 103 km2 yr–1 
(equivalent to approximately –2.7% per decade) and is signifi cant 
at the 95% confi dence level. (c) Antarctic results show a small 
positive trend of 5.6 ± 9.2 x 103 km2 yr–1, which is not statistically 
signifi cant. {Figures 4.8 and 4.9}

motion may be a key factor in future responses of 
ice shelves, coastal glaciers and ice sheets to climate 
change. Thinning or loss of ice shelves in some near-
coastal regions of Greenland, the Antarctic Peninsula 
and West Antarctica has been associated with accelerated 
fl ow of nearby glaciers and ice streams, suggesting that 
ice shelves (including short ice shelves of kilometres 
or tens of kilometres in length) could play a larger role 

in stabilising or restraining ice motion than previously 
thought. Both oceanic and atmospheric temperatures 
appear to contribute to the observed changes. Large 
summer warming in the Antarctic Peninsula region very 
likely played a role in the subsequent rapid breakup of the 
Larsen B Ice Shelf in 2002 by increasing summer melt 
water, which drained into crevasses and wedged them 
open. Models do not accurately capture all of the physical 
processes that appear to be involved in observed iceberg 
calving (as in the breakup of Larsen B). {4.6} CHANGES IN SNOW COVER

CHANGES IN SEA ICE EXTENT
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Figure TS.14. Rates of observed recent surface elevation change for Greenland (left; 1989–2005) and Antarctica (right; 1992–2005). Red 
hues indicate a rising surface and blue hues a falling surface, which typically indicate an increase or loss in ice mass at a site, although 
changes over time in bedrock elevation and in near-surface density can be important. For Greenland, the rapidly thinning outlet glaciers 
Jakobshavn (J), Kangerdlugssuaq (K), Helheim (H) and areas along the southeast coast (SE) are shown, together with their estimated 
mass balance vs. time (with K and H combined, in Gt yr–1, with negative values indicating loss of mass from the ice sheet to the ocean). 
For Antarctica, ice shelves estimated to be thickening or thinning by more than 30 cm yr–1 are shown by point-down purple triangles 
(thinning) and point-up red triangles (thickening) plotted just seaward of the relevant ice shelves. {Figures 4.17 and 4.19}

The Greenland and Antarctic Ice Sheets taken 
together have very likely contributed to the sea level rise 
of the past decade. It is very likely that the Greenland 
Ice Sheet shrunk from 1993 to 2003, with thickening in 
central regions more than offset by increased melting 
in coastal regions. Whether the ice sheets have been 
growing or shrinking over time scales of longer than a 
decade is not well established from observations. Lack 
of agreement between techniques and the small number 
of estimates preclude assignment of best estimates or 
statistically rigorous error bounds for changes in ice sheet 
mass balances. However, acceleration of outlet glaciers 
drains ice from the interior and has been observed in 
both ice sheets (see Figure TS.14). Assessment of the 
data and techniques suggests a mass balance for the 
Greenland Ice Sheet of –50 to –100 Gt yr–1 (shrinkage 
contributing to raising global sea level by 0.14 to 

RATES OF OBSERVED SURFACE ELEVATION CHANGE

0.28 mm yr–1) during 1993 to 2003, with even larger losses 
in 2005. There are greater uncertainties for earlier time 
periods and for Antarctica. The estimated range in mass 
balance for the Greenland Ice Sheet over the period 1961 
to 2003 is between growth of 25 Gt yr–1 and shrinkage by 
60 Gt yr–1 (–0.07 to +0.17 mm yr–1 SLE). Assessment of 
all the data yields an estimate for the overall Antarctic Ice 
Sheet mass balance ranging from growth of 100 Gt yr–1 
to shrinkage of 200 Gt yr–1 (–0.27 to +0.56 mm yr–1 SLE) 
from 1961 to 2003, and from +50 to –200 Gt yr–1 (–0.14 to 
+0.55 mm yr–1 SLE) from 1993 to 2003. The recent 
changes in ice fl ow are likely to be suffi cient to explain 
much or all of the estimated antarctic mass imbalance, 
with recent changes in ice fl ow, snowfall and melt 
water runoff suffi cient to explain the mass imbalance of 
Greenland. {4.6, 4.8}
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TS.3.3 Changes in the Ocean: Instrumental 
Record

The ocean plays an important role in climate and 
climate change. The ocean is infl uenced by mass, energy 
and momentum exchanges with the atmosphere. Its 
heat capacity is about 1000 times larger than that of the 
atmosphere and the ocean’s net heat uptake is therefore 
many times greater than that of the atmosphere (see 
Figure TS.15). Global observations of the heat taken up 
by the ocean can now be shown to be a defi nitive test 
of changes in the global energy budget. Changes in the 
amount of energy taken up by the upper layers of the 
ocean also play a crucial role for climate variations on 
seasonal to interannual time scales, such as El Niño. 
Changes in the transport of heat and SSTs have important 
effects upon many regional climates worldwide. Life in 
the sea is dependent on the biogeochemical status of the 
ocean and is affected by changes in its physical state and 
circulation. Changes in ocean biogeochemistry can also 
feed back into the climate system, for example, through 
changes in uptake or release of radiatively active gases 
such as CO2. {5.1, 7.3}

Global mean sea level variations are driven in part 
by changes in density, through thermal expansion or 
contraction of the ocean’s volume. Local changes in 
sea level also have a density-related component due to 
temperature and salinity changes. In addition, exchange 
of water between oceans and other reservoirs (e.g., ice 
sheets, mountain glaciers, land water reservoirs and the 
atmosphere) can change the ocean’s mass and hence 
contribute to changes in sea level. Sea level change is not 
geographically uniform because processes such as ocean 
circulation changes are not uniform across the globe (see 
Box TS.4). {5.5}

Oceanic variables can be useful for climate change 
detection, in particular temperature and salinity changes 
below the surface mixed layer where the variability is 
smaller and signal-to-noise ratio is higher. Observations 
analysed since the TAR have provided new evidence for 
changes in global ocean heat content and salinity, sea 
level, thermal expansion contributions to sea level rise, 
water mass evolution and biogeochemical cycles. {5.5}

TS.3.3.1 Changes in Ocean Heat Content and 
Circulation 

The world ocean has warmed since 1955, accounting 
over this period for more than 80% of the changes in 
the energy content of the Earth’s climate system. A 
total of 7.9 million vertical profi les of ocean temperature 
allows construction of improved global time series (see 
Figure TS.16). Analyses of the global oceanic heat budget 
have been replicated by several independent analysts and 
are robust to the method used. Data coverage limitations 
require averaging over decades for the deep ocean and 
observed decadal variability in the global heat content 
is not fully understood. However, inadequacies in the 
distribution of data (particularly coverage in the Southern 
Ocean and South Pacifi c) could contribute to the apparent 
decadal variations in heat content. During the period 1961 
to 2003, the 0 to 3000 m ocean layer has taken up about 
14.1 × 1022 J, equivalent to an average heating rate of 
0.2 W m–2 (per unit area of the Earth’s surface). During 
1993 to 2003, the corresponding rate of warming in the 
shallower 0 to 700 m ocean layer was higher, about 0.5 
± 0.18 W m–2. Relative to 1961 to 2003, the period 1993 
to 2003 had high rates of warming but in 2004 and 2005 
there has been some cooling compared to 2003. {5.1–
5.3} 

Warming is widespread over the upper 700 m of the 
global ocean. The Atlantic has warmed south of 45°N. The 
warming is penetrating deeper in the Atlantic Ocean Basin 
than in the Pacifi c, Indian and Southern Oceans, due to the 

Figure TS.15. Energy content changes in different components 
of the Earth system for two periods (1961–2003 and 1993–2003). 
Blue bars are for 1961 to 2003; burgundy bars are for 1993 to 
2003. Positive energy content change means an increase in 
stored energy (i.e., heat content in oceans, latent heat from 
reduced ice or sea ice volumes, heat content in the continents 
excluding latent heat from permafrost changes, and latent and 
sensible heat and potential and kinetic energy in the atmosphere). 
All error estimates are 90% confi dence intervals. No estimate of 
confi dence is available for the continental heat gain. Some of 
the results have been scaled from published results for the two 
respective periods. {Figure 5.4} 

ENERGY CONTENT IN THE CLIMATE SYSTEM



48

Technical Summary 

deep overturning circulation cell that occurs in the North 
Atlantic. The SH deep overturning circulation shows little 
evidence of change based on available data. However, the 
upper layers of the Southern Ocean contribute strongly 
to the overall warming. At least two seas at subtropical 
latitudes (Mediterranean and Japan/East China Sea) are 
warming. While the global trend is one of warming, 
signifi cant decadal variations have been observed in the 
global time series, and there are large regions where the 
oceans are cooling. Parts of the North Atlantic, North 
Pacifi c and equatorial Pacifi c have cooled over the last 50 
years. The changes in the Pacifi c Ocean show ENSO-like 
spatial patterns linked in part to the PDO. {5.2, 5.3} 

Parts of the Atlantic meridional overturning 
circulation exhibit considerable decadal variability, 
but data do not support a coherent trend in the 
overturning circulation. {5.3}

TS.3.3.2 Changes in Ocean Biogeochemistry
and Salinity

The uptake of anthropogenic carbon since 1750 has 
led to the ocean becoming more acidic, with an average 
decrease in surface pH of 0.1 units.7 Uptake of CO2 by 
the ocean changes its chemical equilibrium. Dissolved 

CO2 forms a weak acid, so as dissolved CO2 increases, 
pH decreases (i.e., the ocean becomes more acidic). 
The overall pH change is computed from estimates of 
anthropogenic carbon uptake and simple ocean models. 
Direct observations of pH at available stations for the 
last 20 years also show trends of decreasing pH, at a rate 
of about 0.02 pH units per decade. Decreasing ocean 
pH decreases the depth below which calcium carbonate 
dissolves and increases the volume of the ocean that is 
undersaturated with respect to the minerals aragonite 
(a meta-stable form of calcium carbonate) and calcite, 
which are used by marine organisms to build their 
shells. Decreasing surface ocean pH and rising surface 
temperatures also act to reduce the ocean buffer capacity 
for CO2 and the rate at which the ocean can take up excess 
atmospheric CO2. {5.4, 7.3} 

The oxygen concentration of the ventilated 
thermocline (about 100 to 1000 m) decreased in most 
ocean basins between 1970 and 1995. These changes 
may refl ect a reduced rate of ventilation linked to 
upper-level warming and/or changes in biological 
activity. {5.4}

There is now widespread evidence for changes 
in ocean salinity at gyre and basin scales in the past 
half century (see Figure TS.17) with the near-surface 
waters in the more evaporative regions increasing in 
salinity in almost all ocean basins. These changes in 
salinity imply changes in the hydrological cycle over the 
oceans. In the high-latitude regions in both hemispheres, 
the surface waters show an overall freshening consistent 
with these regions having greater precipitation, although 
higher runoff, ice melting, advection and changes in the 
meridional overturning circulation may also contribute. 
The subtropical latitudes in both hemispheres are 
characterised by an increase in salinity in the upper 
500 m. The patterns are consistent with a change in the 
Earth’s hydrological cycle, in particular with changes in 
precipitation and inferred larger water transport in the 
atmosphere from low latitudes to high latitudes and from 
the Atlantic to the Pacifi c. {5.2} 

TS.3.3.3 Changes in Sea Level 

Over the 1961 to 2003 period, the average rate 
of global mean sea level rise is estimated from tide 
gauge data to be 1.8 ± 0.5 mm yr–1 (see Figure TS.18). 
For the purpose of examining the sea level budget, 
best estimates and 5 to 95% confi dence intervals are 
provided for all land ice contributions. The average 

GLOBAL OCEAN HEAT CONTENT (0 - 700 M)

Figure TS.16. Time series of global ocean heat content (1022 J) 
for the 0 to 700 m layer. The three coloured lines are independent 
analyses of the oceanographic data. The black and red curves 
denote the deviation from their 1961 to 1990 average and the 
shorter green curve denotes the deviation from the average of 
the black curve for the period 1993 to 2003. The 90% uncertainty 
range for the black curve is indicated by the grey shading and for 
the other two curves by the error bars. {Figure 5.1} 

7  Acidity is a measure of the concentration of H+ ions and is reported in pH units, where pH = –log(H+). A pH decrease of 1 unit means a 10-fold increase in the 
 concentration of H+, or acidity.
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thermal expansion contribution to sea level rise for 
this period was 0.42 ± 0.12 mm yr–1, with signifi cant 
decadal variations, while the contribution from glaciers, 
ice caps and ice sheets is estimated to have been 0.7 ± 
0.5 mm yr–1 (see Table TS.3). The sum of these 
estimated climate-related contributions for about 
the past four decades thus amounts to 1.1
± 0.5 mm yr–1, which is less than the best 
estimate from the tide gauge observations 
(similar to the discrepancy noted in the TAR). 
Therefore, the sea level budget for 1961 to 2003 
has not been closed satisfactorily. {4.8, 5.5} 

The global average rate of sea level rise 
measured by TOPEX/Poseidon satellite 
altimetry during 1993 to 2003 is 3.1 ± 
0.7 mm yr–1. This observed rate for the recent 
period is close to the estimated total of 2.8 ± 
0.7 mm yr–1 for the climate-related contributions 
due to thermal expansion (1.6 ± 0.5 mm yr–1) 
and changes in land ice (1.2 ± 0.4 mm yr–1). 
Hence, the understanding of the budget has 
improved signifi cantly for this recent period, 
with the climate contributions constituting the 
main factors in the sea level budget (which 
is closed to within known errors). Whether 
the faster rate for 1993 to 2003 compared to 
1961 to 2003 refl ects decadal variability or an 
increase in the longer-term trend is unclear. The 

LINEAR TRENDS OF ZONALLY AVERAGED SALINITY 
(1955 - 1998)

Figure TS.17. Linear trends (1955–1998) of zonally averaged salinity (Practical 
Salinity Scale) for the World Ocean. The contour interval is 0.01 per decade and 
dashed contours are ±0.005 per decade. The dark, solid line is the zero contour. Red 
shading indicates values equal to or greater than 0.005 per decade and blue shading 
indicates values equal to or less than –0.005 per decade. {Figure 5.5}

tide gauge record indicates that faster 
rates similar to that observed in 1993 
to 2003 have occurred in other decades 
since 1950. {5.5, 9.5}

There is high confi dence that 
the rate of sea level rise accelerated 
between the mid-19th and the
 mid-20th centuries based upon tide 
gauge and geological data. A recent 
reconstruction of sea level change back 
to 1870 using the best available tide 
records provides high confi dence that 
the rate of sea level rise accelerated over 
the period 1870 to 2000. Geological 
observations indicate that during the 
previous 2000 years, sea level change 
was small, with average rates in the range 
0.0 to 0.2 mm yr–1. The use of proxy sea 
level data from archaeological sources 
is well established in the Mediterranean 
and indicates that oscillations in sea level 
from about AD 1 to AD 1900 did not 
exceed ±0.25 m. The available evidence 

indicates that the onset of modern sea level rise started 
between the mid-19th and mid-20th centuries. {5.5}

Precise satellite measurements since 1993 now 
provide unambiguous evidence of regional variability 
of sea level change. In some regions, rates of rise during 
this period are up to several times the global mean, 

Figure TS.18. Annual averages of the global mean sea level based on 
reconstructed sea level fi elds since 1870 (red), tide gauge measurements 
since 1950 (blue) and satellite altimetry since 1992 (black). Units are in mm 
relative to the average for 1961 to 1990. Error bars are 90% confi dence 
intervals. {Figure 5.13}

GLOBAL MEAN SEA LEVEL



50

Technical Summary 

while in other regions sea level is falling. The largest sea 
level rise since 1992 has taken place in the western Pacifi c 
and eastern Indian Oceans (see Figure TS.19). Nearly all 
of the Atlantic Ocean shows sea level rise during the past 
decade, while sea level in the eastern Pacifi c and western 
Indian Oceans has been falling. These temporal and spatial 
variations in regional sea level rise are infl uenced in part 
by patterns of coupled ocean-atmosphere variability, 
including ENSO and the NAO. The pattern of observed 
sea level change since 1992 is similar to the thermal 
expansion computed from ocean temperature changes, 
but different from the thermal expansion pattern of the last 
50 years, indicating the importance of regional decadal 
variability. {5.5}

Observations suggest increases in extreme high 
water at a broad range of sites worldwide since 1975. 
Longer records are limited in space and under-sampled 
in time, so a global analysis over the entire 20th century 
is not feasible. In many locations, the secular changes 
in extremes were similar to those in mean sea level. 
At others, changes in atmospheric conditions such as 
storminess were more important in determining long-term 
trends. Interannual variability in high water extremes was 
positively correlated with regional mean sea level, as well 
as to indices of regional climate such as ENSO in the 
Pacifi c and NAO in the Atlantic. {5.5}

Table TS.3. Contributions to sea level rise based upon observations (left columns) compared to models used in this assessment (right 
columns; see Section 9.5 and Appendix 10.A for details). Values are presented for 1993 to 2003 and for the last four decades, including 
observed totals. {Adapted from Tables 5.3 and 9.2}

Notes:
a prescribed based upon observations (see Section 9.5)

Sources of Sea Level Rise

Sea Level Rise (mm yr–1)

1961–2003 1993–2003

Observed Modelled Observed Modelled

Thermal expansion 0.42 ± 0.12 0.5 ± 0.2 1.6 ± 0.5 1.5 ± 0.7

Glaciers and ice caps 0.50 ± 0.18 0.5 ± 0.2 0.77 ± 0.22 0.7 ± 0.3

Greenland Ice Sheet 0.05 ± 0.12a 0.21 ± 0.07a

Antarctic Ice Sheet 0.14 ± 0.41a 0.21 ± 0.35a

Sum of individual climate contributions to 
sea level rise 1.1 ± 0.5 1.2 ± 0.5 2.8 ± 0.7 2.6 ± 0.8

Observed total sea level rise 1.8 ± 0.5
(tide gauges)

3.1 ± 0.7
(satellite altimeter)

Difference (Observed total minus the sum 
of observed climate contributions)

0.7 ± 0.7  0.3 ± 1.0

Figure TS.19. (Top) Monthly mean sea level (mm) curve for 1950 
to 2000 at Kwajalein (8°44’N, 167°44’E). The observed sea level 
(from tide gauge measurements) is in blue, the reconstructed sea 
level in red and the satellite altimetry record in green. Annual and 
semiannual signals have been removed from each time series and 
the tide gauge data have been smoothed. (Bottom) Geographic 
distribution of short-term linear trends in mean sea level for 1993 
to 2003 (mm yr–1) based on TOPEX/Poseidon satellite altimetry. 
{Figures 5.15 and 5.18}

SEA LEVEL CHANGE PATTERNS
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TS.3.4 Consistency Among Observations 

In this section, variability and trends within and across 
different climate variables including the atmosphere, 
cryosphere and oceans are examined for consistency based 
upon conceptual understanding of physical relationships 
between the variables. For example, increases in 
temperature will enhance the moisture-holding capacity 
of the atmosphere. Changes in temperature and/or 
precipitation should be consistent with those evident in 
glaciers. Consistency between independent observations 
using different techniques and variables provides a key 
test of understanding, and hence enhances confi dence. 
{3.9}

Changes in the atmosphere, cryosphere and ocean 
show unequivocally that the world is warming. {3.2, 
3.9, 4.2, 4.4–4.8, 5.2, 5.5}

Both land surface air temperatures and SSTs show 
warming. In both hemispheres, land regions have 
warmed at a faster rate than the oceans in the past 
few decades, consistent with the much greater thermal 
inertia of the oceans. {3.2}

The warming of the climate is consistent with 
observed increases in the number of daily warm 
extremes, reductions in the number of daily cold 
extremes and reductions in the number of frost days at 
mid-latitudes. {3.2, 3.8}

Surface air temperature trends since 1979 are now 
consistent with those at higher altitudes. It is likely that 
there is slightly greater warming in the troposphere than 
at the surface, and a higher tropopause, consistent with 
expectations from basic physical processes and observed 
increases in greenhouse gases together with depletion of 
stratospheric ozone. {3.4, 9.4}

Box TS.4: Sea Level 

The level of the sea at the shoreline is determined by many factors that operate over a great range of temporal scales: 
hours to days (tides and weather), years to millennia (climate), and longer. The land itself can rise and fall and such regional 
land movements need to be accounted for when using tide gauge measurements for evaluating the eff ect of oceanic 
climate change on coastal sea level. Coastal tide gauges indicate that global average sea level rose during the 20th century. 
Since the early 1990s, sea level has also been observed continuously by satellites with near-global coverage. Satellite and 
tide gauge data agree at a wide range of spatial scales and show that global average sea level has continued to rise during 
this period. Sea level changes show geographical variation because of several factors, including the distributions of changes 
in ocean temperature, salinity, winds and ocean circulation. Regional sea level is aff ected by climate variability on shorter 
time scales, for instance associated with El Niño and the NAO, leading to regional interannual variations which can be much 
greater or weaker than the global trend.

Based on ocean temperature observations, the thermal expansion of seawater as it warms has contributed substantially 
to sea level rise in recent decades. Climate models are consistent with the ocean observations and indicate that thermal 
expansion is expected to continue to contribute to sea level rise over the next 100 years. Since deep ocean temperatures 
change only slowly, thermal expansion would continue for many centuries even if atmospheric concentrations of 
greenhouse gases were stabilised. 

Global average sea level also rises or falls when water is transferred from land to ocean or vice versa. Some human 
activities can contribute to sea level change, especially by the extraction of groundwater and construction of reservoirs. 
However, the major land store of freshwater is the water frozen in glaciers, ice caps and ice sheets. Sea level was more than 
100 m lower during the glacial periods because of the ice sheets covering large parts of the NH continents. The present-day 
retreat of glaciers and ice caps is making a substantial contribution to sea level rise. This is expected to continue during the 
next 100 years. Their contribution should decrease in subsequent centuries as this store of freshwater diminishes. 

The Greenland and Antarctic Ice Sheets contain much more ice and could make large contributions over many centuries. 
In recent years the Greenland Ice Sheet has experienced greater melting, which is projected to increase further. In a warmer 
climate, models suggest that the ice sheets could accumulate more snowfall, tending to lower sea level. However, in recent 
years any such tendency has probably been outweighed by accelerated ice fl ow and greater discharge observed in some 
marginal areas of the ice sheets. The processes of accelerated ice fl ow are not yet completely understood but could result 
in overall net sea level rise from ice sheets in the future. 

The greatest climate- and weather-related impacts of sea level are due to extremes on time scales of days and hours, 
associated with tropical cyclones and mid-latitude storms. Low atmospheric pressure and high winds produce large 
local sea level excursions called ‘storm surges’, which are especially serious when they coincide with high tide. Changes 
in the frequency of occurrence of these extreme sea levels are aff ected both by changes in mean sea level and in the 
meteorological phenomena causing the extremes. {5.5}
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Table TS.4. Recent trends, assessment of human infl uence on trends, and projections of extreme weather and climate events for which 
there is evidence of an observed late 20th-century trend. An asterisk in the column headed ‘D’ indicates that formal detection and 
attribution studies were used, along with expert judgement, to assess the likelihood of a discernible human infl uence. Where this is not 
available, assessments of likelihood of human infl uence are based on attribution results for changes in the mean of a variable or changes 
in physically related variables and/or on the qualitative similarity of observed and simulated changes, combined with expert judgement. 
{3.8, 5.5, 9.7, 11.2–11.9; Tables 3.7, 3.8, 9.4}

Notes: 
a See Table 3.7 for further details regarding defi nitions.
b SRES refers to the IPCC Special Report on Emission Scenarios. The SRES scenario families and illustrative cases are summarised in a box at the end of 

the  Summary for Policymakers.
c Decreased frequency of cold days and nights (coldest 10%)
d Increased frequency of hot days and nights (hottest 10%)
e Warming of the most extreme days/nights each year
f Extreme high sea level depends on average sea level and on regional weather systems. It is defi ned here as the highest 1% of hourly values of observed 

sea level at a station for a given reference period.
g Changes in observed extreme high sea level closely follow the changes in average sea level {5.5.2.6}. It is very likely that anthropogenic activity contrib-

uted to a rise in average sea level. {9.5.2}
h In all scenarios, the projected global average sea level at 2100 is higher than in the reference period {10.6}. The effect of changes in regional weather 

systems on sea level extremes has not been assessed.

Phenomenona and direction 
of trend

Likelihood that
trend occurred in late
20th century (typically

post-1960)

Likelihood of a
human contribution to 

observed trend

Likelihood of future
trend based on projections

for 21st century using
SRESb scenariosD

Warmer and fewer cold
days and nights over most
land areas

Very likelyc Likelye * Virtually certaine

Warmer and more frequent
hot days and nights over
most land areas

Very likelyd Likely (nights) e * Virtually certaine

Warm spells / heat waves: 
Frequency increases over
most land areas

Likely More likely than not Very likely

Heavy precipitation events. 
Frequency (or proportion of 
total rainfall from heavy falls) 
increases over most areas

Likely More likely than not Very likely 

Area affected by droughts 
increases

Likely in many regions
since 1970s

More likely than not * Likely 

Intense tropical cyclone
activity increases

Likely in some regions
since 1970

More likely than not Likely 

Increased incidence of
extreme high sea level
(excludes tsunamis)f

Likely More likely than not g Likely h

Changes in temperature are broadly consistent 
with the observed nearly worldwide shrinkage of the 
cryosphere. There have been widespread reductions in 
mountain glacier mass and extent. Changes in climate 
consistent with warming are also indicated by decreases in 
snow cover, snow depth, arctic sea ice extent, permafrost 
thickness and temperature, the extent of seasonally frozen 
ground and the length of the freeze season of river and 
lake ice. {3.2, 3.9, 4.2–4.5, 4.7}

Observations of sea level rise since 1993 are 
consistent with observed changes in ocean heat 
content and the cryosphere. Sea level rose by 3.1 ± 
0.7 mm yr–1 from 1993 to 2003, the period of availability 
of global altimetry measurements. During this time, a near 
balance was observed between observed total sea level 
rise and contributions from glacier, ice cap and ice sheet 
retreat together with increases in ocean heat content and 
associated ocean expansion. This balance gives increased 
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confi dence that the observed sea level rise is a strong 
indicator of warming. However, the sea level budget is not 
balanced for the longer period 1961 to 2003. {5.5, 3.9}

Observations are consistent with physical 
understanding regarding the expected linkage 
between water vapour and temperature, and with 
intensifi cation of precipitation events in a warmer 
world. Column and upper-tropospheric water vapour 
have increased, providing important support for the 

hypothesis of simple physical models that specifi c 
humidity increases in a warming world and represents an 
important positive feedback to climate change. Consistent 
with rising amounts of water vapour in the atmosphere, 
there are widespread increases in the numbers of heavy 
precipitation events and increased likelihood of fl ooding 
events in many land regions, even those where there has 
been a reduction in total precipitation. Observations of 
changes in ocean salinity independently support the view 

Box TS.5: Extreme Weather Events

People aff ected by an extreme weather event (e.g., the extremely hot summer in Europe in 2003, or the heavy rainfall in 
Mumbai, India in July 2005) often ask whether human infl uences on the climate are responsible for the event. A wide range 
of extreme weather events is expected in most regions even with an unchanging climate, so it is diffi  cult to attribute any 
individual event to a change in the climate. In most regions, instrumental records of variability typically extend only over 
about 150 years, so there is limited information to characterise how extreme rare climatic events could be. Further, several 
factors usually need to combine to produce an extreme event, so linking a particular extreme event to a single, specifi c 
cause is problematic. In some cases, it may be possible to estimate the anthropogenic contribution to such changes in the 
probability of occurrence of extremes.

However, simple statistical reasoning indicates that substantial changes in the frequency of extreme events (and in the 
maximum feasible extreme, e.g., the maximum possible 24-hour rainfall at a specifi c location) can result from a relatively 
small shift of the distribution of a weather or climate variable. 

Extremes are the infrequent events at the high and low end of the range of values of a particular variable. The probability 
of occurrence of values in this range is called a probability distribution function (PDF) that for some variables is shaped 
similarly to a ‘Normal’ or ‘Gaussian’ curve (the familiar ‘bell’ curve).  Box TS.5, Figure 1 shows a schematic of a such a PDF 
and illustrates the eff ect a small shift 
(corresponding to a small change in the 
average or centre of the distribution) can 
have on the frequency of extremes at 
either end of the distribution. An increase 
in the frequency of one extreme (e.g., 
the number of hot days) will often be 
accompanied by a decline in the opposite 
extreme (in this case the number of 
cold days such as frosts). Changes in the 
variability or shape of the distribution can 
complicate this simple picture. 

The IPCC Second Assessment Report 
noted that data and analyses of extremes 
related to climate change were sparse. By 
the time of the TAR, improved monitoring 
and data for changes in extremes was 
available, and climate models were being analysed to provide projections of extremes. Since the TAR, the observational 
basis of analyses of extremes has increased substantially, so that some extremes have now been examined over most 
land areas (e.g., daily temperature and rainfall extremes). More models have been used in the simulation and projection 
of extremes, and multiple integrations of models with diff erent starting conditions (ensembles) now provide more robust 
information about PDFs and extremes. Since the TAR, some climate change detection and attribution studies focussed on 
changes in the global statistics of extremes have become available (Table TS.4). For some extremes (e.g., tropical cyclone 
intensity), there are still data concerns and/or inadequate models. Some assessments still rely on simple reasoning about 
how extremes might be expected to change with global warming (e.g., warming could be expected to lead to more 
heat waves). Others rely on qualitative similarity between observed and simulated changes. The assessed likelihood of 
anthropogenic contributions to trends is lower for variables where the assessment is based on indirect evidence.

Box TS.5, Figure 1. Schematic showing the effect on extreme temperatures 
when the mean temperature increases, for a normal temperature distribution.
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that the Earth’s hydrologic cycle has changed, in a manner 
consistent with observations showing greater precipitation 
and river runoff outside the tropics and subtropics, and 
increased transfer of freshwater from the ocean to the 
atmosphere at lower latitudes. {3.3, 3.4, 3.9, 5.2}

Although precipitation has increased in many areas 
of the globe, the area under drought has also increased. 
Drought duration and intensity has also increased. 
While regional droughts have occurred in the past, the 
widespread spatial extent of current droughts is broadly 
consistent with expected changes in the hydrologic cycle 
under warming. Water vapour increases with increasing 
global temperature, due to increased evaporation where 
surface moisture is available, and this tends to increase 
precipitation. However, increased continental temperatures 
are expected to lead to greater evaporation and drying, 
which is particularly important in dry regions where 
surface moisture is limited. Changes in snowpack, snow 
cover and in atmospheric circulation patterns and storm 
tracks can also reduce available seasonal moisture, and 
contribute to droughts. Changes in SSTs and associated 
changes in the atmospheric circulation and precipitation 
have contributed to changes in drought, particularly at 
low latitudes. The result is that drought has become more 
common, especially in the tropics and subtropics, since 
the 1970s. In Australia and Europe, direct links to global 
warming have been inferred through the extremes in 
high temperatures and heat waves accompanying recent 
droughts. {3.3, 3.8, 9.5} 

TS.3.5 A Palaeoclimatic Perspective

Palaeoclimatic studies make use of measurements of 
past change derived from borehole temperatures, ocean 
sediment pore-water change and glacier extent changes, 
as well as proxy measurements involving the changes in 
chemical, physical and biological parameters that refl ect 
past changes in the environment where the proxy grew or 
existed. Palaeoclimatic studies rely on multiple proxies so 
that results can be cross-verifi ed and uncertainties better 
understood. It is now well accepted and verifi ed that 
many biological organisms (e.g., trees, corals, plankton, 
animals) alter their growth and/or population dynamics 
in response to changing climate, and that these climate-
induced changes are well recorded in past growth in 
living and dead (fossil) specimens or assemblages of 
organisms. Networks of tree ring width and tree ring 
density chronologies are used to infer past temperature 
changes based on calibration with temporally overlapping 
instrumental data. While these methods are heavily used, 
there are concerns regarding the distributions of available 

measurements, how well these sample the globe, and such 
issues as the degree to which the methods have spatial and 
seasonal biases or apparent divergence in the relationship 
with recent climate change. {6.2} 

It is very likely that average NH temperatures 
during the second half of the 20th century were 
warmer than any other 50-year period in the last 
500 years and likely the warmest in at least the past 
1300 years. The data supporting these conclusions 
are most extensive over summer extratropical land 
areas (particularly for the longer time period; see 
Figure TS.20). These conclusions are based upon 
proxy data such as the width and density of a tree ring, 
the isotopic composition of various elements in ice or 
the chemical composition of a growth band in corals, 
requiring analysis to derive temperature information and 
associated uncertainties. Among the key uncertainties 
are that temperature and precipitation are diffi cult 
to separate in some cases, or are representative of 
particular seasons rather than full years. There are now 
improved and expanded data since the TAR, including, 
for example, measurements at a larger number of sites, 
improved analysis of borehole temperature data and more 
extensive analyses of glaciers, corals and sediments. 
However, palaeoclimatic data are more limited than the 
instrumental record since 1850 in both space and time, so 
that statistical methods are employed to construct global 
averages, and these are subject to uncertainties as well. 
Current data are too limited to allow a similar evaluation 
of the SH temperatures prior to the period of instrumental 
data. {6.6, 6.7}

Some post-TAR studies indicate greater multi-
centennial NH variability than was shown in the TAR, 
due to the particular proxies used and the specifi c 
statistical methods of processing and/or scaling them to 
represent past temperatures. The additional variability 
implies cooler conditions, predominantly during the 12th 
to 14th, the 17th and the 19th centuries; these are likely 
linked to natural forcings due to volcanic eruptions and/
or solar activity. For example, reconstructions suggest 
decreased solar activity and increased volcanic activity in 
the 17th century as compared to current conditions. One 
reconstruction suggests slightly warmer conditions in the 
11th century than those indicated in the TAR, but within 
the uncertainties quoted in the TAR. {6.6} 

The ice core CO2 record over the past millennium 
provides an additional constraint on natural climate 
variability. The amplitudes of the pre-industrial, decadal-
scale NH temperature changes from the proxy-based 
reconstructions (<1°C) are broadly consistent with the 
ice core CO2 record and understanding of the strength 
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Figure TS.20. (Top) Records of Northern Hemisphere temperature variation during the last 1300 years with 12 reconstructions using 
multiple climate proxy records shown in colour and instrumental records shown in black. (Middle and Bottom) Locations of temperature-
sensitive proxy records with data back to AD 1000 and AD 1500 (tree rings: brown triangles; boreholes: black circles; ice core/ice 
boreholes: blue stars; other records including low-resolution records: purple squares). Data sources are given in Table 6.1, Figure 6.10 
and are discussed in Chapter 6. {Figures 6.10 and 6.11}

NORTHERN HEMISPHERE TEMPERATURE RECONSTRUCTIONS
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Box TS.6: Orbital Forcing

It is well known from astronomical calculations that periodic changes in characteristics of the Earth’s orbit around the 
Sun control the seasonal and latitudinal distribution of incoming solar radiation at the top of the atmosphere (hereafter 
called ‘insolation’). Past and future changes in insolation can be calculated over several millions of years with a high degree 
of confi dence. {6.4}

Precession refers to changes in the time of the year when the Earth is closest to the Sun, with quasi-periodicities of about 
19,000 and 23,000 years. As a result, changes in the position and duration of the seasons on the orbit strongly modulate the 
latitudinal and seasonal distribution of insolation. Seasonal changes in insolation are much larger than annual mean changes 
and can reach 60 W m–2 (Box TS.6, Figure 
1). 

The obliquity (tilt) of the Earth’s axis 
varies between about 22° and 24.5° with 
two neighbouring quasi-periodicities 
of around 41,000 years. Changes in 
obliquity modulate seasonal contrasts as 
well as annual mean insolation changes 
with opposite eff ects at low vs. high 
latitudes (and therefore no eff ect on 
global average insolation) {6.4}. 

The eccentricity of the Earth’s orbit 
around the Sun has longer quasi-
periodicities at 400,000 years and around 
100,000 years. Changes in eccentricity 
alone have limited impacts on insolation, 
due to the resulting very small changes 
in the distance between the Sun and the 
Earth. However, changes in eccentricity 
interact with seasonal eff ects induced 
by obliquity and precession of the 
equinoxes. During periods of low 
eccentricity, such as about 400,000 years 
ago and during the next 100,000 years, 
seasonal insolation changes induced 
by precession are not as large as during 
periods of larger eccentricity (Box TS.6, 
Figure 1). {6.4} 

The Milankovitch, or ‘orbital’ theory of the ice ages is now well developed. Ice ages are generally triggered by minima 
in high-latitude NH summer insolation, enabling winter snowfall to persist through the year and therefore accumulate 
to build NH glacial ice sheets. Similarly, times with especially intense high-latitude NH summer insolation, determined 
by orbital changes, are thought to trigger rapid deglaciations, associated climate change and sea level rise. These orbital 
forcings determine the pacing of climatic changes, while the large responses appear to be determined by strong feedback 
processes that amplify the orbital forcing. Over multi-millennial time scales, orbital forcing also exerts a major infl uence on 
key climate systems such as the Earth’s major monsoons, global ocean circulation and the greenhouse gas content of the 
atmosphere. {6.4}

Available evidence indicates that the current warming will not be mitigated by a natural cooling trend towards glacial 
conditions. Understanding of the Earth’s response to orbital forcing indicates that the Earth would not naturally enter 
another ice age for at least 30,000 years. {6.4, FAQ 6.1}

Box TS.6, Figure 1. Schematic of the Earth’s orbital changes (Milankovitch 
cycles) that drive the ice age cycles. ‘T’ denotes changes in the tilt (or obliquity) 
of the Earth’s axis, ‘E’ denotes changes in the eccentricity of the orbit and ‘P’ 
denotes precession, that is, changes in the direction of the axis tilt at a given 
point of the orbit. {FAQ 6.1, Figure 1}
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Figure TS.21. Summer surface air temperature change relative to the present over the Arctic (left) and ice thickness and extent for 
Greenland and western arctic glaciers (right) for the last interglacial, approximately 125,000 years ago, from a multi-model and multi-
proxy synthesis. (Left) A multi-model simulation of summer warming during the last interglacial is overlain by proxy estimates of maximum 
summer warming from terrestrial (circles) and marine (diamonds) sites. (Right) Extents and thicknesses of the Greenland Ice Sheet and 
western Canadian and Iceland glaciers at their minimum extent during the last interglacial, shown as a multi-model average from three ice 
models. Ice core observations indicate ice during the last interglacial at sites (white dots), Renland (R), North Greenland Ice Core Project 
(N), Summit (S, GRIP and GISP2) and possibly Camp Century (C), but no ice at sites (black dots): Devon (De) and Agassiz (A).Evidence 
for LIG ice at Dye-3 (D, grey dot) is equivocal. {Figure 6.6}

of the carbon cycle-climate feedback. Atmospheric CO2 
and temperature in Antarctica co-varied over the past 
650,000 years. Available data suggest that CO2 acts as an 
amplifying feedback. {6.4, 6.6}

Changes in glaciers are evident in Holocene data, 
but these changes were caused by different processes 
than the late 20th-century retreat. Glaciers of several 
mountain regions in the NH retreated in response to 
orbitally forced regional warmth between 11,000 and 5000 
years ago, and were smaller than at the end of the 20th 
century (or even absent) at times prior to 5000 years ago. 
The current near-global retreat of mountain glaciers cannot 
be due to the same causes, because decreased summer 
insolation during the past few thousand years in the NH 
should be favourable to the growth of glaciers. {6.5}

Palaeoclimatic data provide evidence for changes 
in many regional climates. The strength and frequency 
of ENSO events have varied in past climates. There is 
evidence that the strength of the Asian monsoon, and 
hence precipitation amount, can change abruptly. The 
palaeoclimatic records of northern and eastern Africa 

and of North America indicate that droughts lasting 
decades to centuries are a recurrent feature of climate in 
these regions, so that recent droughts in North America 
and northern Africa are not unprecedented. Individual 
decadal-resolution palaeoclimatic data sets support the 
existence of regional quasi-periodic climate variability, 
but it is unlikely that these regional signals were coherent 
at the global scale. {6.5, 6.6}

Strong evidence from ocean sediment data 
and from modelling links abrupt climate changes 
during the last glacial period and glacial-interglacial 
transition to changes in the Atlantic Ocean circulation. 
Current understanding suggests that the ocean circulation 
can become unstable and change rapidly when critical 
thresholds are crossed. These events have affected 
temperature by up to 16°C in Greenland and have 
infl uenced tropical rainfall patterns. They were probably 
associated with a redistribution of heat between the NH 
and SH rather than with large changes in global mean 
temperature. Such events have not been observed during 
the past 8000 years. {6.4}

THE ARCTIC AND THE LAST INTERGLACIAL
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Confi dence in the understanding of past climate 
change and changes in orbital forcing is strengthened 
by the improved ability of current models to simulate 
past climate conditions. The Last Glacial Maximum 
(LGM; the last ‘ice age’ about 21,000 years ago) and the 
mid-Holocene (6000 years ago) were different from the 
current climate not because of random variability, but 
because of altered seasonal and global forcing linked to 
known differences in the Earth’s orbit (see Box TS.6). 
Biogeochemical and biogeophysical feedbacks amplifi ed 
the response to orbital forcings. Comparisons between 
simulated and reconstructed conditions in the LGM 
demonstrate that models capture the broad features of 
inferred changes in the temperature and precipitation 
patterns. For the mid-Holocene, coupled climate models 
are able to simulate mid-latitude warming and enhanced 
monsoons, with little change in global mean temperature 
(<0.4°C), consistent with our understanding of orbital 
forcing. {6.2, 6.4, 6.5, 9.3}

Global average sea level was likely between 4 and 
6 m higher during the last interglacial period, about 
125,000 years ago, than during the 20th century, mainly 
due to the retreat of polar ice (Figure TS.21). Ice core 
data suggest that the Greenland Summit region was ice-
covered during this period, but reductions in the ice sheet 
extent are indicated in parts of southern Greenland. Ice core 
data also indicate that average polar temperatures at that 
time were 3°C to 5°C warmer than the 20th century because 
of differences in the Earth’s orbit. The Greenland Ice Sheet 
and other arctic ice fi elds likely contributed no more than 
4 m of the observed sea level rise, implying that there may 
also have been a contribution from Antarctica. {6.4} 

TS.4 Understanding
 and Attributing Climate   
 Change

Attribution evaluates whether observed changes are 
consistent with quantitative responses to different forcings 
obtained in well-tested models, and are not consistent 
with alternative physically plausible explanations. The 
fi rst IPCC Assessment Report (FAR) contained little 
observational evidence of a detectable anthropogenic 
infl uence on climate. Six years later, the IPCC Second 
Assessment Report (SAR) concluded that the balance 
of evidence suggested a discernible human infl uence on 
the climate of the 20th century. The TAR concluded that 
‘most of the observed warming over the last 50 years 

is likely to have been due to the increase in greenhouse 
gas concentrations’. Confi dence in the assessment of 
the human contributions to recent climate change has 
increased considerably since the TAR, in part because 
of stronger signals obtained from longer records, and an 
expanded and improved range of observations allowing 
attribution of warming to be more fully addressed jointly 
with other changes in the climate system. Some apparent 
inconsistencies in the observational record (e.g., in 
the vertical profi le of temperature changes) have been 
largely resolved. There have been improvements in the 
simulation of many aspects of present mean climate and 
its variability on seasonal to inter-decadal time scales, 
although uncertainties remain (see Box TS.7). Models 
now employ more detailed representations of processes 
related to aerosol and other forcings. Simulations of 20th-
century climate change have used many more models and 
much more complete anthropogenic and natural forcings 
than were available for the TAR. Available multi-model 
ensembles increase confi dence in attribution results 
by providing an improved representation of model 
uncertainty. An anthropogenic signal has now more 
clearly emerged in formal attribution studies of aspects 
of the climate system beyond global-scale atmospheric 
temperature, including changes in global ocean heat 
content, continental-scale temperature trends, temperature 
extremes, circulation and arctic sea ice extent. {9.1}

TS.4.1 Advances in Attribution of Changes 
in Global-Scale Temperature in the 
Instrumental Period: Atmosphere, 
Ocean and Ice

Anthropogenic warming of the climate system 
is widespread and can be detected in temperature 
observations taken at the surface, in the free 
atmosphere and in the oceans. {3.2, 3.4, 9.4}

Evidence of the effect of external infl uences, both 
anthropogenic and natural, on the climate system has 
continued to accumulate since the TAR. Model and 
data improvements, ensemble simulations and improved 
representations of aerosol and greenhouse gas forcing 
along with other infl uences lead to greater confi dence 
that most current models reproduce large-scale forced 
variability of the atmosphere on decadal and inter-
decadal time scales quite well. These advances confi rm 
that past climate variations at large spatial scales have 
been strongly infl uenced by external forcings. However, 
uncertainties still exist in the magnitude and temporal 
evolution of estimated contributions from individual 
forcings other than well-mixed greenhouse gases, due, for 
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Box TS.7:  Evaluation of Atmosphere-Ocean General Circulation Models 

Atmosphere-ocean general circulation models (AOGCMs) are the primary tool used for understanding and attribution 
of past climate variations, and for future projections. Since there are no historical perturbations to radiative forcing that 
are fully analogous to the human-induced perturbations expected over the 21st century, confi dence in the models must 
be built from a number of indirect methods, described below. In each of these areas there have been substantial advances 
since the TAR, increasing overall confi dence in models. {8.1}

Enhanced scrutiny and analysis of model behaviour has been facilitated by internationally coordinated eff orts to collect 
and disseminate output from model experiments performed under common conditions. This has encouraged a more 
comprehensive and open evaluation of models, encompassing a diversity of perspectives. {8.1}

Projections for diff erent scales and diff erent periods using global climate models. Climate models project the climate for 
several decades or longer into the future. Since the details of individual weather systems are not being tracked and forecast, 
the initial atmospheric conditions are much less important than for weather forecast models. For climate projections, 
the forcings are of much greater importance. These forcings include the amount of solar energy reaching the Earth, the 
amount of particulate matter from volcanic eruptions in the atmosphere, and the concentrations of anthropogenic gases 
and particles in the atmosphere. As the area of interest moves from global to regional to local, or the time scale of interest 
shortens, the amplitude of variability linked to weather increases relative to the signal of long-term climate change. This 
makes detection of the climate change signal more diffi  cult at smaller scales. Conditions in the oceans are important as 
well, especially for interannual and decadal time scales. {FAQ 1.2, 9.4, 11.1}

Model formulation. The formulation of AOGCMs has developed through improved spatial resolution and improvements 
to numerical schemes and parametrizations (e.g., sea ice, atmospheric boundary layer, ocean mixing). More processes have 
been included in many models, including a number of key processes important for forcing (e.g., aerosols are now modelled 
interactively in many models). Most models now maintain a stable climate without use of fl ux adjustments, although some 
long-term trends remain in AOGCM control integrations, for example, due to slow processes in the ocean. {8.2, 8.3}

Simulation of present climate. As a result of improvements in model formulation, there have been improvements in the 
simulation of many aspects of present mean climate. Simulations of precipitation, sea level pressure and surface temperature 
have each improved overall, but defi ciencies remain, notably in tropical precipitation. While signifi cant defi ciencies remain 
in the simulation of clouds (and corresponding feedbacks aff ecting climate sensitivity), some models have demonstrated 
improvements in the simulation of certain cloud regimes (notably marine stratocumulus). Simulation of extreme events 
(especially extreme temperature) has improved, but models generally simulate too little precipitation in the most extreme 
events. Simulation of extratropical cyclones has improved. Some models used for projections of tropical cyclone changes 
can simulate successfully the observed frequency and distribution of tropical cyclones. Improved simulations have been 
achieved for ocean water mass structure, the meridional overturning circulation and ocean heat transport. However most 
models show some biases in their simulation of the Southern Ocean, leading to some uncertainty in modelled ocean heat 
uptake when climate changes. {8.3, 8.5, 8.6}

Simulation of modes of climate variability. Models simulate dominant modes of extratropical climate variability that 
resemble the observed ones (NAM/SAM, PNA, PDO) but they still have problems in representing aspects of them. Some 
models can now simulate important aspects of ENSO, while simulation of the Madden-Julian Oscillation remains generally 
unsatisfactory. {8.4}

Simulation of past climate variations. Advances have been made in the simulation of past climate variations. 
Independently of any attribution of those changes, the ability of climate models to provide a physically self-consistent 
explanation of observed climate variations on various time scales builds confi dence that the models are capturing many 
key processes for the evolution of 21st-century climate. Recent advances include success in modelling observed changes 
in a wider range of climate variables over the 20th century (e.g., continental-scale surface temperatures and extremes, sea 
ice extent, ocean heat content trends and land precipitation). There has also been progress in the ability to model many of 
the general features of past, very diff erent climate states such as the mid-Holocene and the LGM using identical or related 
models to those used for studying current climate. Information on factors treated as boundary conditions in palaeoclimate 
calculations include the diff erent states of ice sheets in those periods. The broad predictions of earlier climate models, 
of increasing global temperatures in response to increasing greenhouse gases, have been borne out by subsequent 
observations. This strengthens confi dence in near-term climate projections and understanding of related climate change 
commitments. {6.4, 6.5, 8.1, 9.3–9.5} (continued)
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example, to uncertainties in model responses to forcing. 
Some potentially important forcings such as black 
carbon aerosols have not yet been considered in most 
formal detection and attribution studies. Uncertainties 
remain in estimates of natural internal climate variability. 
For example, there are discrepancies between estimates 
of ocean heat content variability from models and 
observations, although poor sampling of parts of the 
world ocean may explain this discrepancy. In addition, 
internal variability is diffi cult to estimate from available 
observational records since these are infl uenced by 
external forcing, and because records are not long enough 
in the case of instrumental data, or precise enough in 
the case of proxy reconstructions, to provide complete 
descriptions of variability on decadal and longer time 
scales (see Figure TS.22 and Box TS.7). {8.2–8.4, 8.6, 
9.2–9.4}

It is extremely unlikely (<5%) that the global pattern 
of warming observed during the past half century can 
be explained without external forcing. These changes 
took place over a time period when non-anthropogenic 
forcing factors (i.e., the sum of solar and volcanic forcing) 
would be likely to have produced cooling, not warming 
(see Figure TS.23). Attribution studies show that it is 
very likely that these natural forcing factors alone cannot 
account for the observed warming (see Figure TS.23). 
There is also increased confi dence that natural internal 
variability cannot account for the observed changes, due in 
part to improved studies demonstrating that the warming 
occurred in both oceans and atmosphere, together with 
observed ice mass losses. {2.9, 3.2, 5.2, 9.4, 9.5, 9.7}

It is very likely that anthropogenic greenhouse 
gas increases caused most of the observed increase 
in global average temperatures since the mid-20th 
century. Without the cooling effect of atmospheric 
aerosols, it is likely that greenhouse gases alone would 
have caused a greater global mean temperature rise 
than that observed during the last 50 years. A key 

Weather and seasonal prediction using climate models. A few climate models have been tested for (and shown) 
capability in initial value prediction, on time scales from weather forecasting (a few days) to seasonal climate variations, 
when initialised with appropriate observations. While the predictive capability of models in this mode of operation does 
not necessarily imply that they will show the correct response to changes in climate forcing agents such as greenhouse 
gases, it does increase confi dence that they are adequately representing some key processes and teleconnections in the 
climate system. {8.4}

Measures of model projection accuracy. The possibility of developing model capability measures (‘metrics’), based on 
the above evaluation methods, that can be used to narrow uncertainty by providing quantitative constraints on model 
climate projections, has been explored for the fi rst time using model ensembles. While these methods show promise, a 
proven set of measures has yet to be established. {8.1, 9.6, 10.5}

factor in identifying the aerosol fi ngerprint, and therefore 
the amount of cooling counteracting greenhouse warming, 
is the temperature change through time (see Figure 
TS.23), as well as the hemispheric warming contrast. 
The conclusion that greenhouse gas forcing has been 
dominant takes into account observational and forcing 
uncertainties, and is robust to the use of different climate 
models, different methods for estimating the responses to 
external forcing and different analysis techniques. It also 
allows for possible amplifi cation of the response to solar 
forcing. {2.9, 6.6, 9.1, 9.2, 9.4}

Widespread warming has been detected in ocean 
temperatures. Formal attribution studies now suggest 
that it is likely that anthropogenic forcing has contributed 
to the observed warming of the upper several hundred 
metres of the global ocean during the latter half of the 
20th century. {5.2, 9.5}

Anthropogenic forcing has likely contributed to 
recent decreases in arctic sea ice extent. Changes in 
arctic sea ice are expected given the observed enhanced 
arctic warming. Attribution studies and improvements 
in the modelled representation of sea ice and ocean heat 
transport strengthen the confi dence in this conclusion. 
{3.3, 4.4, 8.2, 8.3, 9.5}

It is very likely that the response to anthropogenic 
forcing contributed to sea level rise during the latter 
half of the 20th century, but decadal variability in 
sea level rise remains poorly understood. Modelled 
estimates of the contribution to sea level rise from 
thermal expansion are in good agreement with estimates 
based on observations during 1961 to 2003, although the 
budget for sea level rise over that interval is not closed. 
The observed increase in the rate of loss of mass from 
glaciers and ice caps is proportional to the global average 
temperature rise, as expected qualitatively from physical 
considerations (see Table TS.3). The greater rate of sea 
level rise in 1993 to 2003 than in 1961 to 2003 may be 
linked to increasing anthropogenic forcing, which has 
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GLOBAL AND CONTINENTAL TEMPERATURE CHANGE

Figure TS.22. Comparison of observed continental- and global-scale changes in surface temperature with results simulated by climate 
models using natural and anthropogenic forcings. Decadal averages of observations are shown for the period 1906 to 2005 (black line) 
plotted against the centre of the decade and relative to the corresponding average for 1901 to 1950. Lines are dashed where spatial 
coverage is less than 50%. Blue shaded bands show the 5% to 95% range for 19 simulations from 5 climate models using only the natural 
forcings due to solar activity and volcanoes. Red shaded bands show the 5% to 95% range for 58 simulations from 14 climate models 
using both natural and anthropogenic forcings. Data sources and models used are described in Section 9.4, FAQ 9.2, Table 8.1 and the 
supplementary information for Chapter 9. {FAQ 9.2, Figure 1}  

likely contributed to the observed warming of the upper 
ocean and widespread glacier retreat. On the other hand, 
the tide gauge record of global mean sea level suggests 
that similarly large rates may have occurred in previous 
10-year periods since 1950, implying that natural internal 
variability could also be a factor in the high rates for 1993 
to 2003 period. Observed decadal variability in the tide 
gauge record is larger than can be explained by variability 
in observationally based estimates of thermal expansion 

and land ice changes. Further, the observed decadal 
variability in thermal expansion is larger than simulated by 
models for the 20th century. Thus, the physical causes of 
the variability seen in the tide gauge record are uncertain. 
These unresolved issues relating to sea level change and 
its decadal variability during 1961 to 2003 make it unclear 
how much of the higher rate of sea level rise in 1993 to 
2003 is due to natural internal variability and how much 
to anthropogenic climate change. {5.5, 9.5}
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GLOBAL MEAN SURFACE TEMPERATURE ANOMALIES

Figure TS.23. (a) Global mean surface 
temperature anomalies relative to the period 
1901 to 1950, as observed (black line) and 
as obtained from simulations with both 
anthropogenic and natural forcings. The thick 
red curve shows the multi-model ensemble 
mean and the thin yellow curves show the 
individual simulations. Vertical grey lines 
indicate the timing of major volcanic events. 
(b) As in (a), except that the simulated global 
mean temperature anomalies are for natural 
forcings only. The thick blue curve shows 
the multi-model ensemble mean and the thin 
lighter blue curves show individual simulations. 
Each simulation was sampled so that coverage 
corresponds to that of the observations. 
{Figure 9.5}

TS.4.2 Attribution of Spatial and Temporal 
Changes in Temperature

The observed pattern of tropospheric warming and 
stratospheric cooling is very likely due to the infl uence 
of anthropogenic forcing, particularly that due to 
greenhouse gas increases and stratospheric ozone 
depletion. New analyses since the TAR show that this 
pattern corresponds to an increase in the height of the 
tropopause that is likely due largely to greenhouse gas 
and stratospheric ozone changes. Signifi cant uncertainty 
remains in the estimation of tropospheric temperature 
trends, particularly from the radiosonde record. {3.2, 3.4, 
9.4}

It is likely that there has been a substantial 
anthropogenic contribution to surface temperature 
increases averaged over every continent except 
Antarctica since the middle of the 20th century. 
Antarctica has insuffi cient observational coverage to 
make an assessment. Anthropogenic warming has also 
been identifi ed in some sub-continental land areas. 
The ability of coupled climate models to simulate the 
temperature evolution on each of six continents provides 
stronger evidence of human infl uence on the global 
climate than was available in the TAR. No coupled 
global climate model that has used natural forcing only 
has reproduced the observed global mean warming trend, 
or the continental mean warming trends in individual 
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continents (except Antarctica) over the second half of the 
20th century. {9.4}

Diffi culties remain in attributing temperature 
changes at smaller than continental scales and over 
time scales of less than 50 years. Attribution results 
at these scales have, with limited exceptions, not been 
established. Averaging over smaller regions reduces the 
natural variability less than does averaging over large 
regions, making it more diffi cult to distinguish between 
changes expected from external forcing and variability. 
In addition, temperature changes associated with some 
modes of variability are poorly simulated by models in 
some regions and seasons. Furthermore, the small-scale 

details of external forcing and the response simulated by 
models are less credible than large-scale features. {8.3, 
9.4}

Surface temperature extremes have likely been 
affected by anthropogenic forcing. Many indicators 
of extremes, including the annual numbers and most 
extreme values of warm and cold days and nights, as well 
as numbers of frost days, show changes that are consistent 
with warming. Anthropogenic infl uence has been detected 
in some of these indices, and there is evidence that 
anthropogenic forcing may have substantially increased 
the risk of extremely warm summer conditions regionally, 
such as the 2003 European heat wave. {9.4} 

Figure TS.24. December through February sea level pressure trends based on decadal means for the period 1955 to 2005. (Top) Trends 
estimated from an observational data set and displayed in regions where there is observational coverage. (Bottom) Mean trends simulated 
in response to natural and anthropogenic forcing changes in eight coupled models. The model-simulated trends are displayed only where 
observationally based trends are displayed. Streamlines, which are not masked, indicate the direction of the trends in the geostrophic 
wind derived from the trends in sea level pressure, and the shading of the streamlines indicates the magnitude of the change, with 
darker streamlines corresponding to larger changes in geostrophic wind. Data sources and models are described in Chapter 9 and its 
supplementary material, and Table 8.1 provides model details. {Figure 9.16}

DECEMBER - FEBRUARY SEA LEVEL PRESSURE TRENDS
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TS.4.3 Attribution of Changes in Circulation, 
Precipitation and Other Climate 
Variables

Trends in the Northern and Southern Annular 
Modes over recent decades, which correspond to sea 
level pressure reductions over the poles and related 
changes in atmospheric circulation, are likely related 
in part to human activity (see Figure TS.24). Models 
reproduce the sign of the NAM trend, but the simulated 
response is smaller than observed. Models including 
both greenhouse gas and stratospheric ozone changes 
simulate a realistic trend in the SAM, leading to a 
detectable human infl uence on global sea level pressure 
that is also consistent with the observed cooling trend in 
surface climate over parts of Antarctica. These changes 
in hemispheric circulation and their attribution to human 
activity imply that anthropogenic effects have likely 
contributed to changes in mid- and high-latitude patterns 
of circulation and temperature, as well as changes in 
winds and storm tracks. However, quantitative effects are 
uncertain because simulated responses to 20th century 
forcing change for the NH agree only qualitatively and 
not quantitatively with observations of these variables. 
{3.6, 9.5, 10.3}

There is some evidence of the impact of external 
infl uences on the hydrological cycle. The observed large-
scale pattern of changes in land precipitation over the 
20th century is qualitatively consistent with simulations, 
suggestive of a human infl uence. An observed global 
trend towards increases in drought in the second half of 
the 20th century has been reproduced with a model by 
taking anthropogenic and natural forcing into account. A 
number of studies have now demonstrated that changes in 
land use, due for example to overgrazing and conversion 
of woodland to agriculture, are unlikely to have been 
the primary cause of Sahelian and Australian droughts. 
Comparisons between observations and models suggest 
that changes in monsoons, storm intensities and Sahelian 
rainfall are related at least in part to changes in observed 
SSTs. Changes in global SSTs are expected to be affected 
by anthropogenic forcing, but an association of regional 
SST changes with forcing has not been established. 
Changes in rainfall depend not just upon SSTs but also 
upon changes in the spatial and temporal SST patterns 
and regional changes in atmospheric circulation, making 
attribution to human infl uences diffi cult. {3.3, 9.5, 10.3, 
11.2}

TS.4.4 Palaeoclimate Studies of Attribution

It is very likely that climate changes of at least 
the seven centuries prior to 1950 were not due to 
unforced variability alone. Detection and attribution 
studies indicate that a substantial fraction of pre-industrial 
NH inter-decadal temperature variability contained in 
reconstructions for those centuries is very likely attributable 
to natural external forcing. Such forcing includes episodic 
cooling due to known volcanic eruptions, a number of 
which were larger than those of the 20th century (based 
on evidence such as ice cores), and long-term variations 
in solar irradiance, such as reduced radiation during the 
Maunder Minimum. Further, it is likely that anthropogenic 
forcing contributed to the early 20th-century warming 
evident in these records. Uncertainties are unlikely 
to lead to a spurious agreement between temperature 
reconstructions and forcing reconstructions as they are 
derived from independent proxies. Insuffi cient data are 
available to make a similar SH evaluation. {6.6, 9.3}

TS.4.5 Climate Response to Radiative 
Forcing

Specifi cation of a likely range and a most likely 
value for equilibrium climate sensitivity8 in this report 
represents signifi cant progress in quantifying the 
climate system response to radiative forcing since the 
TAR and an advance in challenges to understanding 
that have persisted for over 30 years. A range for 
equilibrium climate sensitivity – the equilibrium global 
average warming expected if CO2 concentrations were to 
be sustained at double their pre-industrial values (about 
550 ppm) – was given in the TAR as between 1.5°C and 
4.5°C. It has not been possible previously to provide a 
best estimate or to estimate the probability that climate 
sensitivity might fall outside that quoted range. Several 
approaches are used in this assessment to constrain climate 
sensitivity, including the use of AOGCMs, examination 
of the transient evolution of temperature (surface, upper 
air and ocean) over the last 150 years and examination 
of the rapid response of the global climate system to 
changes in the forcing caused by volcanic eruptions (see 
Figure TS.25). These are complemented by estimates 
based upon palaeoclimate studies such as reconstructions 
of the NH temperature record of the past millennium and 
the LGM. Large ensembles of climate model simulations 
have shown that the ability of models to simulate present 
climate has value in constraining climate sensitivity. {8.1, 
8.6, 9.6, Box 10.2}

8  See the Glossary for a detailed defi nition of climate sensitivity.
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Analysis of models together with constraints from 
observations suggest that the equilibrium climate 
sensitivity is likely to be in the range 2°C to 4.5°C, 
with a best estimate value of about 3°C. It is very 
unlikely to be less than 1.5°C. Values substantially 
higher than 4.5°C cannot be excluded, but agreement with 
observations is not as good for those values. Probability 
density functions derived from different information and 
approaches generally tend to have a long tail towards high 
values exceeding 4.5°C. Analysis of climate and forcing 
evolution over previous centuries and model ensemble 
studies do not rule out climate sensitivity being as high as 
6°C or more. One factor in this is the possibility of small net 
radiative forcing over the 20th century if aerosol indirect 
cooling effects were at the upper end of their uncertainty 
range, thus cancelling most of the positive forcing due to 
greenhouse gases. However, there is no well-established 
way of estimating a single probability distribution 
function from individual results taking account of the 
different assumptions in each study. The lack of strong 
constraints limiting high climate sensitivities prevents the 
specifi cation of a 95th percentile bound or a very likely 
range for climate sensitivity. {Box 10.2}

There is now increased confi dence in the 
understanding of key climate processes that are 
important to climate sensitivity due to improved 
analyses and comparisons of models to one another 
and to observations. Water vapour changes dominate 
the feedbacks affecting climate sensitivity and are now 
better understood. New observational and modelling 
evidence strongly favours a combined water vapour-lapse 
rate9 feedback of around the strength found in General 
Circulation Models (GCMs), that is, approximately 
1 W m–2 per degree global temperature increase, 
corresponding to about a 50% amplifi cation of global 
mean warming. Such GCMs have demonstrated an ability 
to simulate seasonal to inter-decadal humidity variations 
in the upper troposphere over land and ocean, and have 
successfully simulated the observed surface temperature 
and humidity changes associated with volcanic eruptions. 
Cloud feedbacks (particularly from low clouds) remain 
the largest source of uncertainty. Cryospheric feedbacks 
such as changes in snow cover have been shown to 
contribute less to the spread in model estimates of climate 
sensitivity than cloud or water vapour feedbacks, but they 

CUMULATIVE DISTRIBUTIONS OF CLIMATE SENSITIVITY

Figure TS.25. Cumulative distributions of climate sensitivity derived from observed 20th-century warming (red), model climatology (blue), 
proxy evidence (cyan) and from climate sensitivities of AOGCMs (green). Horizontal lines and arrows mark the boundaries of the likelihood 
estimates defi ned in the IPCC Fourth Assessment Uncertainty Guidance Note (see Box TS.1). {Box 10.2, Figures 1 and 2}

9  The rate at which air temperature decreases with altitude.
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can be important for regional climate responses at mid- 
and high latitudes. A new model intercomparison suggests 
that differences in radiative transfer formulations also 
contribute to the range. {3.4, 8.6, 9.3, 9.4, 9.6, 10.2, Box 
10.2}

Improved quantifi cation of climate sensitivity allows 
estimation of best estimate equilibrium temperatures 
and ranges that could be expected if concentrations 
of CO2 were to be stabilised at various levels based 
on global energy balance considerations (see Table 
TS.5). As in the estimate of climate sensitivity, a very 
likely upper bound cannot be established. Limitations to 
the concept of radiative forcing and climate sensitivity 
should be noted. Only a few AOGCMs have been run 
to equilibrium under elevated CO2 concentrations, and 
some results show that climate feedbacks may change 
over long time scales, resulting in substantial deviations 
from estimates of warming based on equilibrium climate 
sensitivity inferred from mixed layer ocean models and 
past climate change. {10.7}

Agreement among models for projected transient 
climate change has also improved since the TAR. The 
range of transient climate responses (defi ned as the 
global average surface air temperature averaged over a 
20-year period centred at the time of CO2 doubling in a 
1% yr–1 increase experiment) among models is smaller 
than the range in the equilibrium climate sensitivity. 
This parameter is now better constrained by multi-
model ensembles and comparisons with observations; 
it is very likely to be greater than 1°C and very unlikely 
to be greater than 3°C. The transient climate response 

is related to sensitivity in a nonlinear way such that high 
sensitivities are not immediately manifested in the short-
term response. Transient climate response is strongly 
affected by the rate of ocean heat uptake. Although the 
ocean models have improved, systematic model biases 
and limited ocean temperature data to evaluate transient 
ocean heat uptake affect the accuracy of current estimates. 
{8.3, 8.6, 9.4, 9.6, 10.5} 

TS.5 Projections of Future   
 Changes in Climate

Since the TAR, there have been many important 
advances in the science of climate change projections. 
An unprecedented effort has been initiated to make new 
model results available for prompt scrutiny by researchers 
outside of the modelling centres. A set of coordinated, 
standard experiments was performed by 14 AOGCM 
modelling groups from 10 countries using 23 models. The 
resulting multi-model database of outputs, analysed by 
hundreds of researchers worldwide, forms the basis for 
much of this assessment of model results. Many advances 
have come from the use of multi-member ensembles from 
single models (e.g., to test the sensitivity of response 
to initial conditions) and from multi-model ensembles. 
These two different types of ensembles allow more robust 
studies of the range of model results and more quantitative 
model evaluation against observations, and provide new 
information on simulated statistical variability. {8.1, 8.3, 
9.4, 9.5, 10.1} 

A number of methods for providing probabilistic 
climate change projections, both for global means and 
geographical depictions, have emerged since the TAR and 
are a focus of this report. These include methods based on 
results of AOGCM ensembles without formal application 
of observational constraints as well as methods based 
on detection algorithms and on large model ensembles 
that provide projections consistent with observations of 
climate change and their uncertainties. Some methods 
now explicitly account for key uncertainty sources such 
as climate feedbacks, ocean heat uptake, radiative forcing 
and the carbon cycle. Short-term projections are similarly 
constrained by observations of recent trends. Some studies 
have probed additional probabilistic issues, such as the 
likelihood of future changes in extremes such as heat 
waves that could occur due to human infl uences. Advances 
have also occurred since the TAR through broader ranges 

Table TS.5. Best estimate, likely ranges and very likely lower 
bounds of global mean equilibrium surface temperature increase 
(°C) over pre-industrial temperatures for different levels of 
CO2-equivalent radiative forcing, as derived from the climate 
sensitivity. 

Equilibrium
CO2–eq
(ppm)

Temperature Increase (°C)

Best 
Estimate

Very Likely 
Above

Likely in the 
Range

350 1.0 0.5 0.6–1.4

450 2.1 1.0 1.4–3.1

550 2.9 1.5 1.9–4.4

650 3.6 1.8 2.4–5.5

750 4.3 2.1 2.8–6.4

1000 5.5 2.8 3.7–8.3

1200 6.3 3.1 4.2–9.4
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of studies of committed climate change and of carbon-
climate feedbacks. {8.6, 9.6, 10.1, 10.3, 10.5}

These advances in the science of climate change 
modelling provide a probabilistic basis for distinguishing 
projections of climate change for different SRES marker 
scenarios. This is in contrast to the TAR where ranges 
for different marker scenarios could not be given in 
probabilistic terms. As a result, this assessment identifi es 
and quantifi es the difference in character between 
uncertainties that arise in climate modelling and those that 
arise from a lack of prior knowledge of decisions that will 
affect greenhouse gas emissions. A loss of policy-relevant 
information would result from combining probabilistic 
projections. For these reasons, projections for different 
emission scenarios are not combined in this report.

Model simulations used here consider the response 
of the physical climate system to a range of possible 
future conditions through use of idealised emissions or 
concentration assumptions. These include experiments 
with greenhouse gases and aerosols held constant at year 

2000 levels, CO2 doubling and quadrupling experiments, 
SRES marker scenarios for the 2000 to 2100 period, 
and experiments with greenhouse gases and aerosols 
held constant after 2100, providing new information on 
the physical aspects of long-term climate change and 
stabilisation. The SRES scenarios did not include climate 
initiatives. This Working Group I assessment does not 
evaluate the plausibility or likelihood of any specifi c 
emission scenario. {10.1, 10.3}

 A new multi-model data set using Earth System Models 
of Intermediate Complexity (EMICs) complements 
AOGCM experiments to extend the time horizon for 
several more centuries in the future. This provides a 
more comprehensive range of model responses in this 
assessment as well as new information on climate change 
over long time scales when greenhouse gas and aerosol 
concentrations are held constant. Some AOGCMs and 
EMICs contain prognostic carbon cycle components, 
which permit estimation of the likely effects and associated 
uncertainties of carbon cycle feedbacks. {10.1}

Box TS.8: Hierarchy of Global Climate Models

Estimates of change in global mean temperature and sea level rise due to thermal expansion can be made using 
Simple Climate Models (SCMs) that represent the ocean-atmosphere system as a set of global or hemispheric boxes, and 
predict global surface temperature using an energy balance equation, a prescribed value of climate sensitivity and a basic 
representation of ocean heat uptake. Such models can also be coupled to simplifi ed models of biogeochemical cycles and 
allow rapid estimation of the climate response to a wide range of emission scenarios. {8.8, 10.5}

Earth System Models of Intermediate Complexity (EMICs) include some dynamics of the atmospheric and oceanic 
circulations, or parametrizations thereof, and often include representations of biogeochemical cycles, but they commonly 
have reduced spatial resolution. These models can be used to investigate continental-scale climate change and long-term, 
large-scale eff ects of coupling between Earth system components using large ensembles of model runs or runs over many 
centuries. For both SCMs and EMICs it is computationally feasible to sample parameter spaces thoroughly, taking account 
of parameter uncertainties derived from tuning to more comprehensive climate models, matching observations and use 
of expert judgment. Thus, both types of model are well suited to the generation of probabilistic projections of future 
climate and allow a comparison of the ‘response uncertainty’ arising from uncertainty in climate model parameters with 
the ‘scenario range’ arising from the range of emission scenarios being considered. Earth System Models of Intermediate 
Complexity have been evaluated in greater depth than previously and intercomparison exercises have demonstrated that 
they are useful for studying questions involving long time scales or requiring large ensembles of simulations. {8.8, 10.5, 
10.7}

The most comprehensive climate models are the AOGCMs. They include dynamical components describing atmospheric, 
oceanic and land surface processes, as well as sea ice and other components. Much progress has been made since the 
TAR (see Box TS.7), and there are over 20 models from diff erent centres available for climate simulations. Although the 
large-scale dynamics of these models are comprehensive, parametrizations are still used to represent unresolved physical 
processes such as the formation of clouds and precipitation, ocean mixing due to wave processes and the formation of 
water masses, etc. Uncertainty in parametrizations is the primary reason why climate projections diff er between diff erent 
AOGCMs. While the resolution of AOGCMs is rapidly improving, it is often insuffi  cient to capture the fi ne-scale structure of 
climatic variables in many regions. In such cases, the output from AOGCMs can be used to drive limited-area (or regional 
climate) models that combine the comprehensiveness of process representations comparable to AOGCMs with much 
higher spatial resolution. {8.2}
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TS.5.1 Understanding Near-Term Climate 
Change

Knowledge of the climate system together with 
model simulations confi rm that past changes in 
greenhouse gas concentrations will lead to a committed 
warming (see Box TS.9 for a defi nition) and future 
climate change. New model results for experiments in 
which concentrations of all forcing agents were held 
constant provide better estimates of the committed changes 
in atmospheric variables that would follow because of the 
long response time of the climate system, particularly the 
oceans. {10.3, 10.7}

Previous IPCC projections of future climate 
changes can now be compared to recent observations, 
increasing confi dence in short-term projections and 
the underlying physical understanding of committed 
climate change over a few decades. Projections for 1990 
to 2005 carried out for the FAR and the SAR suggested 
global mean temperature increases of about 0.3°C 
and 0.15°C per decade, respectively.10 The difference 
between the two was due primarily to the inclusion of 
aerosol cooling effects in the SAR, whereas there was no 
quantitative basis for doing so in the FAR. Projections 
given in the TAR were similar to those of the SAR. 
These results are comparable to observed values of about 
0.2°C per decade, as shown in Figure TS.26, providing 
broad confi dence in such short-term projections. Some of 
this warming is the committed effect of changes in the 
concentrations of greenhouse gases prior to the times of 
those earlier assessments. {1.2, 3.2} 

Committed climate change (see Box TS.9) due to 
atmospheric composition in the year 2000 corresponds 
to a warming trend of about 0.1°C per decade over the 
next two decades, in the absence of large changes in 
volcanic or solar forcing. About twice as much warming 
(0.2°C per decade) would be expected if emissions were 
to fall within the range of the SRES marker scenarios. 
This result is insensitive to the choice among the SRES 
marker scenarios, none of which considered climate 
initiatives. By 2050, the range of expected warming shows 
limited sensitivity to the choice among SRES scenarios 
(1.3°C to 1.7°C relative to 1980–1999) with about a quarter 
being due to the committed climate change if all radiative 
forcing agents were stabilised today. {10.3, 10.5, 10.7} 

Sea level is expected to continue to rise over the 
next several decades. During 2000 to 2020 under the 
SRES A1B scenario in the ensemble of AOGCMs, 
the rate of thermal expansion is projected to be 1.3 ± 
0.7 mm yr–1, and is not signifi cantly different under the 
A2 or B1 scenarios. These projected rates are within 
the uncertainty of the observed contribution of thermal 
expansion for 1993 to 2003 of 1.6 ± 0.6 mm yr–1. The 
ratio of committed thermal expansion, caused by constant 
atmospheric composition at year 2000 values, to total 
thermal expansion (that is the ratio of expansion occurring 
after year 2000 to that occurring before and after) is larger 
than the corresponding ratio for global average surface 
temperature. {10.6, 10.7} 

Box TS.9: Committed Climate Change 

If the concentrations of greenhouse gases and aerosols were held fi xed after a period of change, the climate system 
would continue to respond due to the thermal inertia of the oceans and ice sheets and their long time scales for adjustment. 
‘Committed warming’ is defi ned here as the further change in global mean temperature after atmospheric composition, and 
hence radiative forcing, is held constant. Committed change also involves other aspects of the climate system, in particular 
sea level. Note that holding concentrations of radiatively active species constant would imply that ongoing emissions 
match natural removal rates, which for most species would be equivalent to a large reduction in emissions, although the 
corresponding model experiments are not intended to be considered as emission scenarios. {FAQ 10.3}

The troposphere adjusts to changes in its boundary conditions over time scales shorter than a month or so. The upper 
ocean responds over time scales of several years to decades, and the deep ocean and ice sheet response time scales are from 
centuries to millennia. When the radiative forcing changes, internal properties of the atmosphere tend to adjust quickly. 
However, because the atmosphere is strongly coupled to the oceanic mixed layer, which in turn is coupled to the deeper 
oceanic layer, it takes a very long time for the atmospheric variables to come to an equilibrium. During the long periods 
where the surface climate is changing very slowly, one can consider that the atmosphere is in a quasi-equilibrium state, and 
most energy is being absorbed by the ocean, so that ocean heat uptake is a key measure of climate change. {10.7}

10 See IPCC First Assessment Report, Policymakers Summary, and Second Assessment Report, Technical Summary, Figure 18.
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GLOBAL MEAN WARMING: 
MODEL PROJECTIONS COMPARED WITH OBSERVATIONS

Figure TS.26. Model projections of global mean warming compared to observed warming. Observed temperature anomalies, as in Figure 
TS.6, are shown as annual (black dots) and decadal average values (black line). Projected trends and their ranges from the IPCC First 
(FAR) and Second (SAR) Assessment Reports are shown as green and magenta solid lines and shaded areas, and the projected range 
from the TAR is shown by vertical blue bars. These projections were adjusted to start at the observed decadal average value in 1990. 
Multi-model mean projections from this report for the SRES B1, A1B and A2 scenarios, as in Figure TS.32, are shown for the period 
2000 to 2025 as blue, green and red curves with uncertainty ranges indicated against the right-hand axis. The orange curve shows model 
projections of warming if greenhouse gas and aerosol concentrations were held constant from the year 2000 – that is, the committed 
warming. {Figures 1.1 and 10.4}

TS.5.2 Large-Scale Projections for the
21st Century

This section covers advances in understanding global-
scale climate projections and the processes that will 
infl uence their large-scale patterns in the 21st century. 
More specifi c discussion of regional-scale changes 
follows in TS.5.3.

Projected global average surface warming for 
the end of the 21st century (2090–2099) is scenario-
dependent and the actual warming will be signifi cantly 
affected by the actual emissions that occur. Warmings 
compared to 1980 to 1999 for six SRES scenarios11 
and for constant year 2000 concentrations, given 
as best estimates and corresponding likely ranges, 

are shown in Table TS.6. These results are based on 
AOGCMs, observational constraints and other methods 
to quantify the range of model response (see Figure 
TS.27). The combination of multiple lines of evidence 
allows likelihoods to be assigned to the resulting ranges, 
representing an important advance since the TAR. {10.5}

Assessed uncertainty ranges are larger than those 
given in the TAR because they consider a more 
complete range of models and climate-carbon cycle 
feedbacks. Warming tends to reduce land and ocean 
uptake of atmospheric CO2, increasing the fraction of 
anthropogenic emissions that remains in the atmosphere. 
For the A2 scenario for example, the CO2 feedback 
increases the corresponding global average warming in 
2100 by more than 1°C. {7.3, 10.5}

11 Approximate CO2 equivalent concentrations corresponding to the computed radiative forcing due to anthropogenic greenhouse gases and aerosols in 2100 (see 
p. 823 of the TAR) for the SRES B1, A1T, B2, A1B, A2 and A1FI illustrative marker scenarios are about 600, 700, 800, 850, 1,250 and 1,550 ppm respectively. 
Constant emission at year 2000 levels would lead to a concentration for CO2 alone of about 520 ppm by 2100.
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Table TS.6. Projected global average surface warming and sea level rise at the end of the 21st century.  {10.5, 10.6, Table 10.7}

Notes:
a These estimates are assessed from a hierarchy of models that encompass a simple climate model, several Earth Models of Intermediate Complexity (EMICs), and a 

large number of Atmosphere-Ocean Global Circulation Models (AOGCMs).
b Year 2000 constant composition is derived from AOGCMs only.

Temperature Change 
(°C at 2090-2099 relative to 1980-1999) a

Sea Level Rise
(m at 2090-2099 relative to 1980-1999)

Case
Best 

estimate
Likely
range

Model-based range
excluding future rapid dynamical 

changes in ice fl ow

Constant Year 2000 
concentrations b 0.6 0.3 – 0.9 NA

B1 scenario 1.8 1.1 – 2.9 0.18 – 0.38

A1T scenario 2.4 1.4 – 3.8 0.20 – 0.45

B2 scenario 2.4 1.4 – 3.8 0.20 – 0.43

A1B scenario 2.8 1.7 – 4.4 0.21 – 0.48

A2 scenario 3.4 2.0 – 5.4 0.23 – 0.51

A1FI scenario 4.0 2.4 – 6.4 0.26 – 0.59

Projected global-average sea level rise at the end of 
the 21st century (2090 to 2099), relative to 1980 to 1999 
for the six SRES marker scenarios, given as 5% to 95% 
ranges based on the spread of model results, are shown 
in Table TS.6. Thermal expansion contributes 70 to 75% 
to the best estimate for each scenario. An improvement 
since the TAR is the use of AOGCMs to evaluate ocean 
heat uptake and thermal expansion. This has also reduced 
the projections as compared to the simple model used in 
the TAR. In all the SRES marker scenarios except B1, 
the average rate of sea level rise during the 21st century 
very likely exceeds the 1961–2003 average rate (1.8 ± 
0.5 mm yr-1). For an average model, the scenario spread in 
sea level rise is only 0.02 m by the middle of the century, 
but by the end of the century it is 0.15 m. These ranges do 
not include uncertainties in carbon-cycle feedbacks or ice 
fl ow processes because a basis in published literature is 
lacking. {10.6, 10.7}

For each scenario, the midpoint of the range given 
here is within 10% of the TAR model average for 
2090–2099, noting that the TAR projections were 
given for 2100, whereas projections in this report are 
for 2090–2099. The uncertainty in these projections is 
less than in the TAR for several reasons: uncertainty in 
land ice models is assumed independent of uncertainty 
in temperature and expansion projections; improved 
observations of recent mass loss from glaciers provide 
a better observational constraint; and the present report 
gives uncertainties as 5% to 95% ranges, equivalent 
to ±1.65 standard deviations, whereas the TAR gave 

uncertainty ranges of ±2 standard deviations. The TAR 
would have had similar ranges for sea level projections to 
those in this report if it had treated the uncertainties in the 
same way. {10.6, 10.7}

Changes in the cryosphere will continue to affect 
sea level rise during the 21st century. Glaciers, ice caps 
and the Greenland Ice Sheet are projected to lose mass in 
the 21st century because increased melting will exceed 
increased snowfall. Current models suggest that the 
Antarctic Ice Sheet will remain too cold for widespread 
melting and may gain mass in future through increased 
snowfall, acting to reduce sea level rise. However, 
changes in ice dynamics could increase the contributions 
of both Greenland and Antarctica to 21st-century sea 
level rise. Recent observations of some Greenland outlet 
glaciers give strong evidence for enhanced fl ow when 
ice shelves are removed. The observations in west-
central Greenland of seasonal variation in ice fl ow rate 
and of a correlation with summer temperature variation 
suggest that surface melt water may join a sub-glacially 
routed drainage system lubricating the ice fl ow. By both 
of these mechanisms, greater surface melting during the 
21st century could cause acceleration of ice fl ow and 
discharge and increase the sea level contribution. In some 
parts of West Antarctica, large accelerations of ice fl ow 
have recently occurred, which may have been caused by 
thinning of ice shelves due to ocean warming. Although 
this has not been formally attributed to anthropogenic 
climate change due to greenhouse gases, it suggests that 
future warming could cause faster mass loss and greater 
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Figure TS.27. (Top) Projected global mean temperature change in 2090 to 2099 relative to 1980 to 1999 for the six SRES marker 
scenarios based on results from different and independent models. The multi-model AOGCM mean and the range of the mean minus 
40% to the mean plus 60% are shown as black horizontal solid lines and grey bars, respectively. Carbon cycle uncertainties are estimated 
for scenario A2 based on Coupled Carbon Cycle Climate Model Intercomparison Project (C4MIP) models (dark blue crosses), and for all 
marker scenarios using an EMIC (pale blue symbols). Other symbols represent individual studies (see Figure 10.29 for details of specifi c 
models). (Bottom) Projected global average sea level rise and its components in 2090 to 2099 (relative to 1980–1999) for the six SRES 
marker scenarios. The uncertainties denote 5 to 95% ranges, based on the spread of model results, and not including carbon cycle 
uncertainties. The contributions are derived by scaling AOGCM results and estimating land ice changes from temperature changes (see 
Appendix 10.A for details). Individual contributions are added to give the total sea level rise, which does not include the contribution 
shown for ice sheet dynamical imbalance, for which the current level of understanding prevents a best estimate from being given. {Figures 
10.29 and 10.33}

sea level rise. Quantitative projections of this effect cannot 
be made with confi dence. If recently observed increases 
in ice discharge rates from the Greenland and Antarctic 
Ice Sheets were to increase linearly with global average 
temperature change, that would add 0.1 to 0.2 m to the 
upper bound of sea level rise. Understanding of these 
effects is too limited to assess their likelihood or to give a 
best estimate. {4.6, 10.6} 

Many of the global and regional patterns of 
temperature and precipitation seen in the TAR 
projections remain in the new generation of models and 
across ensemble results (see Figure TS.28). Confi dence 

in the robustness of these patterns is increased by the fact 
that they have remained largely unchanged while overall 
model simulations have improved (Box TS.7). This adds 
to confi dence that these patterns refl ect basic physical 
constraints on the climate system as it warms. {8.3–8.5, 
10.3, 11.2–11.9}

The projected 21st-century temperature change is 
positive everywhere. It is greatest over land and at most 
high latitudes in the NH during winter, and increases 
going from the coasts into the continental interiors. 
In otherwise geographically similar areas, warming 
is typically larger in arid than in moist regions. {10.3, 
11.2–11.9}

PROJECTED WARMING IN 2090–2099
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In contrast, warming is least over the southern 
oceans and parts of the North Atlantic Ocean. 
Temperatures are projected to increase, including 
over the North Atlantic and Europe, despite a 
projected slowdown of the meridional overturning 
circulation (MOC) in most models, due to the much 
larger infl uence of the increase in greenhouse gases. 
The projected pattern of zonal mean temperature change 
in the atmosphere displays a maximum warming in the 
upper tropical troposphere and cooling in the stratosphere. 
Further zonal mean warming in the ocean is expected 
to occur fi rst near the surface and in the northern mid-
latitudes, with the warming gradually reaching the ocean 
interior, most evident at high latitudes where vertical 
mixing is greatest. The projected pattern of change is very 
similar among the late-century cases irrespective of the 
scenario. Zonally averaged fi elds normalised by the mean 
warming are very similar for the scenarios examined (see 
Figure TS.28). {10.3}

It is very likely that the Atlantic MOC will slow 
down over the course of the 21st century. The multi-
model average reduction by 2100 is 25% (range 
from zero to about 50%) for SRES emission scenario 
A1B. Temperatures in the Atlantic region are projected 
to increase despite such changes due to the much larger 
warming associated with projected increases of greenhouse 
gases. The projected reduction of the Atlantic MOC is 
due to the combined effects of an increase in high latitude 
temperatures and precipitation, which reduce the density 
of the surface waters in the North Atlantic. This could lead 
to a signifi cant reduction in Labrador Sea Water formation. 
Very few AOGCM studies have included the impact of 
additional freshwater from melting of the Greenland Ice 
Sheet, but those that have do not suggest that this will lead 
to a complete MOC shutdown. Taken together, it is very 
likely that the MOC will reduce, but very unlikely that 
the MOC will undergo a large abrupt transition during the 
course of the 21st century. Longer-term changes in the 
MOC cannot be assessed with confi dence. {8.7, 10.3}

PROJECTIONS OF SURFACE TEMPERATURES

Figure TS.28. Projected surface temperature changes for the early and late 21st century relative to the period 1980 to 1999. The central 
and right panels show the AOGCM multi-model average projections (°C) for the B1 (top), A1B (middle) and A2 (bottom) SRES scenarios 
averaged over the decades 2020 to 2029 (centre) and 2090 to 2099 (right). The left panel shows corresponding uncertainties as the 
relative probabilities of estimated global average warming from several different AOGCM and EMIC studies for the same periods. Some 
studies present results only for a subset of the SRES scenarios, or for various model versions. Therefore the difference in the number of 
curves, shown in the left-hand panels, is due only to differences in the availability of results. {Adapted from Figures 10.8 and 10.28} 
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Models indicate that sea level rise during the 21st 
century will not be geographically uniform. Under 
scenario A1B for 2070 to 2099, AOGCMs give a median 
spatial standard deviation of 0.08 m, which is about 25% 
of the central estimate of the global average sea level rise. 
The geographic patterns of future sea level change arise 
mainly from changes in the distribution of heat and salinity 
in the ocean and consequent changes in ocean circulation. 
Projected patterns display more similarity across models 
than those analysed in the TAR. Common features are a 
smaller than average sea level rise in the Southern Ocean, 
larger than average sea level rise in the Arctic and a narrow 
band of pronounced sea level rise stretching across the 
southern Atlantic and Indian Oceans. {10.6}

Projections of changes in extremes such as the 
frequency of heat waves are better quantifi ed than 
in the TAR, due to improved models and a better 
assessment of model spread based on multi-model 
ensembles. The TAR concluded that there was a risk of 
increased temperature extremes, with more extreme heat 
episodes in a future climate. This result has been confi rmed 
and expanded in more recent studies. Future increases in 
temperature extremes are projected to follow increases in 
mean temperature over most of the world except where 
surface properties (e.g., snow cover or soil moisture) 
change. A multi-model analysis, based on simulations 
of 14 models for three scenarios, investigated changes 
in extreme seasonal (DJF and JJA) temperatures where 
‘extreme’ is defi ned as lying above the 95th percentile 
of the simulated temperature distribution for the 20th 
century. By the end of the 21st century, the projected 
probability of extreme warm seasons rises above 90% in 
many tropical areas, and reaches around 40% elsewhere. 
Several recent studies have addressed possible future 
changes in heat waves, and found that, in a future climate, 
heat waves are expected to be more intense, longer lasting 
and more frequent. Based on an eight-member multi-
model ensemble, heat waves are simulated to have been 
increasing for the latter part of the 20th century, and are 
projected to increase globally and over most regions. 
{8.5, 10.3}

For a future warmer climate, models project a 50 
to 100% decline in the frequency of cold air outbreaks 
relative to the present in NH winters in most areas. 
Results from a nine-member multi-model ensemble show 
simulated decreases in frost days for the 20th century 
continuing into the 21st century globally and in most 
regions. Growing season length is related to frost days 
and is projected to increase in future climates. {10.3, FAQ 
10.1}

Snow cover is projected to decrease. Widespread 
increases in thaw depth are projected to occur over 
most permafrost regions. {10.3} 

Under several different scenarios (SRES A1B, A2 
and B1), large parts of the Arctic Ocean are expected 
to no longer have year-round ice cover by the end of 
the 21st century. Arctic sea ice responds sensitively to 
warming. While projected changes in winter sea ice extent 
are moderate, late-summer sea ice is projected to disappear 
almost completely towards the end of the 21st century 
under the A2 scenario in some models. The reduction 
is accelerated by a number of positive feedbacks in the 
climate system. The ice-albedo feedback allows open 
water to receive more heat from the Sun during summer, 
the insulating effect of sea ice is reduced and the increase 
in ocean heat transport to the Arctic further reduces ice 
cover. Model simulations indicate that the late-summer 
sea ice cover decreases substantially and generally evolves 
over the same time scale as global warming. Antarctic sea 
ice extent is also projected to decrease in the 21st century. 
{8.6, 10.3, Box 10.1} 

Sea level pressure is projected to increase over the 
subtropics and mid-latitudes, and decrease over high 
latitudes associated with an expansion of the Hadley 
Circulation and annular mode changes (NAM/NAO and 
SAM, see Box TS.2). A positive trend in the NAM/NAO as 
well as the SAM index is projected by many models. The 
magnitude of the projected increase is generally greater 
for the SAM, and there is considerable spread among the 
models. As a result of these changes, storm tracks are 
projected to move poleward, with consequent changes in 
wind, precipitation and temperature patterns outside the 
tropics, continuing the broad pattern of observed trends 
over the last half century. Some studies suggest fewer 
storms in mid-latitude regions. There are also indications 
of changes in extreme wave height associated with 
changing storm tracks and circulation. {3.6, 10.3}

In most models, the central and eastern equatorial 
Pacifi c SSTs warm more than those in the western 
equatorial Pacifi c, with a corresponding mean 
eastward shift in precipitation. ENSO interannual 
variability is projected to continue in all models, although 
changes differ from model to model. Large inter-model 
differences in projected changes in El Niño amplitude, 
and the inherent centennial time-scale variability of El 
Niño in the models, preclude a defi nitive projection of 
trends in ENSO variability. {10.3}

Recent studies with improved global models, 
ranging in resolution from about 100 to 20 km, 
suggest future changes in the number and intensity 
of future tropical cyclones (typhoons and hurricanes). 



74

Technical Summary 

A synthesis of the model results to date indicates, for a 
warmer future climate, increased peak wind intensities 
and increased mean and peak precipitation intensities in 
future tropical cyclones, with the possibility of a decrease 
in the number of relatively weak hurricanes, and increased 
numbers of intense hurricanes. However, the total number 
of tropical cyclones globally is projected to decrease. 
The apparent observed increase in the proportion of 
very intense hurricanes since 1970 in some regions is 
in the same direction but much larger than predicted by 
theoretical models. {10.3, 8.5, 3.8} 

Since the TAR, there is an improving understanding 
of projected patterns of precipitation. Increases in the 
amount of precipitation are very likely at high latitudes 
while decreases are likely in most subtropical land regions 
(by as much as about 20% in the A1B scenario in 2100). 
Poleward of 50°, mean precipitation is projected to increase 
due to the increase in water vapour in the atmosphere and 
the resulting increase in vapour transport from lower 
latitudes. Moving equatorward, there is a transition to 
mostly decreasing precipitation in the subtropics (20°–
40° latitude). Due to increased water vapour transport 
out of the subtropics and a poleward expansion of the 
subtropical high-pressure systems, the drying tendency is 
especially pronounced at the higher-latitude margins of 
the subtropics (see Figure TS.30). {8.3, 10.3, 11.2–11.9}

Models suggest that changes in mean precipitation 
amount, even where robust, will rise above natural 
variability more slowly than the temperature signal. 
{10.3, 11.1} 

Available research indicates a tendency for an 
increase in heavy daily rainfall events in many regions, 
including some in which the mean rainfall is projected 
to decrease. In the latter cases, the rainfall decrease is often 
attributable to a reduction in the number of rain days rather 
than the intensity of rain when it occurs. {11.2–11.9} 

TS.5.3 Regional-Scale Projections 

For each of the continental regions, the projected 
warming over 2000 to 2050 resulting from the SRES 
emissions scenarios is greater than the global average 
and greater than the observed warming over the past 
century. The warming projected for the next few decades 
of the 21st century, when averaged over the continents 
individually, would substantially exceed estimated 20th-
century natural forced and unforced variability in all cases 
except Antarctica (Figure TS.29). Model best-estimate 
projections indicate that decadal average warming over 
each continent except Antarctica by 2030 is very likely 
to be at least twice as large as the corresponding model-
estimated natural variability during the 20th century. The 
simulated warming over this period is not very sensitive to 
the choice of scenarios across the SRES set as is illustrated 
in Figure TS.32. Over longer time scales, the choice of 
scenario is more important, as shown in Figure TS.28. 
The projected warming in the SRES scenarios over 2000 
to 2050 also exceeds estimates of natural variability when 
averaged over most sub-continental regions. {11.1}

Box TS.10. Regional Downscaling

Simulation of regional climates has improved in AOGCMs and, as a consequence, in nested regional climate models 
and in empirical downscaling techniques. Both dynamic and empirical downscaling methodologies show improving skill 
in simulating local features in present-day climates when the observed state of the atmosphere at scales resolved by 
current AOGCMs is used as input. The availability of downscaling and other regionally focused studies remains uneven 
geographically, causing unevenness in the assessments that can be provided, particularly for extreme weather events. 
Downscaling studies demonstrate that local precipitation changes can vary signifi cantly from those expected from the 
large-scale hydrological response pattern, particularly in areas of complex topography. {11.10} 

There remain a number of important sources of uncertainty limiting the ability to project regional climate change. While 
hydrological responses are relatively robust in certain core subpolar and subtropical regions, there is uncertainty in the 
precise location of these boundaries between increasing and decreasing precipitation. There are some important climate 
processes that have a signifi cant eff ect on regional climate, but for which the climate change response is still poorly known. 
These include ENSO, the NAO, blocking, the thermohaline circulation and changes in tropical cyclone distribution. For 
those regions that have strong topographical controls on their climatic patterns, there is often insuffi  cient climate change 
information at the fi ne spatial resolution of the topography. In some regions there has been only very limited research on 
extreme weather events. Further, the projected climate change signal becomes comparable to larger internal variability at 
smaller spatial and temporal scales, making it more diffi  cult to utilise recent trends to evaluate model performance. {Box 
11.1, 11.2–11.9}
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CONTINENTAL SURFACE TEMPERATURE ANOMALIES:
OBSERVATIONS AND PROJECTIONS

Figure TS.29. Decadal mean continental surface temperature anomalies (°C) in observations and simulations for the period 1906 to 2005 
and in projections for 2001 to 2050. Anomalies are calculated from the 1901 to 1950 average. The black lines represent the observations 
and the red and blue bands show simulated average temperature anomalies as in Figure TS.22 for the 20th century (i.e., red includes 
anthropogenic and natural forcings and blue includes only natural forcings). The yellow shading represents the 5th to 95th percentile 
range of projected changes according to the SRES A1B emissions scenario. The green bar denotes the 5th to 95th percentile range of 
decadal mean anomalies from the 20th-century simulations with only natural forcings (i.e., a measure of the natural decadal variability). 
For the observed part of these graphs, the decadal averages are centred on calendar decade boundaries (i.e., the last point is at 2000 for 
1996 to 2005), whereas for the future period they are centred on calendar decade mid-points (i.e., the fi rst point is at 2005 for 2001 to 
2010). To construct the ranges, all simulations from the set of models involved were considered independent realisations of the possible 
evolution of the climate given the forcings applied. This involved 58 simulations from 14 models for the red curve, 19 simulations from 5 
models (a subset of the 14) for the blue curve and green bar and 47 simulations from 18 models for the yellow curve. {FAQ 9.2.1, Figure 
1 and Box 11.1, Figure 1}

In the NH a robust pattern of increased subpolar 
and decreased subtropical precipitation dominates the 
projected precipitation pattern for the 21st century over 
North America and Europe, while subtropical drying 
is less evident over Asia (see Figure TS.30). Nearly 
all models project increased precipitation over most of 
northern North America and decreased precipitation over 
Central America, with much of the continental USA and 
northern Mexico in a more uncertain transition zone that 
moves north and south following the seasons. Decreased 

precipitation is confi dently projected for southern Europe 
and Mediterranean Africa, with a transition to increased 
precipitation in northern Europe. In both continents, 
summer drying is extensive due both to the poleward 
movement of this transition zone in summer and to 
increased evaporation. Subpolar increases in precipitation 
are projected over much of northern Asia but with the 
subtropical drying spreading from the Mediterranean 
displaced by distinctive monsoonal signatures as one 
moves from central Asia eastward. {11.2–11.5}
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SEASONAL MEAN PRECIPITATION RATES

Figure TS.30. Spatial patterns of observed (top row) and multi-model mean (middle row) seasonal mean precipitation rate (mm day–1) 
for the period 1979 to 1993 and the multi-model mean for changes by the period 2090 to 2099 relative to 1980 to 1999 (% change) 
based on the SRES A1B scenario (bottom row). December to February means are in the left column, June to August means in the right 
column. In the bottom panel, changes are plotted only where more than 66% of the models agree on the sign of the change. The stippling 
indicates areas where more than 90% of the models agree on the sign of the change. {Based on same datasets as shown in Figures 8.5 
and 10.9} 

In the SH, there are few land areas in the zone of 
projected subpolar moistening during the 21st century, 
with the subtropical drying more prominent (see Figure 
TS.30). The South Island of New Zealand and Tierra del 
Fuego fall within the subpolar precipitation increase zone, 
with southernmost Africa, the southern Andes in South 
America and southern Australia experiencing the drying 
tendency typical of the subtropics. {11.2, 11.6, 11.7}

Projections of precipitation over tropical land 
regions are more uncertain than those at higher 
latitudes, but, despite signifi cant inadequacies in 

modelling tropical convection and atmosphere-ocean 
interactions, and the added uncertainty associated 
with tropical cyclones, some robust features emerge 
in models. Rainfall in the summer monsoon season of 
South and Southeast Asia increases in most models, as 
does rainfall in East Africa. The sign of the precipitation 
response is considered less certain over both the Amazon 
and the African Sahel. These are regions in which there 
is added uncertainty due to potential vegetation-climate 
links, and there is less robustness across models even 
when vegetation feedbacks are not included. {8.3, 11.2, 
11.4, 11.6} 
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TS.5.4 Coupling Between Climate Change 
and Changes in Biogeochemical 
Cycles

All models that treat the coupling of the carbon 
cycle to climate change indicate a positive feedback 
effect with warming acting to suppress land and 
ocean uptake of CO2, leading to larger atmospheric 
CO2 increases and greater climate change for a given 
emissions scenario, but the strength of this feedback 
effect varies markedly among models. Since the TAR, 
several new projections based on fully coupled carbon 
cycle-climate models have been performed and compared. 
For the SRES A2 scenario, and based on a range of 
model results, the projected increase in atmospheric CO2 
concentration over the 21st century is likely between 
10 and 25% higher than projections without this 
feedback, adding more than 1°C to projected mean 
warming by 2100 for higher emission SRES scenarios. 
Correspondingly, the reduced CO2 uptake caused by 
this effect reduces the CO2 emissions that are consistent 
with a target stabilisation level. However, there are still 
signifi cant uncertainties due, for example, to limitations 
in the understanding of the dynamics of land ecosystems 
and soils. {7.3, 10.4}

Increasing atmospheric CO2 concentrations lead 
directly to increasing acidifi cation of the surface 
ocean. Projections based on SRES scenarios give 
reductions in pH of between 0.14 and 0.35 units in the 
21st century (depending on scenario), extending the 
present decrease of 0.1 units from pre-industrial times. 
Ocean acidifi cation would lead to dissolution of shallow-
water carbonate sediments. Southern Ocean surface 
waters are projected to exhibit undersaturation with regard 
to calcium carbonate (CaCO3) for CO2 concentrations 
higher than 600 ppm, a level exceeded during the second 
half of the 21st century in most of the SRES scenarios. 
Low-latitude regions and the deep ocean will be affected 
as well. These changes could affect marine organisms that 
form their exoskeletons out of CaCO3, but the net effect 
on the biological cycling of carbon in the oceans is not 
well understood. {Box 7.3, 10.4}

Committed climate change due to past emissions 
varies considerably for different forcing agents 
because of differing lifetimes in the Earth’s 
atmosphere (see Box TS.9). The committed climate 
change due to past emissions takes account of both (i) 
the time lags in the responses of the climate system to 
changes in radiative forcing; and (ii) the time scales over 
which different forcing agents persist in the atmosphere 
after their emission because of their differing lifetimes. 

Typically the committed climate change due to past 
emissions includes an initial period of further increase in 
temperature, for the reasons discussed above, followed 
by a long-term decrease as radiative forcing decreases. 
Some greenhouse gases have relatively short atmospheric 
lifetimes (decades or less), such as CH4 and carbon 
monoxide, while others such as N2O have lifetimes of the 
order of a century, and some have lifetimes of millennia, 
such as SF6 and PFCs. Atmospheric concentrations of 
CO2 do not decay with a single well-defi ned lifetime if 
emissions are stopped. Removal of CO2 emitted to the 
atmosphere occurs over multiple time scales, but some 
CO2 will stay in the atmosphere for many thousands of 
years, so that emissions lead to a very long commitment to 
climate change. The slow long-term buffering of the ocean, 
including CaCO3-sediment feedback, requires 30,000 to 
35,000 years for atmospheric CO2 concentrations to reach 
equilibrium. Using coupled carbon cycle components, 
EMICs show that the committed climate change due to 
past CO2 emissions persists for more than 1000 years, so 
that even over these very long time scales, temperature 
and sea level do not return to pre-industrial values. An 
indication of the long time scales of committed climate 
change is obtained by prescribing anthropogenic CO2 
emissions following a path towards stabilisation at 750 
ppm, but arbitrarily setting emissions to zero at year 2100. 
In this test case, it takes about 100 to 400 years in the 
different models for the atmospheric CO2 concentration to 
drop from the maximum (ranges between 650 to 700 ppm) 
to below the level of two times the pre-industrial CO2 
concentration (about 560 ppm), owing to a continuous but 
slow transfer of carbon from the atmosphere and terrestrial 
reservoirs to the ocean (see Figure TS.31). {7.3, 10.7}

Future concentrations of many non-CO2 greenhouse 
gases and their precursors are expected to be coupled 
to future climate change. Insuffi cient understanding of 
the causes of recent variations in the CH4 growth rate 
suggests large uncertainties in future projections for 
this gas in particular. Emissions of CH4 from wetlands 
are likely to increase in a warmer and wetter climate and to 
decrease in a warmer and drier climate. Observations also 
suggest increases in CH4 released from northern peatlands 
that are experiencing permafrost melt, although the large-
scale magnitude of this effect is not well quantifi ed. 
Changes in temperature, humidity and clouds could 
also affect biogenic emissions of ozone precursors, such 
as volatile organic compounds. Climate change is also 
expected to affect tropospheric ozone through changes 
in chemistry and transport. Climate change could induce 
changes in OH through changes in humidity, and could 
alter stratospheric ozone concentrations and hence solar 
ultraviolet radiation in the troposphere. {7.4, 4.7}
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Future emissions of many aerosols and their 
precursors are expected to be affected by climate 
change. Estimates of future changes in dust emissions 
under several climate and land use scenarios suggest 
that the effects of climate change are more important in 
controlling future dust emissions than changes in land 
use. Results from one study suggest that meteorology 
and climate have a greater infl uence on future Asian dust 
emissions and associated Asian dust storm occurrences 
than desertifi cation. The biogenic emission of volatile 
organic compounds, a signifi cant source of secondary 
organic aerosols, is known to be highly sensitive to (and 
increase with) temperature. However, aerosol yields 
decrease with temperature and the effects of changing 
precipitation and physiological adaptation are uncertain. 
Thus, change in biogenic secondary organic aerosol 
production in a warmer climate could be considerably 
lower than the response of biogenic volatile organic 
carbon emissions. Climate change may affect fl uxes from 
the ocean of dimethyl sulphide (which is a precursor for 

CLIMATE CHANGE COMMITMENT

Figure TS.31. Calculation of climate change commitment due to past emissions for fi ve different EMICs and an idealised scenario 
where emissions follow a pathway leading to stabilisation of atmospheric CO2 at 750 ppm, but before reaching this target, emissions are 
reduced to zero instantly at year 2100. (Left) CO2 emissions and atmospheric CO2 concentrations; (centre) surface warming and sea level 
rise due to thermal expansion; (right) change in total terrestrial and oceanic carbon inventory since the pre-industrial era. {Figure 10.35}

some sulphate aerosols) and sea salt aerosols, however, 
the effects on temperature and precipitation remain very 
uncertain. {7.5}

While the warming effect of CO2 represents 
a commitment over many centuries, aerosols are 
removed from the atmosphere over time scales of only 
a few days, so that the negative radiative forcing due 
to aerosols could change rapidly in response to any 
changes in emissions of aerosols or aerosol precursors. 
Because sulphate aerosols are very likely exerting a 
substantial negative radiative forcing at present, future net 
forcing is very sensitive to changes in sulphate emissions. 
One study suggests that the hypothetical removal from the 
atmosphere of the entire current burden of anthropogenic 
sulphate aerosol particles would produce a rapid increase 
in global mean temperature of about 0.8°C within a decade 
or two. Changes in aerosols are also likely to infl uence 
precipitation. Thus, the effect of environmental strategies 
aimed at mitigating climate change requires consideration 
of changes in both greenhouse gas and aerosol emissions. 
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Changes in aerosol emissions may result from measures 
implemented to improve air quality which may therefore 
have consequences for climate change. {Box 7.4, 7.6, 
10.7}

Climate change would modify a number of 
chemical and physical processes that control air 
quality and the net effects are likely to vary from one 
region to another. Climate change can affect air quality 
by modifying the rates at which pollutants are dispersed, 
the rate at which aerosols and soluble species are removed 
from the atmosphere, the general chemical environment 
for pollutant generation and the strength of emissions 
from the biosphere, fi res and dust. Climate change is 
also expected to decrease the global ozone background. 
Overall, the net effect of climate change on air quality is 
highly uncertain. {Box 7.4}

TS.5.5 Implications of Climate Processes 
and their Time Scales for Long-Term 
Projections

The commitments to climate change after 
stabilisation of radiative forcing are expected to be 

about 0.5 to 0.6°C, mostly within the following century. 
The multi-model average when stabilising concentrations 
of greenhouse gases and aerosols at year 2000 values 
after a 20th-century climate simulation, and running an 
additional 100 years, is about 0.6°C of warming (relative 
to 1980–1999) at year 2100 (see Figure TS.32). If the 
B1 or A1B scenarios were to characterise 21st-century 
emissions followed by stabilisation at those levels, the 
additional warming after stabilisation is similar, about 
0.5°C, mostly in the subsequent hundred years. {10.3, 
10.7}

The magnitude of the positive feedback between 
climate change and the carbon cycle is uncertain. This 
leads to uncertainty in the trajectory of CO2 emissions 
required to achieve a particular stabilization level of 
atmospheric CO2 concentration. Based upon current 
understanding of climate-carbon cycle feedback, model 
studies suggest that, in order to stabilise CO2 at 450 ppm, 
cumulative emissions in the 21st century could be reduced 
from a model average of approximately 670 [630 to 710] 
GtC to approximately 490 [375 to 600] GtC. Similarly, 
to stabilise CO2 at 1000 ppm, the cumulative emissions 
could be reduced by this feedback from a model average of 

SRES MEAN SURFACE WARMING PROJECTIONS

Figure TS.32. Multi-model means of surface warming (compared to the 1980–1999 base period) for the SRES scenarios A2 (red), A1B 
(green) and B1 (blue), shown as continuations of the 20th-century simulation. The latter two scenarios are continued beyond the year 
2100 with forcing kept constant (committed climate change as it is defi ned in Box TS.9). An additional experiment, in which the forcing is 
kept at the year 2000 level is also shown (orange). Linear trends from the corresponding control runs have been removed from these time 
series. Lines show the multi-model means, shading denotes the ±1 standard deviation range. Discontinuities between different periods 
have no physical meaning and are caused by the fact that the number of models that have run a given scenario is different for each period 
and scenario (numbers indicated in fi gure). For the same reason, uncertainty across scenarios should not be interpreted from this fi gure 
(see Section 10.5 for uncertainty estimates). {Figure 10.4}
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approximately 1415 [1340 to 1490] GtC to approximately 
1100 [980 to 1250] GtC. {7.3, 10.4}

If radiative forcing were to be stabilised in 2100 at 
A1B concentrations, thermal expansion alone would 
lead to 0.3 to 0.8 m of sea level rise by 2300 (relative to 
1980–1999) and would continue at decreasing rates for 
many centuries, due to slow processes that mix heat 
into the deep ocean. {10.7}

Contraction of the Greenland Ice Sheet is projected 
to continue to contribute to sea level rise after 2100. 
For stabilisation at A1B concentrations in 2100, a rate of 
0.03 to 0.21 m per century due to thermal expansion is 
projected. If a global average warming of 1.9°C to 4.6°C 
relative to pre-industrial temperatures were maintained 
for millennia, the Greenland Ice Sheet would largely be 
eliminated except for remnant glaciers in the mountains. 
This would raise sea level by about 7 m and could be 
irreversible. These temperatures are comparable to those 
inferred for the last interglacial period 125,000 years ago, 
when palaeoclimatic information suggests reductions of 
polar ice extent and 4 to 6 m of sea level rise. {6.4, 10.7} 

Dynamical processes not included in current 
models but suggested by recent observations could 
increase the vulnerability of the ice sheets to warming, 
increasing future sea level rise. Understanding of these 
processes is limited and there is no consensus on their 
likely magnitude. {4.6, 10.7}

Current global model studies project that the 
Antarctic Ice Sheet will remain too cold for widespread 
surface melting and will gain in mass due to increased 
snowfall. However, net loss of ice mass could occur if 
dynamical ice discharge dominates the ice sheet mass 
balance. {10.7}

While no models run for this assessment suggest an 
abrupt MOC shutdown during the 21st century, some 
models of reduced complexity suggest MOC shutdown 
as a possible long-term response to suffi ciently strong 
warming. However, the likelihood of this occurring 
cannot be evaluated with confi dence. The few available 
simulations with models of different complexity rather 
suggest a centennial-scale slowdown. Recovery of the 
MOC is likely if the radiative forcing is stabilised but would 
take several centuries. Systematic model comparison 
studies have helped establish some key processes that are 
responsible for variations between models in the response 
of the ocean to climate change (especially ocean heat 
uptake). {8.7, FAQ 10.2, 10.3}



Technical Summary 

81

TS.6 Robust Findings and
 Key Uncertainties

Robust Findings:
 

Current atmospheric concentrations of CO2 and CH4, 
and their associated positive radiative forcing, far exceed 
those determined from ice core measurements spanning 
the last 650,000 years. {6.4}

Fossil fuel use, agriculture and land use have been the 
dominant cause of increases in greenhouse gases over the 
last 250 years. {2.3, 7.3, 7.4}

Annual emissions of CO2 from fossil fuel burning, cement 
production and gas fl aring increased from a mean of 6.4 
± 0.4 GtC yr–1 in the 1990s to 7.2 ± 0.3 GtC yr–1 for 2000 
to 2005. {7.3}

The sustained rate of increase in radiative forcing from 
CO2, CH4 and N2O over the past 40 years is larger than at 
any time during at least the past 2000 years. {6.4}

Natural processes of CO2 uptake by the oceans and 
terrestrial biosphere remove about 50 to 60% of 

anthropogenic emissions (i.e., fossil CO2 emissions and 
land use change fl ux). Uptake by the oceans and the 
terrestrial biosphere are similar in magnitude over recent 
decades but that by the terrestrial biosphere is more 
variable. {7.3}

It is virtually certain that anthropogenic aerosols produce 
a net negative radiative forcing (cooling infl uence) with a 
greater magnitude in the NH than in the SH. {2.9, 9.2}

From new estimates of the combined anthropogenic 
forcing due to greenhouse gases, aerosols and land surface 
changes, it is extremely likely that human activities have 
exerted a substantial net warming infl uence on climate 
since 1750. {2.9}

Solar irradiance contributions to global average radiative 
forcing are considerably smaller than the contribution of 
increases in greenhouse gases over the industrial period. 
{2.5, 2.7}

TS.6.1 Changes in Human and Natural Drivers of Climate

Key Uncertainties:

The full range of processes leading to modifi cation of 
cloud properties by aerosols is not well understood and 
the magnitudes of associated indirect radiative effects are 
poorly determined. {2.4, 7.5}

The causes of, and radiative forcing due to stratospheric 
water vapour changes are not well quantifi ed. {2.3}

The geographical distribution and time evolution of the 
radiative forcing due to changes in aerosols during the 
20th century are not well characterised. {2.4}

The causes of recent changes in the growth rate of 
atmospheric CH4 are not well understood. {7.4}

The roles of different factors increasing tropospheric 
ozone concentrations since pre-industrial times are not 
well characterised. {2.3}

Land surface properties and land-atmosphere interactions 
that lead to radiative forcing are not well quantifi ed. 
{2.5}

Knowledge of the contribution of past solar changes to 
radiative forcing on the time scale of centuries is not 
based upon direct measurements and is hence strongly 
dependent upon physical understanding. {2.7}
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TS.6.2 Observations of Changes in Climate

TS.6.2.1 Atmosphere and Surface

Robust Findings:

Global mean surface temperatures continue to rise. Eleven 
of the last 12 years rank among the 12 warmest years on 
record since 1850. {3.2} 

Rates of surface warming increased in the mid-1970s and 
the global land surface has been warming at about double 
the rate of ocean surface warming since then. {3.2}

Changes in surface temperature extremes are consistent 
with warming of the climate. {3.8}

Estimates of mid- and lower-tropospheric temperature 
trends have substantially improved. Lower-tropospheric 
temperatures have slightly greater warming rates than the 
surface from 1958 to 2005. {3.4}

Long-term trends from 1900 to 2005 have been observed 
in precipitation amount in many large regions. {3.3}

Increases have occurred in the number of heavy 
precipitation events. {3.8}

Droughts have become more common, especially in the 
tropics and subtropics, since the 1970s. {3.3}

Tropospheric water vapour has increased, at least since 
the 1980s. {3.4}

Key Uncertainties:

Radiosonde records are much less complete spatially 
than surface records and evidence suggests a number of 
radiosonde records are unreliable, especially in the tropics. 
It is likely that all records of tropospheric temperature 
trends still contain residual errors. {3.4}

While changes in large-scale atmospheric circulation are 
apparent, the quality of analyses is best only after 1979, 
making analysis of, and discrimination between, change 
and variability diffi cult. {3.5, 3.6}

Surface and satellite observations disagree on total and 
low-level cloud changes over the ocean. {3.4}

Multi-decadal changes in DTR are not well understood, 
in part because of limited observations of changes in 
cloudiness and aerosols. {3.2}

Diffi culties in the measurement of precipitation remain 
an area of concern in quantifying trends in global and 
regional precipitation. {3.3}

Records of soil moisture and streamfl ow are often very 
short, and are available for only a few regions, which 
impedes complete analyses of changes in droughts. {3.3}

The availability of observational data restricts the types 
of extremes that can be analysed. The rarer the event, the 
more diffi cult it is to identify long-term changes because 
there are fewer cases available. {3.8}

Information on hurricane frequency and intensity is 
limited prior to the satellite era. There are questions about 
the interpretation of the satellite record. {3.8}

There is insuffi cient evidence to determine whether trends 
exist in tornadoes, hail, lightning and dust storms at small 
spatial scales. {3.8}
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TS.6.2.2 Snow, Ice and Frozen Ground 

Robust Findings:

The amount of ice on the Earth is decreasing. There has 
been widespread retreat of mountain glaciers since the end 
of the 19th century. The rate of mass loss from glaciers 
and the Greenland Ice Sheet is increasing. {4.5, 4.6}

The extent of NH snow cover has declined. Seasonal river 
and lake ice duration has decreased over the past 150 
years. {4.2, 4.3}

Since 1978, annual mean arctic sea ice extent has been 
declining and summer minimum arctic ice extent has 
decreased. {4.4}

Ice thinning occurred in the Antarctic Peninsula and 
Amundsen shelf ice during the 1990s. Tributary glaciers 
have accelerated and complete breakup of the Larsen B 
Ice Shelf occurred in 2002. {4.6}

Temperature at the top of the permafrost layer has increased 
by up to 3°C since the 1980s in the Arctic. The maximum 
extent of seasonally frozen ground has decreased by about 
7% in the NH since 1900, and its maximum depth has 
decreased by about 0.3 m in Eurasia since the mid-20th 
century. {4.7} 

Key Uncertainties:

There is no global compilation of in situ snow data prior 
to 1960. Well-calibrated snow water equivalent data are 
not available for the satellite era. {4.2}

There are insuffi cient data to draw any conclusions about 
trends in the thickness of antarctic sea ice. {4.4}

Uncertainties in estimates of glacier mass loss arise from 
limited global inventory data, incomplete area-volume 
relationships and imbalance in geographic coverage. 
{4.5}

Mass balance estimates for ice shelves and ice sheets, 
especially for Antarctica, are limited by calibration and 
validation of changes detected by satellite altimetry and 
gravity measurements. {4.6}

Limited knowledge of basal processes and of ice shelf 
dynamics leads to large uncertainties in the understanding 
of ice fl ow processes and ice sheet stability. {4.6} 
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TS.6.2.3 Oceans and Sea Level

Robust Findings:

The global temperature (or heat content) of the oceans has 
increased since 1955. {5.2}

Large-scale regionally coherent trends in salinity have 
been observed over recent decades with freshening in 
subpolar regions and increased salinity in the shallower 
parts of the tropics and subtropics. These trends are 
consistent with changes in precipitation and inferred larger 
water transport in the atmosphere from low latitudes to 
high latitudes and from the Atlantic to the Pacifi c. {5.2}

Global average sea level rose during the 20th century. 
There is high confi dence that the rate of sea level rise 
increased between the mid-19th and mid-20th centuries. 
During 1993 to 2003, sea level rose more rapidly than 
during 1961 to 2003. {5.5}

Thermal expansion of the ocean and loss of mass from 
glaciers and ice caps made substantial contributions to the 
observed sea level rise. {5.5}

The observed rate of sea level rise from 1993 to 2003 is 
consistent with the sum of observed contributions from 
thermal expansion and loss of land ice. {5.5}

The rate of sea level change over recent decades has not 
been geographically uniform. {5.5}

As a result of uptake of anthropogenic CO2 since 1750, 
the acidity of the surface ocean has increased. {5.4, 7.3}

Key Uncertainties:

Limitations in ocean sampling imply that decadal 
variability in global heat content, salinity and sea level 
changes can only be evaluated with moderate confi dence. 
{5.2, 5.5}

There is low confi dence in observations of trends in the 
MOC. {Box 5.1} 

Global average sea level rise from 1961 to 2003 appears 
to be larger than can be explained by thermal expansion 
and land ice melting. {5.5}
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TS.6.2.4 Palaeoclimate

Robust Findings:

During the last interglacial, about 125,000 years ago, 
global sea level was likely 4 to 6 m higher than present, 
due primarily to retreat of polar ice. {6.4} 

A number of past abrupt climate changes were very 
likely linked to changes in Atlantic Ocean circulation and 
affected the climate broadly across the NH. {6.4}

It is very unlikely that the Earth would naturally enter 
another ice age for at least 30,000 years. {6.4}

Biogeochemical and biogeophysical feedbacks have 
amplifi ed climatic changes in the past. {6.4}

It is very likely that average NH temperatures during the 
second half of the 20th century were warmer than in any 
other 50-year period in the last 500 years and likely that 
this was also the warmest 50-year period in the past 1300 
years. {6.6}

Palaeoclimate records indicate with high confi dence 
that droughts lasting decades or longer were a recurrent 
feature of climate in several regions over the last 2000 
years. {6.6} 

Key Uncertainties:

Mechanisms of onset and evolution of past abrupt climate 
change and associated climate thresholds are not well 
understood. This limits confi dence in the ability of climate 
models to simulate realistic abrupt change. {6.4}

The degree to which ice sheets retreated in the past, the 
rates of such change and the processes involved are not 
well known. {6.4}

Knowledge of climate variability over more than the last 
few hundred years in the SH and tropics is limited by the 
lack of palaeoclimatic records. {6.6}

Differing amplitudes and variability observed in available 
millennial-length NH temperature reconstructions, as 
well as the relation of these differences to choice of proxy 
data and statistical calibration methods, still need to be 
reconciled. {6.6}

The lack of extensive networks of proxy data for 
temperature in the last 20 years limits understanding of 
how such proxies respond to rapid global warming and of 
the infl uence of other environmental changes. {6.6}
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Robust Findings:

Greenhouse gas forcing has very likely caused most 
of the observed global warming over the last 50 years. 
Greenhouse gas forcing alone during the past half century 
would likely have resulted in greater than the observed 
warming if there had not been an offsetting cooling effect 
from aerosol and other forcings. {9.4}

It is extremely unlikely (<5%) that the global pattern of 
warming during the past half century can be explained 
without external forcing, and very unlikely that it is due 
to known natural external causes alone. The warming 
occurred in both the ocean and the atmosphere and took 
place at a time when natural external forcing factors would 
likely have produced cooling. {9.4, 9.7}

It is likely that anthropogenic forcing has contributed 
to the general warming observed in the upper several 
hundred metres of the ocean during the latter half of the 
20th century. Anthropogenic forcing, resulting in thermal 
expansion from ocean warming and glacier mass loss, has 
very likely contributed to sea level rise during the latter 
half of the 20th century. {9.5}

A substantial fraction of the reconstructed NH inter-
decadal temperature variability of the past seven centuries 
is very likely attributable to natural external forcing 
(volcanic eruptions and solar variability). {9.3}

Key Uncertainties:

Confi dence in attributing some climate change phenomena 
to anthropogenic infl uences is currently limited by 
uncertainties in radiative forcing, as well as uncertainties 
in feedbacks and in observations. {9.4, 9.5}

Attribution at scales smaller than continental and over 
time scales of less than 50 years is limited by larger 
climate variability on smaller scales, by uncertainties in 
the small-scale details of external forcing and the response 
simulated by models, as well as uncertainties in simulation 
of internal variability on small scales, including in relation 
to modes of variability. {9.4}

There is less confi dence in understanding of forced 
changes in precipitation and surface pressure than there is 
of temperature. {9.5}

The range of attribution statements is limited by the 
absence of formal detection and attribution studies, or 
their very limited number, for some phenomena (e.g., 
some types of extreme events). {9.5}

Incomplete global data sets for extremes analysis and 
model uncertainties still restrict the regions and types of 
detection studies of extremes that can be performed. {9.4, 
9.5}

Despite improved understanding, uncertainties in model-
simulated internal climate variability limit some aspects 
of attribution studies. For example, there are apparent 
discrepancies between estimates of ocean heat content 
variability from models and observations. {5.2, 9.5}

Lack of studies quantifying the contributions of 
anthropogenic forcing to ocean heat content increase or 
glacier melting together with the open part of the sea level 
budget for 1961 to 2003 are among the uncertainties in 
quantifying the anthropogenic contribution to sea level 
rise. {9.5}

TS.6.3 Understanding and Attributing Climate Change
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Key Uncertainties:

A proven set of model metrics comparing simulations 
with observations, that might be used to narrow the range 
of plausible climate projections, has yet to be developed. 
{8.2}

Most models continue to have diffi culty controlling 
climate drift, particularly in the deep ocean. This drift 
must be accounted for when assessing change in many 
oceanic variables. {8.2} 

Models differ considerably in their estimates of the 
strength of different feedbacks in the climate system. 
{8.6}

Problems remain in the simulation of some modes of 
variability, notably the Madden-Julian Oscillation, 
recurrent atmospheric blocking and extreme precipitation. 
{8.4} 

Systematic biases have been found in most models’ 
simulations of the Southern Ocean that are linked to 
uncertainty in transient climate response. {8.3}

Climate models remain limited by the spatial resolution 
that can be achieved with present computer resources, 
by the need for more extensive ensemble runs and by the 
need to include some additional processes. {8.1–8.5}

TS.6.4.1 Model Evaluation

Robust Findings:

Climate models are based on well-established physical 
principles and have been demonstrated to reproduce 
observed features of recent climate and past climate 
changes. There is considerable confi dence that AOGCMs 
provide credible quantitative estimates of future climate 
change, particularly at continental scales and above. 
Confi dence in these estimates is higher for some climate 
variables (e.g., temperature) than for others (e.g., 
precipitation). {FAQ 8.1}

Confi dence in models has increased due to:
• improvements in the simulation of many aspects 

of present climate, including important modes of 
climate variability and extreme hot and cold spells;

• improved model resolution, computational methods 
and parametrizations and inclusion of additional 
processes;

• more comprehensive diagnostic tests, including tests 
of model ability to forecast on time scales from days 
to a year when initialised with observed conditions; 
and

• enhanced scrutiny of models and expanded 
diagnostic analysis of model behaviour facilitated 
by internationally coordinated efforts to collect 
and disseminate output from model experiments 
performed under common conditions. {8.4}

TS.6.4 Projections of Future Changes in Climate
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Key Uncertainties:

Large uncertainties remain about how clouds might 
respond to global climate change. {8.6}

Robust Findings:

Equilibrium climate sensitivity is likely to be in the range 
2°C to 4.5°C with a most likely value of about 3°C, based 
upon multiple observational and modelling constraints. 
It is very unlikely to be less than 1.5°C. {8.6, 9.6, Box 
10.2}

The transient climate response is better constrained than 
the equilibrium climate sensitivity. It is very likely larger 
than 1°C and very unlikely greater than 3°C. {10.5}

There is a good understanding of the origin of differences 
in equilibrium climate sensitivity found in different 
models. Cloud feedbacks are the primary source of inter-
model differences in equilibrium climate sensitivity, with 
low cloud being the largest contributor. {8.6}

New observational and modelling evidence strongly 
supports a combined water vapour-lapse rate feedback of 
a strength comparable to that found in AOGCMs. {8.6}

TS.6.4.2 Equilibrium and Transient Climate Sensitivity
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TS.6.4.3 Global Projections 

Robust Findings: 

Even if concentrations of radiative forcing agents were 
to be stabilised, further committed warming and related 
climate changes would be expected to occur, largely 
because of time lags associated with processes in the 
oceans. {10.7}

Near-term warming projections are little affected by 
different scenario assumptions or different model 
sensitivities, and are consistent with that observed for 
the past few decades. The multi-model mean warming, 
averaged over 2011 to 2030 relative to 1980 to 1999 for 
all AOGCMs considered here, lies in a narrow range of 
0.64°C to 0.69°C for the three different SRES emission 
scenarios B1, A1B and A2. {10.3}

Geographic patterns of projected warming show the 
greatest temperature increases at high northern latitudes 
and over land, with less warming over the southern oceans 
and North Atlantic. {10.3}

Changes in precipitation show robust large-scale 
patterns: precipitation generally increases in the tropical 
precipitation maxima, decreases in the subtropics and 
increases at high latitudes as a consequence of a general 
intensifi cation of the global hydrological cycle. {10.3}

As the climate warms, snow cover and sea ice extent 
decrease; glaciers and ice caps lose mass and contribute to 
sea level rise. Sea ice extent decreases in the 21st century 

in both the Arctic and Antarctic. Snow cover reduction 
is accelerated in the Arctic by positive feedbacks and 
widespread increases in thaw depth occur over much of 
the permafrost regions. {10.3}

Based on current simulations, it is very likely that the 
Atlantic Ocean MOC will slow down by 2100. However, 
it is very unlikely that the MOC will undergo a large abrupt 
transition during the course of the 21st century. {10.3}

Heat waves become more frequent and longer lasting 
in a future warmer climate. Decreases in frost days are 
projected to occur almost everywhere in the mid- and high 
latitudes, with an increase in growing season length. There 
is a tendency for summer drying of the mid-continental 
areas during summer, indicating a greater risk of droughts 
in those regions. {10.3, FAQ 10.1}

Future warming would tend to reduce the capacity of the 
Earth system (land and ocean) to absorb anthropogenic 
CO2. As a result, an increasingly large fraction of 
anthropogenic CO2 would stay in the atmosphere under 
a warmer climate. This feedback requires reductions in 
the cumulative emissions consistent with stabilisation at a 
given atmospheric CO2 level compared to the hypothetical 
case of no such feedback. The higher the stabilisation 
scenario, the larger the amount of climate change and the 
larger the required reductions. {7.3, 10.4}

Key Uncertainties:

The likelihood of a large abrupt change in the MOC 
beyond the end of the 21st century cannot yet be assessed 
reliably. For low and medium emission scenarios with 
atmospheric greenhouse gas concentrations stabilised 
beyond 2100, the MOC recovers from initial weakening 
within one to several centuries. A permanent reduction in 
the MOC cannot be excluded if the forcing is strong and 
long enough. {10.7}

The model projections for extremes of precipitation show 
larger ranges in amplitude and geographical locations 
than for temperature. {10.3, 11.1}

The response of some major modes of climate variability 
such as ENSO still differs from model to model, which may 

be associated with differences in the spatial and temporal 
representation of present-day conditions. {10.3}

The robustness of many model responses of tropical 
cyclones to climate change is still limited by the resolution 
of typical climate models. {10.3} 

Changes in key processes that drive some global and 
regional climate changes are poorly known (e.g., ENSO, 
NAO, blocking, MOC, land surface feedbacks, tropical 
cyclone distribution). {11.2–11.9}

The magnitude of future carbon cycle feedbacks is still 
poorly determined. {7.3, 10.4}
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TS.6.4.4 Sea Level

Robust Findings: 

Sea level will continue to rise in the 21st century because 
of thermal expansion and loss of land ice. Sea level rise 
was not geographically uniform in the past and will not be 
in the future. {10.6}

Projected warming due to emission of greenhouse gases 
during the 21st century will continue to contribute to sea 
level rise for many centuries. {10.7}

Sea level rise due to thermal expansion and loss of mass 
from ice sheets would continue for centuries or millennia 
even if radiative forcing were to be stabilised. {10.7}

Key Uncertainties:

Models do not yet exist that address key processes that 
could contribute to large rapid dynamical changes in the 
Antarctic and Greenland Ice Sheets that could increase 
the discharge of ice into the ocean. {10.6}

The sensitivity of ice sheet surface mass balance (melting 
and precipitation) to global climate change is not well 
constrained by observations and has a large spread in 
models. There is consequently a large uncertainty in the 
magnitude of global warming that, if sustained, would lead 
to the elimination of the Greenland Ice Sheet. {10.7}
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TS.6.4.5 Regional Projections

Robust Findings:

Temperatures averaged over all habitable continents and 
over many sub-continental land regions will very likely 
rise at greater than the global average rate in the next 50 
years and by an amount substantially in excess of natural 
variability. {10.3, 11.2–11.9}

Precipitation is likely to increase in most subpolar and 
polar regions. The increase is considered especially 
robust, and very likely to occur, in annual precipitation in 
most of northern Europe, Canada, the northeast USA and 
the Arctic, and in winter precipitation in northern Asia 
and the Tibetan Plateau. {11.2–11.9}

Precipitation is likely to decrease in many subtropical 
regions, especially at the poleward margins of the 
subtropics. The decrease is considered especially robust, 
and very likely to occur, in annual precipitation in European 
and African regions bordering the Mediterranean and in 
winter rainfall in south-western Australia. {11.2–11.9}

Extremes of daily precipitation are likely to increase in 
many regions. The increase is considered as very likely in 
northern Europe, south Asia, East Asia, Australia and New 
Zealand – this list in part refl ecting uneven geographic 
coverage in existing published research. {11.2–11.9}

Key Uncertainties:

In some regions there has been only very limited study of 
key aspects of regional climate change, particularly with 
regard to extreme events. {11.2–11.9}

Atmosphere-Ocean General Circulation Models show no 
consistency in simulated regional precipitation change in 
some key regions (e.g., northern South America, northern 
Australia and the Sahel). {10.3, 11.2–11.9}

In many regions where fi ne spatial scales in climate are 
generated by topography, there is insuffi cient information 
on how climate change will be expressed at these scales. 
{11.2–11.9} 
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Frequently Asked Question 1.1

What Factors Determine Earth’s Climate?

The climate system is a complex, interactive system consisting 
of the atmosphere, land surface, snow and ice, oceans and other 
bodies of water, and living things. The atmospheric component of 
the climate system most obviously characterises climate; climate 
is often defined as ‘average weather’. Climate is usually described 
in terms of the mean and variability of temperature, precipitation 
and wind over a period of time, ranging from months to millions 
of years (the classical period is 30 years). The climate system 
evolves in time under the influence of its own internal dynamics 
and due to changes in external factors that affect climate (called 
‘forcings’). External forcings include natural phenomena such as 
volcanic eruptions and solar variations, as well as human-induced 
changes in atmospheric composition. Solar radiation powers the 
climate system. There are three fundamental ways to change the 
radiation balance of the Earth: 1) by changing the incoming solar 
radiation (e.g., by changes in Earth’s orbit or in the Sun itself); 2) 
by changing the fraction of solar radiation that is reflected (called 

‘albedo’; e.g., by changes in cloud cover, atmospheric particles or 
vegetation); and 3) by altering the longwave radiation from Earth 
back towards space (e.g., by changing greenhouse gas concentra-
tions). Climate, in turn, responds directly to such changes, as well 
as indirectly, through a variety of feedback mechanisms. 

The amount of energy reaching the top of Earth’s atmosphere 
each second on a surface area of one square metre facing the 
Sun during daytime is about 1,370 Watts, and the amount of en-
ergy per square metre per second averaged over the entire planet 
is one-quarter of this (see Figure 1). About 30% of the sunlight 
that reaches the top of the atmosphere is reflected back to space. 
Roughly two-thirds of this reflectivity is due to clouds and small 
particles in the atmosphere known as ‘aerosols’. Light-coloured  
areas of Earth’s surface – mainly snow, ice and deserts – reflect the 
remaining one-third of the sunlight. The most dramatic change in 
aerosol-produced reflectivity comes when major volcanic erup-
tions eject material very high into the atmosphere. Rain typically 

FAQ 1.1, Figure 1. Estimate of the Earth’s annual and global mean energy balance. Over the long term, the amount of incoming solar radiation absorbed by the Earth and 
atmosphere is balanced by the Earth and atmosphere releasing the same amount of outgoing longwave radiation. About half of the incoming solar radiation is absorbed by the 
Earth’s surface. This energy is transferred to the atmosphere by warming the air in contact with the surface (thermals), by evapotranspiration and by longwave radiation that is 
absorbed by clouds and greenhouse gases. The atmosphere in turn radiates longwave energy back to Earth as well as out to space. Source: Kiehl and Trenberth (1997).

(continued)
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clears aerosols out of the atmosphere in a week or two, but when 
material from a violent volcanic eruption is projected far above 
the highest cloud, these aerosols typically influence the climate 
for about a year or two before falling into the troposphere and 
being carried to the surface by precipitation. Major volcanic erup-
tions can thus cause a drop in mean global surface temperature of 
about half a degree celsius that can last for months or even years. 
Some man-made aerosols also significantly reflect sunlight.

The energy that is not reflected back to space is absorbed by 
the Earth’s surface and atmosphere. This amount is approximately 
240 Watts per square metre (W m–2). To balance the incoming en-
ergy, the Earth itself must radiate, on average, the same amount 
of energy back to space. The Earth does this by emitting outgoing 
longwave radiation. Everything on Earth emits longwave radia-
tion continuously. That is the heat energy one feels radiating out 
from a fire; the warmer an object, the more heat energy it radi-
ates. To emit 240 W m–2, a surface would have to have a tem-
perature of around –19°C. This is much colder than the conditions 
that actually exist at the Earth’s surface (the global mean surface 
temperature is about 14°C). Instead, the necessary –19°C is found 
at an altitude about 5 km above the surface.

The reason the Earth’s surface is this warm is the presence of 
greenhouse gases, which act as a partial blanket for the longwave 
radiation coming from the surface. This blanketing is known as 
the natural greenhouse effect. The most important greenhouse 
gases are water vapour and carbon dioxide. The two most abun-
dant constituents of the atmosphere – nitrogen and oxygen – have 
no such effect. Clouds, on the other hand, do exert a blanketing 
effect similar to that of the greenhouse gases; however, this effect 
is offset by their reflectivity, such that on average, clouds tend to 
have a cooling effect on climate (although locally one can feel the 
warming effect: cloudy nights tend to remain warmer than clear 
nights because the clouds radiate longwave energy back down 
to the surface). Human activities intensify the blanketing effect 
through the release of greenhouse gases. For instance, the amount 
of carbon dioxide in the atmosphere has increased by about 35% 
in the industrial era, and this increase is known to be due to hu-
man activities, primarily the combustion of fossil fuels and re-
moval of forests. Thus, humankind has dramatically altered the 
chemical composition of the global atmosphere with substantial 
implications for climate.

Because the Earth is a sphere, more solar energy arrives for a 
given surface area in the tropics than at higher latitudes, where 

sunlight strikes the atmosphere at a lower angle. Energy is trans-
ported from the equatorial areas to higher latitudes via atmo-
spheric and oceanic circulations, including storm systems. Energy 
is also required to evaporate water from the sea or land surface, 
and this energy, called latent heat, is released when water vapour 
condenses in clouds (see Figure 1). Atmospheric circulation is pri-
marily driven by the release of this latent heat. Atmospheric cir-
culation in turn drives much of the ocean circulation through the 
action of winds on the surface waters of the ocean, and through 
changes in the ocean’s surface temperature and salinity through 
precipitation and evaporation. 

Due to the rotation of the Earth, the atmospheric circulation 
patterns tend to be more east-west than north-south. Embedded 
in the mid-latitude westerly winds are large-scale weather sys-
tems that act to transport heat toward the poles. These weather 
systems are the familiar migrating low- and high-pressure sys-
tems and their associated cold and warm fronts. Because of land-
ocean temperature contrasts and obstacles such as mountain 
ranges and ice sheets, the circulation system’s planetary-scale 
atmospheric waves tend to be geographically anchored by conti-
nents and mountains although their amplitude can change with 
time. Because of the wave patterns, a particularly cold winter 
over North America may be associated with a particularly warm 
winter elsewhere in the hemisphere. Changes in various aspects 
of the climate system, such as the size of ice sheets, the type and 
distribution of vegetation or the temperature of the atmosphere 
or ocean will influence the large-scale circulation features of the 
atmosphere and oceans.

There are many feedback mechanisms in the climate system 
that can either amplify (‘positive feedback’) or diminish (‘negative 
feedback’) the effects of a change in climate forcing. For example, 
as rising concentrations of greenhouse gases warm Earth’s cli-
mate, snow and ice begin to melt. This melting reveals darker 
land and water surfaces that were beneath the snow and ice, 
and these darker surfaces absorb more of the Sun’s heat, causing 
more warming, which causes more melting, and so on, in a self-
reinforcing cycle. This feedback loop, known as the ‘ice-albedo 
feedback’, amplifies the initial warming caused by rising levels 
of greenhouse gases. Detecting, understanding and accurately 
quantifying climate feedbacks have been the focus of a great deal 
of research by scientists unravelling the complexities of Earth’s 
climate. 
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Frequently Asked Question 1.2

What is the Relationship between Climate Change 
and Weather?

Climate is generally defined as average weather, and as such, 
climate change and weather are intertwined. Observations can 
show that there have been changes in weather, and it is the statis-
tics of changes in weather over time that identify climate change. 
While weather and climate are closely related, there are important 
differences. A common confusion between weather and climate 
arises when scientists are asked how they can predict climate 50 
years from now when they cannot predict the weather a few weeks 
from now. The chaotic nature of weather makes it unpredictable 
beyond a few days. Projecting changes in climate (i.e., long-term 
average weather) due to changes in atmospheric composition or 
other factors is a very different and much more manageable issue. 
As an analogy, while it is impossible to predict the age at which 
any particular man will die, we can say with high confidence that 
the average age of death for men in industrialised countries is 
about 75. Another common confusion of these issues is thinking 

that a cold winter or a cooling spot on the globe is evidence against 
global warming. There are always extremes of hot and cold, al-
though their frequency and intensity change as climate changes. 
But when weather is averaged over space and time, the fact that 
the globe is warming emerges clearly from the data.

Meteorologists put a great deal of effort into observing, un-
derstanding and predicting the day-to-day evolution of weath-
er systems. Using physics-based concepts that govern how the 
atmosphere moves, warms, cools, rains, snows, and evaporates 
water, meteorologists are typically able to predict the weather 
successfully several days into the future. A major limiting factor 
to the predictability of weather beyond several days is a funda-
mental dynamical property of the atmosphere. In the 1960s, me-
teorologist Edward Lorenz discovered that very slight differences 
in initial conditions can produce very different forecast results. 

FAQ 1.2, Figure 1. Schematic view of the components of the climate system, their processes and interactions. 

(continued)
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This is the so-called butterfly effect: a butterfly flapping its wings 
(or some other small phenomenon) in one place can, in principle, 
alter the subsequent weather pattern in a distant place. At the 
core of this effect is chaos theory, which deals with how small 
changes in certain variables can cause apparent randomness in 
complex systems. 

Nevertheless, chaos theory does not imply a total lack of or-
der. For example, slightly different conditions early in its history 
might alter the day a storm system would arrive or the exact path 
it would take, but the average temperature and precipitation (that 
is, climate) would still be about the same for that region and that 
period of time. Because a significant problem facing weather fore-
casting is knowing all the conditions at the start of the forecast 
period, it can be useful to think of climate as dealing with the 
background conditions for weather. More precisely, climate can 
be viewed as concerning the status of the entire Earth system, in-
cluding the atmosphere, land, oceans, snow, ice and living things 
(see Figure 1) that serve as the global background conditions that 
determine weather patterns. An example of this would be an El 
Niño affecting the weather in coastal Peru. The El Niño sets limits 
on the probable evolution of weather patterns that random effects 
can produce. A La Niña would set different limits.

Another example is found in the familiar contrast between 
summer and winter. The march of the seasons is due to changes in 
the geographical patterns of energy absorbed and radiated away 
by the Earth system. Likewise, projections of future climate are 

shaped by fundamental changes in heat energy in the Earth sys-
tem, in particular the increasing intensity of the greenhouse effect 
that traps heat near Earth’s surface, determined by the amount of 
carbon dioxide and other greenhouse gases in the atmosphere. 
Projecting changes in climate due to changes in greenhouse gas-
es 50 years from now is a very different and much more easily 
solved problem than forecasting weather patterns just weeks from 
now. To put it another way, long-term variations brought about 
by changes in the composition of the atmosphere are much more 
predictable than individual weather events. As an example, while 
we cannot predict the outcome of a single coin toss or roll of the 
dice, we can predict the statistical behaviour of a large number 
of such trials.

While many factors continue to influence climate, scientists 
have determined that human activities have become a dominant 
force, and are responsible for most of the warming observed over 
the past 50 years. Human-caused climate change has resulted pri-
marily from changes in the amounts of greenhouse gases in the 
atmosphere, but also from changes in small particles (aerosols), as 
well as from changes in land use, for example. As climate changes, 
the probabilities of certain types of weather events are affected. 
For example, as Earth’s average temperature has increased, some 
weather phenomena have become more frequent and intense (e.g., 
heat waves and heavy downpours), while others have become less 
frequent and intense (e.g., extreme cold events). 
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Frequently Asked Question 1.3

What is the Greenhouse Effect?

The Sun powers Earth’s climate, radiating energy at very short 
wavelengths, predominately in the visible or near-visible (e.g., ul-
traviolet) part of the spectrum. Roughly one-third of the solar 
energy that reaches the top of Earth’s atmosphere is reflected di-
rectly back to space. The remaining two-thirds is absorbed by the 
surface and, to a lesser extent, by the atmosphere. To balance the 
absorbed incoming energy, the Earth must, on average, radiate the 
same amount of energy back to space. Because the Earth is much 
colder than the Sun, it radiates at much longer wavelengths, pri-
marily in the infrared part of the spectrum (see Figure 1). Much 
of this thermal radiation emitted by the land and ocean is ab-
sorbed by the atmosphere, including clouds, and reradiated back 
to Earth. This is called the greenhouse effect. The glass walls in 
a greenhouse reduce airflow and increase the temperature of the 
air inside. Analogously, but through a different physical process, 
the Earth’s greenhouse effect warms the surface of the planet. 
Without the natural greenhouse effect, the average temperature at 
Earth’s surface would be below the freezing point of water. Thus, 

Earth’s natural greenhouse effect makes life as we know it pos-
sible. However, human activities, primarily the burning of fossil 
fuels and clearing of forests, have greatly intensified the natural 
greenhouse effect, causing global warming. 

The two most abundant gases in the atmosphere, nitrogen 
(comprising 78% of the dry atmosphere) and oxygen (comprising 
21%), exert almost no greenhouse effect. Instead, the greenhouse 
effect comes from molecules that are more complex and much less 
common. Water vapour is the most important greenhouse gas, and 
carbon dioxide (CO2) is the second-most important one. Methane, 
nitrous oxide, ozone and several other gases present in the atmo-
sphere in small amounts also contribute to the greenhouse effect. 
In the humid equatorial regions, where there is so much water 
vapour in the air that the greenhouse effect is very large, add-
ing a small additional amount of CO2 or water vapour has only a 
small direct impact on downward infrared radiation. However, in 
the cold, dry polar regions, the effect of a small increase in CO2 or 

FAQ 1.3, Figure 1. An idealised model of the natural greenhouse effect. See text for explanation.

(continued)
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water vapour is much greater. The same is true for the cold, dry 
upper atmosphere where a small increase in water vapour has a 
greater influence on the greenhouse effect than the same change 
in water vapour would have near the surface.

Several components of the climate system, notably the oceans 
and living things, affect atmospheric concentrations of green-
house gases. A prime example of this is plants taking CO2 out of 
the atmosphere and converting it (and water) into carbohydrates 
via photosynthesis. In the industrial era, human activities have 
added greenhouse gases to the atmosphere, primarily through the 
burning of fossil fuels and clearing of forests. 

Adding more of a greenhouse gas, such as CO2, to the at-
mosphere intensifies the greenhouse effect, thus warming Earth’s 
climate. The amount of warming depends on various feedback 
mechanisms. For example, as the atmosphere warms due to rising 
levels of greenhouse gases, its concentration of water vapour 

increases, further intensifying the greenhouse effect. This in turn 
causes more warming, which causes an additional increase in 
water vapour, in a self-reinforcing cycle. This water vapour feed-
back may be strong enough to approximately double the increase 
in the greenhouse effect due to the added CO2 alone.

Additional important feedback mechanisms involve clouds. 
Clouds are effective at absorbing infrared radiation and therefore 
exert a large greenhouse effect, thus warming the Earth. Clouds 
are also effective at reflecting away incoming solar radiation, thus 
cooling the Earth. A change in almost any aspect of clouds, such 
as their type, location, water content, cloud altitude, particle size 
and shape, or lifetimes, affects the degree to which clouds warm 
or cool the Earth. Some changes amplify warming while others 
diminish it. Much research is in progress to better understand how 
clouds change in response to climate warming, and how these 
changes affect climate through various feedback mechanisms.



100

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 effect of human activities on climate has been a warm-
ing influence. The human impact on climate during this era greatly 
exceeds that due to 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 (CO2), methane (CH4), nitrous oxide 
(N2O) 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 CO2 and re-
duces its uptake by plants. Carbon dioxide is also released in 
natural processes such as the decay of plant matter.

•	 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 N2O. 

•	 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.

•	 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 CH4 emissions, 
because CH4 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 

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.)

(continued)
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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. 

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.)

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, 
CO2 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)
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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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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 to 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 to 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).

Frequently Asked Question 3.1

How are Temperatures on Earth Changing?

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 Niño.

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 temperatures1 (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 to 1970 the increasing industrialisation following World War II 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 trends 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 
more clearly relate to land and ocean.

1 From the HadCRUT3 data set. 
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Observations show that changes are occurring in the amount, 
intensity, frequency and type of precipitation. These aspects of pre-
cipitation generally exhibit large natural variability, and El Niño 
and changes in atmospheric circulation patterns such as the North 
Atlantic Oscillation have a substantial influence. Pronounced long-
term trends from 1900 to 2005 have been observed in precipitation 
amount in some places: significantly wetter in eastern North and 
South America, northern Europe and northern and central Asia, but 
drier in the Sahel, southern Africa, the Mediterranean and south-
ern Asia. More precipitation now falls as rain rather than snow 
in northern regions. Widespread increases in heavy precipitation 
events have been observed, even in places where total amounts have 
decreased. These changes are associated with increased water va-
pour in the atmosphere arising from the warming of the world’s 
oceans, especially at lower latitudes. There are also increases in 
some regions in the occurrences of both droughts and floods. 

Precipitation is the general term for rainfall, snowfall and 
other forms of frozen or liquid water falling from clouds. Pre-
cipitation is intermittent, and the character of the precipitation 
when it occurs depends greatly on temperature and the weather 
situation. The latter determines the supply of moisture through 
winds and surface evaporation, and how it is gathered together 
in storms as clouds. Precipitation forms as water vapour con-
denses, usually in rising air that expands and hence cools. The 
upward motion comes from air rising over mountains, warm air 
riding over cooler air (warm front), colder air pushing under 
warmer air (cold front), convection from local heating of the 
surface, and other weather and cloud systems. Hence, changes 
in any of these aspects alter precipitation. As precipitation maps 
tend to be spotty, overall trends in precipitation are indicated 
by the Palmer Drought Severity Index (see Figure 1), which is a 
measure of soil moisture using precipitation and crude estimates 
of changes in evaporation. 

A consequence of increased heating from the human-induced 
enhanced greenhouse effect is increased evaporation, provided 
that adequate surface moisture is available (as it always is over 
the oceans and other wet surfaces). Hence, surface moisture ef-
fectively acts as an ‘air conditioner’, as heat used for evapora-
tion acts to moisten the air rather than warm it. An observed 
consequence of this is that summers often tend to be either warm 
and dry or cool and wet. In the areas of eastern North and South 
America where it has become wetter (Figure 1), temperatures have 
therefore increased less than elsewhere (see FAQ 3.3, Figure 1 for 
changes in warm days). Over northern continents in winter, how-
ever, more precipitation is associated with higher temperatures, 
as the water holding capacity of the atmosphere increases in the 
warmer conditions. However, in these regions, where precipitation 
has generally increased somewhat, increases in temperatures (FAQ 
3.1) have increased drying, making the precipitation changes less 
evident in Figure 1. 

Frequently Asked Question 3.2

How is Precipitation Changing?

As climate changes, several direct influences alter precipita-
tion amount, intensity, frequency and type. Warming accelerates 
land surface drying and increases the potential incidence and 
severity of droughts, which has been observed in many places 
worldwide (Figure 1). However, a well-established physical law 
(the Clausius-Clapeyron relation) determines that the water-hold-
ing capacity of the atmosphere increases by about 7% for every 
1°C rise in temperature. Observations of trends in relative humid-
ity are uncertain but suggest that it has remained about the same 
overall, from the surface throughout the troposphere, and hence 
increased temperatures will have resulted in increased water va-
pour. Over the 20th century, based on changes in sea surface tem-
peratures, it is estimated that atmospheric water vapour increased 
by about 5% in the atmosphere over the oceans. Because precipi-
tation comes mainly from weather systems that feed on the water 
vapour stored in the atmosphere, this has generally increased pre-
cipitation intensity and the risk of heavy rain and snow events. 
Basic theory, climate model simulations and empirical evidence all 
confirm that warmer climates, owing to increased water vapour, 
lead to more intense precipitation events even when the total an-
nual precipitation is reduced slightly, and with prospects for even 
stronger events when the overall precipitation amounts increase. 
The warmer climate therefore increases risks of both drought − 
where it is not raining − and floods − where it is − but at different 
times and/or places. For instance, the summer of 2002 in Europe 
brought widespread floods but was followed a year later in 2003 
by record-breaking heat waves and drought. The distribution and 
timing of floods and droughts is most profoundly affected by the 
cycle of El Niño events, particularly in the tropics and over much 
of the mid-latitudes of Pacific-rim countries.

In areas where aerosol pollution masks the ground from direct 
sunlight, decreases in evaporation reduce the overall moisture 
supply to the atmosphere. Hence, even as the potential for heavier 
precipitation results from increased water vapour amounts, the 
duration and frequency of events may be curtailed, as it takes 
longer to recharge the atmosphere with water vapour. 

Local and regional changes in the character of precipitation 
also depend a great deal on atmospheric circulation patterns 
determined by El Niño, the North Atlantic Oscillation (NAO; a 
measure of westerly wind strength over the North Atlantic in 
winter) and other patterns of variability. Some of these observed 
circulation changes are associated with climate change. An as-
sociated shift in the storm track makes some regions wetter and 
some − often nearby − drier, making for complex patterns of 
change. For instance, in the European sector a more positive NAO 
in the 1990s led to wetter conditions in northern Europe and drier 
conditions over the Mediterranean and northern African regions 
(Figure 1). The prolonged drought in the Sahel (see Figure 1), 
which was pronounced from the late 1960s to the late 1980s, 

(continued)
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continues although it is not quite as intense as it was; it has been 
linked, through changes in atmospheric circulation, to changes 
in tropical sea surface temperature patterns in the Pacific, Indian 
and Atlantic Basins. Drought has become widespread throughout 
much of Africa and more common in the tropics and subtropics.

As temperatures rise, the likelihood of precipitation falling as 
rain rather than snow increases, especially in autumn and spring 
at the beginning and end of the snow season, and in areas where 
temperatures are near freezing. Such changes are observed in 
many places, especially over land in middle and high latitudes of 

FAQ 3.2, Figure 1. The most important spatial pattern (top) of the monthly Palmer Drought Severity Index (PDSI) for 1900 to 2002. The PDSI is a prominent index of drought 
and measures the cumulative deficit (relative to local mean conditions) in surface land moisture by incorporating previous precipitation and estimates of moisture drawn into the 
atmosphere (based on atmospheric temperatures) into a hydrological accounting system. The lower panel shows how the sign and strength of this pattern has changed since 
1900. Red and orange areas are drier (wetter) than average and blue and green areas are wetter (drier) than average when the values shown in the lower plot are positive (nega-
tive). The smooth black curve shows decadal variations. The time series approximately corresponds to a trend, and this pattern and its variations account for 67% of the linear 
trend of PDSI from 1900 to 2002 over the global land area. It therefore features widespread increasing African drought, especially in the Sahel, for instance. Note also the wetter 
areas, especially in eastern North and South America and northern Eurasia. Adapted from Dai et al. (2004b).

the Northern Hemisphere, leading to increased rains but reduced 
snowpacks, and consequently diminished water resources in sum-
mer, when they are most needed. Nevertheless, the often spotty 
and intermittent nature of precipitation means observed patterns 
of change are complex. The long-term record emphasizes that 
patterns of precipitation vary somewhat from year to year, and 
even prolonged multi-year droughts are usually punctuated by a 
year of heavy rains; for instance as El Niño influences are felt. An 
example may be the wet winter of 2004-2005 in the southwestern 
USA following a six-year drought and below-normal snowpack. 
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Since 1950, the number of heat waves has increased and wide-
spread increases have occurred in the numbers of warm nights. 
The extent of regions affected by droughts has also increased as 
precipitation over land has marginally decreased while evapora-
tion has increased due to warmer conditions. Generally, numbers 
of heavy daily precipitation events that lead to flooding have in-
creased, but not everywhere. Tropical storm and hurricane fre-
quencies vary considerably from year to year, but evidence suggests 
substantial increases in intensity and duration since the 1970s. 
In the extratropics, variations in tracks and intensity of storms 
reflect variations in major features of the atmospheric circulation, 
such as the North Atlantic Oscillation. 

In several regions of the world, indications of changes in vari-
ous types of extreme climate events have been found. The extremes 
are commonly considered to be the values exceeded 1, 5 and 10% 
of the time (at one extreme) or 90, 95 and 99% of the time (at the 
other extreme). The warm nights or hot days (discussed below) 
are those exceeding the 90th percentile of temperature, while cold 
nights or days are those falling below the 10th percentile. Heavy 
precipitation is defined as daily amounts greater than the 95th (or 
for ‘very heavy’, the 99th) percentile.

In the last 50 years for the land areas sampled, there has been 
a significant decrease in the annual occurrence of cold nights and 
a significant increase in the annual occurrence of warm nights 
(Figure 1). Decreases in the occurrence of cold days and increases 
in hot days, while widespread, are generally less marked. The dis-
tributions of minimum and maximum temperatures have not only 
shifted to higher values, consistent with overall warming, but the 
cold extremes have warmed more than the warm extremes over 
the last 50 years (Figure 1). More warm extremes imply an in-
creased frequency of heat waves. Further supporting indications 
include the observed trend towards fewer frost days associated 
with the average warming in most mid-latitude regions. 

A prominent indication of a change in extremes is the ob-
served evidence of increases in heavy precipitation events over 
the mid-latitudes in the last 50 years, even in places where mean 
precipitation amounts are not increasing (see also FAQ 3.2). For 
very heavy precipitation events, increasing trends are reported as 
well, but results are available for few areas. 

Drought is easier to measure because of its long duration. 
While there are numerous indices and metrics of drought, many 
studies use monthly precipitation totals and temperature averages 
combined into a measure called the Palmer Drought Severity In-
dex (PDSI). The PDSI calculated from the middle of the 20th cen-
tury shows a large drying trend over many Northern Hemisphere 
land areas since the mid-1950s, with widespread drying over 
much of southern Eurasia, northern Africa, Canada and Alaska 

Frequently Asked Question 3.3

Has there been a Change in Extreme Events like Heat 	
Waves, Droughts, Floods and Hurricanes?

(FAQ 3.2, Figure 1), and an opposite trend in eastern North and 
South America. In the Southern Hemisphere, land surfaces were 
wet in the 1970s and relatively dry in the 1960s and 1990s, and 
there was a drying trend from 1974 to 1998. Longer-duration 
records for Europe for the whole of the 20th century indicate few 
significant trends. Decreases in precipitation over land since the 
1950s are the likely main cause for the drying trends, although 
large surface warming during the last two to three decades has 
also likely contributed to the drying. One study shows that very 
dry land areas across the globe (defined as areas with a PDSI of 
less than –3.0) have more than doubled in extent since the 1970s, 
associated with an initial precipitation decrease over land related 
to the El Niño-Southern Oscillation and with subsequent increases 
primarily due to surface warming. 

Changes in tropical storm and hurricane frequency and in-
tensity are masked by large natural variability. The El Niño- 
Southern Oscillation greatly affects the location and activity of 
tropical storms around the world. Globally, estimates of the po-
tential destructiveness of hurricanes show a substantial upward 
trend since the mid-1970s, with a trend towards longer storm 
duration and greater storm intensity, and the activity is strongly 
correlated with tropical sea surface temperature. These relation-
ships have been reinforced by findings of a large increase in num-
bers and proportion of strong hurricanes globally since 1970 even 
as total numbers of cyclones and cyclone days decreased slightly 
in most basins. Specifically, the number of category 4 and 5 hur-
ricanes increased by about 75% since 1970. The largest increases 
were in the North Pacific, Indian and Southwest Pacific Oceans. 
However, numbers of hurricanes in the North Atlantic have also 
been above normal in 9 of the last 11 years, culminating in the 
record-breaking 2005 season. 

Based on a variety of measures at the surface and in the upper 
troposphere, it is likely that there has been a poleward shift as 
well as an increase in Northern Hemisphere winter storm track ac-
tivity over the second half of the 20th century. These changes are 
part of variations that have occurred related to the North Atlantic 
Oscillation. Observations from 1979 to the mid-1990s reveal a 
tendency towards a stronger December to February circumpolar 
westerly atmospheric circulation throughout the troposphere and 
lower stratosphere, together with poleward displacements of jet 
streams and increased storm track activity. Observational evidence 
for changes in small-scale severe weather phenomena (such as 
tornadoes, hail and thunderstorms) is mostly local and too scat-
tered to draw general conclusions; increases in many areas arise 
because of increased public awareness and improved efforts to 
collect reports of these phenomena.

(continued)
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FAQ 3.3, Figure 1. Observed trends (days per decade) for 1951 to 2003 in the frequency of extreme temperatures, defined based on 1961 to 1990 
values, as maps for the 10th percentile: (a) cold nights and (b) cold days; and 90th percentile: (c) warm nights and (d) warm days. Trends were calcu-
lated only for grid boxes that had at least 40 years of data during this period and had data until at least 1999. Black lines enclose regions where trends 
are significant at the 5% level. Below each map are the global annual time series of anomalies (with respect to 1961 to 1990). The orange line shows 
decadal variations. Trends are significant at the 5% level for all the global indices shown. Adapted from Alexander et al. (2006).
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Frequently Asked Question 4.1

Is the Amount of Snow and Ice on the Earth Decreasing?

coastal regions of Greenland and West Antarctica in response to 
increased ice outflow and increased Greenland surface melting. 

Ice interacts with the surrounding climate in complex ways, so 
the causes of specific changes are not always clear. Nonetheless, it 
is an unavoidable fact that ice melts when the local temperature is 

FAQ 4.1, Figure 1. Anomaly time series (departure from the long-term 
mean) of polar surface air temperature (A, G), arctic and antarctic sea ice ex-
tent (B, F), Northern Hemisphere (NH) frozen ground extent (C), NH snow cover 
extent (D) and global glacier mass balance (E). The solid red line in E denotes 
the cumulative global glacier mass balance; in the other panels it shows 
decadal variations (see Appendix 3.A).

Yes. Observations show a global-scale decline of snow and 
ice over many years, especially since 1980 and increasing dur-
ing the past decade, despite growth in some places and little 
change in others (Figure 1). Most mountain glaciers are getting 
smaller. Snow cover is retreating earlier in the spring. Sea ice 
in the Arctic is shrinking in all seasons, most dramatically in  
summer. Reductions are reported in permafrost, seasonally  
frozen ground and river and lake ice. Important coastal regions 
of the ice sheets on Greenland and West Antarctica, and the  
glaciers of the Antarctic Peninsula, are thinning and contribut-
ing to sea level rise. The total contribution of glacier, ice cap and 
ice sheet melt to sea level rise is estimated as 1.2 ± 0.4 mm yr–1 
for the period 1993 to 2003. 

Continuous satellite measurements capture most of the 
Earth’s seasonal snow cover on land, and reveal that Northern 
Hemisphere spring snow cover has declined by about 2% per 
decade since 1966, although there is little change in autumn or 
early winter. In many places, the spring decrease has occurred 
despite increases in precipitation.

Satellite data do not yet allow similarly reliable measurement 
of ice conditions on lakes and rivers, or in seasonally or perma-
nently frozen ground. However, numerous local and regional 
reports have been published, and generally seem to indicate 
warming of permafrost, an increase in thickness of the summer 
thawed layer over permafrost, a decrease in winter freeze depth 
in seasonally frozen areas, a decrease in areal extent of perma-
frost and a decrease in duration of seasonal river and lake ice. 

Since 1978, satellite data have provided continuous coverage 
of sea ice extent in both polar regions. For the Arctic, average 
annual sea ice extent has decreased by 2.7 ± 0.6% per decade, 
while summer sea ice extent has decreased by 7.4 ± 2.4% per 
decade. The antarctic sea ice extent exhibits no significant trend. 
Thickness data, especially from submarines, are available but re-
stricted to the central Arctic, where they indicate thinning of 
approximately 40% between the period 1958 to 1977 and the 
1990s. This is likely an overestimate of the thinning over the 
entire arctic region however.

Most mountain glaciers and ice caps have been shrinking, 
with the retreat probably having started about 1850. Although 
many Northern Hemisphere glaciers had a few years of near-
balance around 1970, this was followed by increased shrinkage. 
Melting of glaciers and ice caps contributed 0.77 ± 0.22 mm yr–1 
to sea level rise between 1991 and 2004

Taken together, the ice sheets of Greenland and Antarctica 
are very likely shrinking, with Greenland contributing about 0.2 
± 0.1 mm yr–1 and Antarctica contributing 0.2 ± 0.35 mm yr–1 

to sea level rise over the period 1993 to 2003. There is evidence 
of accelerated loss through 2005. Thickening of high-altitude, 
cold regions of Greenland and East Antarctica, perhaps from 
increased snowfall, has been more than offset by thinning in 

(continued)
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above the freezing point. Reductions in snow cover and in mountain 
glaciers have occurred despite increased snowfall in many cases, 
implicating increased air temperatures. Similarly, although snow 
cover changes affect frozen ground and lake and river ice, this 
does not seem sufficient to explain the observed changes, sug-
gesting that increased local air temperatures have been important. 
Observed arctic sea ice reductions can be simulated fairly well in 

models driven by historical circulation and temperature changes. 
The observed increases in snowfall on ice sheets in some cold cen-
tral regions, surface melting in coastal regions and sub-ice-shelf 
melting along many coasts are all consistent with warming. The 
geographically widespread nature of these snow and ice changes 
suggests that widespread warming is the cause of the Earth’s over-
all loss of ice.
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Frequently Asked Question 5.1

Is Sea Level Rising?

Yes, there is strong evidence that global sea level gradually 
rose in the 20th century and is currently rising at an increased 
rate, after a period of little change between AD 0 and AD 1900. 
Sea level is projected to rise at an even greater rate in this century. 
The two major causes of global sea level rise are thermal expan-
sion of the oceans (water expands as it warms) and the loss of 
land-based ice due to increased melting.

Global sea level rose by about 120 m during the several mil-
lennia that followed the end of the last ice age (approximately 
21,000 years ago), and stabilised between 3,000 and 2,000 years 
ago. Sea level indicators suggest that global sea level did not 
change significantly from then until the late 19th century. The 
instrumental record of modern sea level change shows evidence 
for onset of sea level rise during the 19th century. Estimates for 
the 20th century show that global average sea level rose at a rate 
of about 1.7 mm yr–1. 

Satellite observations available since the early 1990s provide 
more accurate sea level data with nearly global coverage. This 
decade-long satellite altimetry data set shows that since 1993, sea 
level has been rising at a rate of around 3 mm yr–1, significantly 
higher than the average during the previous half century. Coastal 
tide gauge measurements confirm this observation, and indicate 
that similar rates have occurred in some earlier decades.

In agreement with climate models, satellite data and hydro-
graphic observations show that sea level is not rising uniformly 
around the world. In some regions, rates are up to several times the 
global mean rise, while in other regions sea level is falling. Sub-
stantial spatial variation in rates of sea level change is also inferred 
from hydrographic observations. Spatial variability of the rates of 
sea level rise is mostly due to non-uniform changes in temperature 
and salinity and related to changes in the ocean circulation. 

Near-global ocean temperature data sets made available in 
recent years allow a direct calculation of thermal expansion. It 
is believed that on average, over the period from 1961 to 2003, 
thermal expansion contributed about one-quarter of the observed 
sea level rise, while melting of land ice accounted for less than 
half. Thus, the full magnitude of the observed sea level rise during 
that period was not satisfactorily explained by those data sets, as 
reported in the IPCC Third Assessment Report.

During recent years (1993–2003), for which the observing 
system is much better, thermal expansion and melting of land 
ice each account for about half of the observed sea level rise, 
although there is some uncertainty in the estimates. 

The reasonable agreement in recent years between the observed 
rate of sea level rise and the sum of thermal expansion and loss of 
land ice suggests an upper limit for the magnitude of change in 
land-based water storage, which is relatively poorly known. Mod-
el results suggest no net trend in the storage of water over land 
due to climate-driven changes but there are large interannual and 
decadal fluctuations. However, for the recent period 1993 to 2003, 

the small discrepancy between observed sea level rise and the sum 
of known contributions might be due to unquantified human- 
induced processes (e.g., groundwater extraction, impoundment in 
reservoirs, wetland drainage and deforestation). 

Global sea level is projected to rise during the 21st century at 
a greater rate than during 1961 to 2003. Under the IPCC Special 
Report on Emission Scenarios (SRES) A1B scenario by the mid-
2090s, for instance, global sea level reaches 0.22 to 0.44 m above 
1990 levels, and is rising at about 4 mm yr–1. As in the past, sea 
level change in the future will not be geographically uniform, 
with regional sea level change varying within about ±0.15 m of 
the mean in a typical model projection. Thermal expansion is pro-
jected to contribute more than half of the average rise, but land 
ice will lose mass increasingly rapidly as the century progresses. 
An important uncertainty relates to whether discharge of ice from 
the ice sheets will continue to increase as a consequence of accel-
erated ice flow, as has been observed in recent years. This would 
add to the amount of sea level rise, but quantitative projections of 
how much it would add cannot be made with confidence, owing 
to limited understanding of the relevant processes.

Figure 1 shows the evolution of global mean sea level in 
the past and as projected for the 21st century for the SRES A1B 
scenario. 

FAQ 5.1, Figure 1. Time series of global mean sea level (deviation from the 
1980-1999 mean) in the past and as projected for the future. For the period before 
1870, global measurements of sea level are not available. The grey shading shows 
the uncertainty in the estimated long-term rate of sea level change (Section 6.4.3). 
The red line is a reconstruction of global mean sea level from tide gauges (Section 
5.5.2.1), and the red shading denotes the range of variations from a smooth curve. 
The green line shows global mean sea level observed from satellite altimetry. The 
blue shading represents the range of model projections for the SRES A1B scenario 
for the 21st century, relative to the 1980 to 1999 mean, and has been calculated 
independently from the observations. Beyond 2100, the projections are increasingly 
dependent on the emissions scenario (see Chapter 10 for a discussion of sea level 
rise projections for other scenarios considered in this report). Over many centuries or 
millennia, sea level could rise by several metres (Section 10.7.4).
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Frequently Asked Question 6.1

What Caused the Ice Ages and Other Important Climate 
Changes Before the Industrial Era?

Climate on Earth has changed on all time scales, including 
long before human activity could have played a role. Great prog-
ress has been made in understanding the causes and mechanisms 
of these climate changes. Changes in Earth’s radiation balance 
were the principal driver of past climate changes, but the causes 
of such changes are varied. For each case – be it the Ice Ages, the 
warmth at the time of the dinosaurs or the fluctuations of the past 
millennium – the specific causes must be established individually. 
In many cases, this can now be done with good confidence, and 
many past climate changes can be reproduced with quantitative 
models.

Global climate is determined by the radiation balance of the 
planet (see FAQ 1.1). There are three fundamental ways the Earth’s 
radiation balance can change, thereby causing a climate change: 
(1) changing the incoming solar radiation (e.g., by changes in the 
Earth’s orbit or in the Sun itself), (2) changing the fraction of solar 
radiation that is reflected (this fraction is called the albedo – it 
can be changed, for example, by changes in cloud cover, small 
particles called aerosols or land cover), and (3) altering the long-
wave energy radiated back to space (e.g., by changes in green-
house gas concentrations). In addition, local climate also depends 
on how heat is distributed by winds and ocean currents. All of 
these factors have played a role in past climate changes.

Starting with the ice ages that have come and gone in regu-
lar cycles for the past nearly three million years, there is strong 
evidence that these are linked to regular variations in the Earth’s 
orbit around the Sun, the so-called Milankovitch cycles (Figure 
1). These cycles change the amount of solar radiation received at 
each latitude in each season (but hardly affect the global annual 
mean), and they can be calculated with astronomical precision. 
There is still some discussion about how exactly this starts and 
ends ice ages, but many studies suggest that the amount of sum-
mer sunshine on northern continents is crucial: if it drops below 
a critical value, snow from the past winter does not melt away in 
summer and an ice sheet starts to grow as more and more snow 
accumulates. Climate model simulations confirm that an Ice Age 
can indeed be started in this way, while simple conceptual models 
have been used to successfully ‘hindcast’ the onset of past glacia-
tions based on the orbital changes. The next large reduction in 
northern summer insolation, similar to those that started past Ice 
Ages, is due to begin in 30,000 years. 

Although it is not their primary cause, atmospheric carbon di-
oxide (CO2) also plays an important role in the ice ages. Antarctic 
ice core data show that CO2 concentration is low in the cold gla-
cial times (~190 ppm), and high in the warm interglacials (~280 
ppm); atmospheric CO2 follows temperature changes in Antarctica 
with a lag of some hundreds of years. Because the climate changes 
at the beginning and end of ice ages take several thousand years, 

most of these changes are affected by a positive CO2 feedback; 
that is, a small initial cooling due to the Milankovitch cycles is 
subsequently amplified as the CO2 concentration falls. Model sim-
ulations of ice age climate (see discussion in Section 6.4.1) yield 
realistic results only if the role of CO2 is accounted for.

During the last ice age, over 20 abrupt and dramatic climate 
shifts occurred that are particularly prominent in records around 
the northern Atlantic (see Section 6.4). These differ from the gla-
cial-interglacial cycles in that they probably do not involve large 
changes in global mean temperature: changes are not synchro-
nous in Greenland and Antarctica, and they are in the opposite 
direction in the South and North Atlantic. This means that a major 
change in global radiation balance would not have been needed 
to cause these shifts; a redistribution of heat within the climate 
system would have sufficed. There is indeed strong evidence that 
changes in ocean circulation and heat transport can explain many 
features of these abrupt events; sediment data and model simula-
tions show that some of these changes could have been triggered 
by instabilities in the ice sheets surrounding the Atlantic at the 
time, and the associated freshwater release into the ocean.

Much warmer times have also occurred in climate history –  
during most of the past 500 million years, Earth was probably 
completely free of ice sheets (geologists can tell from the marks 
ice leaves on rock), unlike today, when Greenland and Antarc-
tica are ice-covered. Data on greenhouse gas abundances going 
back beyond a million years, that is, beyond the reach of antarc-
tic ice cores, are still rather uncertain, but analysis of geological 

FAQ 6.1, Figure 1. Schematic of the Earth’s orbital changes (Milankovitch 
cycles) that drive the ice age cycles. ‘T’ denotes changes in the tilt (or obliquity) of 
the Earth’s axis, ‘E’ denotes changes in the eccentricity of the orbit (due to variations 
in the minor axis of the ellipse), and ‘P’ denotes precession, that is, changes in the 
direction of the axis tilt at a given point of the orbit. Source: Rahmstorf and  
Schellnhuber (2006).

(continued)
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samples suggests that the warm ice-free periods coincide with 
high atmospheric CO2 levels. On million-year time scales, CO2 
levels change due to tectonic activity, which affects the rates of 
CO2 exchange of ocean and atmosphere with the solid Earth. See 
Section 6.3 for more about these ancient climates.

Another likely cause of past climatic changes is variations in 
the energy output of the Sun. Measurements over recent decades 
show that the solar output varies slightly (by close to 0.1%) in an 
11-year cycle. Sunspot observations (going back to the 17th cen-
tury), as well as data from isotopes generated by cosmic radiation, 
provide evidence for longer-term changes in solar activity. Data 
correlation and model simulations indicate that solar variability 

and volcanic activity are likely to be leading reasons for climate 
variations during the past millennium, before the start of the in-
dustrial era.

These examples illustrate that different climate changes in the 
past had different causes. The fact that natural factors caused 
climate changes in the past does not mean that the current cli-
mate change is natural. By analogy, the fact that forest fires have 
long been caused naturally by lightning strikes does not mean 
that fires cannot also be caused by a careless camper. FAQ 2.1 
addresses the question of how human influences compare with 
natural ones in their contributions to recent climate change. 
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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 time scales throughout Earth’s histo-
ry. Some aspects of the current climate change are not unusual, but 
others are. The concentration of CO2 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 
century 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 (CO2) concentration (and 
some other greenhouse gases), which is very unusual for the Qua-
ternary (about the last two million years). The concentration of CO2 
is now known accurately for the past 650,000 years from antarctic 
ice cores. During this time, CO2 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 CO2 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 CO2 
(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-

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 7.1

Are the Increases in Atmospheric Carbon Dioxide  
and Other Greenhouse Gases During the Industrial Era 
Caused by Human Activities?

Yes, the increases in atmospheric carbon dioxide (CO2) and 
other greenhouse gases during the industrial era are caused by hu-
man activities. In fact, the observed increase in atmospheric CO2 
concentrations does not reveal the full extent of human emissions in 
that it accounts for only 55% of the CO2 released by human activity 
since 1959. The rest has been taken up by plants on land and by 
the oceans. In all cases, atmospheric concentrations of greenhouse 
gases, and their increases, are determined by the balance between 
sources (emissions of the gas from human activities and natural 
systems) and sinks (the removal of the gas from the atmosphere 
by conversion to a different chemical compound). Fossil fuel com-
bustion (plus a smaller contribution from cement manufacture) is 
responsible for more than 75% of human-caused CO2 emissions. 
Land use change (primarily deforestation) is responsible for the re-
mainder. For methane, another important greenhouse gas, emis-
sions generated by human activities exceeded natural emissions 
over the last 25 years. For nitrous oxide, emissions generated by 
human activities are equal to natural emissions to the atmosphere. 
Most of the long-lived halogen-containing gases (such as chloro-
fluorcarbons) are manufactured by humans, and were not present in 
the atmosphere before the industrial era. On average, present-day 
tropospheric ozone has increased 38% since pre-industrial times, 
and the increase results from atmospheric reactions of short-lived 
pollutants emitted by human activity. The concentration of CO2 
is now 379 parts per million (ppm) and methane is greater than 
1,774 parts per billion (ppb), both very likely much higher than 
any time in at least 650 kyr (during which CO2 remained between 
180 and 300 ppm and methane between 320 and 790 ppb). The 
recent rate of change is dramatic and unprecedented; increases in 
CO2 never exceeded 30 ppm in 1 kyr – yet now CO2 has risen by 30 
ppm in just the last 17 years. 

Carbon Dioxide 

Emissions of CO2 (Figure 1a) from fossil fuel combustion, 
with contributions from cement manufacture, are responsible 
for more than 75% of the increase in atmospheric CO2 concen-
tration since pre-industrial times. The remainder of the increase 
comes from land use changes dominated by deforestation (and 
associated biomass burning) with contributions from changing 
agricultural practices. All these increases are caused by human 
activity. The natural carbon cycle cannot explain the observed 
atmospheric increase of 3.2 to 4.1 GtC yr–1 in the form of CO2 
over the last 25 years. (One GtC equals 1015 grams of carbon, 
i.e., one billion tonnes.) 

Natural processes such as photosynthesis, respiration, decay 
and sea surface gas exchange lead to massive exchanges, sources 
and sinks of CO2 between the land and atmosphere (estimated at 

~120 GtC yr–1) and the ocean and atmosphere (estimated at ~90 
GtC yr–1; see figure 7.3). The natural sinks of carbon produce 
a small net uptake of CO2 of approximately 3.3 GtC yr–1 over 
the last 15 years, partially offsetting the human-caused emis-
sions. Were it not for the natural sinks taking up nearly half the  
human-produced CO2 over the past 15 years, atmospheric con-
centrations would have grown even more dramatically.

The increase in atmospheric CO2 concentration is known to 
be caused by human activities because the character of CO2 in 
the atmosphere, in particular the ratio of its heavy to light car-
bon atoms, has changed in a way that can be attributed to ad-
dition of fossil fuel carbon. In addition, the ratio of oxygen to 
nitrogen in the atmosphere has declined as CO2 has increased; 
this is as expected because oxygen is depleted when fossil fuels 
are burned. A heavy form of carbon, the carbon-13 isotope, is 
less abundant in vegetation and in fossil fuels that were formed 
from past vegetation, and is more abundant in carbon in the 
oceans and in volcanic or geothermal emissions. The relative 
amount of the carbon-13 isotope in the atmosphere has been 
declining, showing that the added carbon comes from fossil fu-
els and vegetation. Carbon also has a rare radioactive isotope, 
carbon-14, which is present in atmospheric CO2 but absent in 
fossil fuels. Prior to atmospheric testing of nuclear weapons, 
decreases in the relative amount of carbon-14 showed that fos-
sil fuel carbon was being added to the atmosphere. 

Halogen-Containing Gases

Human activities are responsible for the bulk of long-lived at-
mospheric halogen-containing gas concentrations. Before indus-
trialisation, there were only a few naturally occurring halogen- 
containing gases, for example, methyl bromide and methyl 
chloride. The development of new techniques for chemical syn-
thesis resulted in a proliferation of chemically manufactured 
halogen-containing gases during the last 50 years of the 20th 
century. Emissions of key halogen-containing gases produced 
by humans are shown in Figure 1b. Atmospheric lifetimes range 
from 45 to 100 years for the chlorofluorocarbons (CFCs) plot-
ted here, from 1 to 18 years for the hydrochlorofluorocarbons 
(HCFCs), and from 1 to 270 years for the hydrofluorocarbons 
(HFCs). The perfluorocarbons (PFCs, not plotted) persist in the 
atmosphere for thousands of years. Concentrations of several 
important halogen-containing gases, including CFCs, are now 
stabilising or decreasing at the Earth’s surface as a result of the 
Montreal Protocol on Substances that Deplete the Ozone Layer 
and its Amendments. Concentrations of HCFCs, production of 
which is to be phased out by 2030, and of the Kyoto Protocol 
gases HFCs and PFCs, are currently increasing. 	 (continued)
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Tropospheric ozone concentrations are significantly higher in 
urban air, downwind of urban areas and in regions of biomass 
burning. The increase of 38% (20–50%) in tropospheric ozone 
since the pre-industrial era (Figure 1e) is human-caused.

It is very likely that the increase in the combined radiative 
forcing from CO2, CH4 and N2O was at least six times faster be-
tween 1960 and 1999 than over any 40-year period during the 
two millennia prior to the year 1800. 

Methane

Methane (CH4) sources to the 
atmosphere generated by human 
activities exceed CH4 sources from 
natural systems (Figure 1c). Between 
1960 and 1999, CH4 concentrations 
grew an average of at least six times 
faster than over any 40-year period 
of the two millennia before 1800, 
despite a near-zero growth rate since 
1980. The main natural source of 
CH4 to the atmosphere is wetlands. 
Additional natural sources include 
termites, oceans, vegetation and CH4 
hydrates. The human activities that 
produce CH4 include energy pro-
duction from coal and natural gas, 
waste disposal in landfills, raising 
ruminant animals (e.g., cattle and 
sheep), rice agriculture and biomass 
burning. Once emitted, CH4 remains 
in the atmosphere for approximately 
8.4 years before removal, mainly 
by chemical oxidation in the tropo-
sphere. Minor sinks for CH4 include 
uptake by soils and eventual destruc-
tion in the stratosphere.

Nitrous Oxide

Nitrous oxide (N2O) sources to the atmosphere from human 
activities are approximately equal to N2O sources from natural 
systems (Figure 1d). Between 1960 and 1999, N2O concentra-
tions grew an average of at least two times faster than over 
any 40-year period of the two millennia before 1800. Natural 
sources of N2O include oceans, chemical oxidation of ammonia 
in the atmosphere, and soils. Tropical soils are a particularly 
important source of N2O to the atmosphere. Human activities 
that emit N2O include transformation of fertilizer nitrogen into 
N2O and its subsequent emission from agricultural soils, bio-
mass burning, raising cattle and some industrial activities, in-
cluding nylon manufacture. Once emitted, N2O remains in the 
atmosphere for approximately 114 years before removal, mainly 
by destruction in the stratosphere. 

Tropospheric Ozone 

Tropospheric ozone is produced by photochemical reac-
tions in the atmosphere involving forerunner chemicals such as 
carbon monoxide, CH4, volatile organic compounds and nitro-
gen oxides. These chemicals are emitted by natural biological 
processes and by human activities including land use change 
and fuel combustion. Because tropospheric ozone is relatively 
short-lived, lasting for a few days to weeks in the atmosphere, 
its distributions are highly variable and tied to the abundance 
of its forerunner compounds, water vapour and sunlight. 

FAQ 7.1, Figure 1. Breakdown of contributions to the 
changes in atmospheric greenhouse gas concentrations, 
based on information detailed in Chapters 4 and 7. In (a) 
through (d), human-caused sources are shown in orange, 
while natural sources and sinks are shown in teal. In (e), hu-
man-caused tropospheric ozone amounts are in orange while 
natural ozone amounts are in green. (a) Sources and sinks 
of CO2 (GtC). Each year CO2 is released to the atmosphere 
from human activities including fossil fuel combustion and 
land use change. Only 57 to 60% of the CO2 emitted from 
human activity remains in the atmosphere. Some is dissolved 
into the oceans and some is incorporated into plants as they 

grow. Land-related fluxes are for the 1990s; fossil fuel and cement fluxes and net 
ocean uptake are for the period 2000 to 2005. All values and uncertainty ranges are 
from Table 7.1. (b) Global emissions of CFCs and other halogen-containing compounds 
for 1990 (light orange) and 2002 (dark orange). These chemicals are exclusively 
human-produced. Here, ‘HCFCs’ comprise HCFC-22, -141b and -142b, while ‘HFCs’ 
comprise HFC-23, -125, -134a and -152a. One Gg = 109 g (1,000 tonnes). Most data 
are from reports listed in Chapter 2. (c) Sources and sinks of CH4 for the period 1983 
to 2004. Human-caused sources of CH4 include energy production, landfills, ruminant 
animals (e.g., cattle and sheep), rice agriculture and biomass burning. One Tg = 1012 

g (1 million tonnes). Values and uncertainties are the means and standard deviations 
for CH4 of the corresponding aggregate values from Table 7.6. (d) Sources and sinks 
of N2O. Human-caused sources of N2O include the transformation of fertilizer nitrogen 
into N2O and its subsequent emission from agricultural soils, biomass burning, 
cattle and some industrial activities including nylon manufacture. Source values and 
uncertainties are the midpoints and range limits from Table 7.7. N2O losses are from 
Chapter 7.4. (e) Tropospheric ozone in the 19th and early 20th centuries and the 1990 
to 2000 period. The increase in tropospheric ozone formation is human-induced, re-
sulting from atmospheric chemical reactions of pollutants emitted by burning of fossil 
fuels or biofuels. The pre-industrial value and uncertainty range are from Table 4.9 of 
the IPCC Third Assessment Report (TAR), estimated from reconstructed observations. 
The present-day total and its uncertainty range are the average and standard devia-
tion of model results quoted in Table 7.9 of this report, excluding those from the TAR.
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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 
foundation 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 
for 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 Niño- 
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 9.1

Can Individual Extreme Events  
be Explained by Greenhouse Warming?

Changes in climate extremes are expected as the climate 
warms in response to increasing atmospheric greenhouse gases 
resulting from human activities, such as the use of fossil fuels. 
However, determining whether a specific, single extreme event 
is due to a specific cause, such as increasing greenhouse gases, 
is difficult, if not impossible, for two reasons: 1) extreme events 
are usually caused by a combination of factors and 2) a wide 
range of extreme events is a normal occurrence even in an un-
changing climate. Nevertheless, analysis of the warming ob-
served over the past century suggests that the likelihood of some 
extreme events, such as heat waves, has increased due to green-
house warming, and that the likelihood of others, such as frost 
or extremely cold nights, has decreased. For example, a recent 
study estimates that human influences have more than doubled 
the risk of a very hot European summer like that of 2003. 

People affected by an extreme weather event often ask 
whether human influences on the climate could be held to 
some extent responsible. Recent years have seen many ex-
treme events that some commentators have linked to increas-
ing greenhouse gases. These include the prolonged drought in 
Australia, the extremely hot summer in Europe in 2003 (see 
Figure 1), the intense North Atlantic hurricane seasons of 2004 
and 2005 and the extreme rainfall events in Mumbai, India in 
July 2005. Could a human influence such as increased concen-
trations of greenhouse gases in the atmosphere have ‘caused’ 
any of these events?

Extreme events usually result from a combination of fac-
tors. For example, several factors contributed to the extremely 
hot European summer of 2003, including a persistent high-
pressure system that was associated with very clear skies and 
dry soil, which left more solar energy available to heat the 
land because less energy was consumed to evaporate moisture 
from the soil. Similarly, the for-
mation of a hurricane requires 
warm sea surface temperatures 
and specific atmospheric circu-
lation conditions. Because some 
factors may be strongly affected 
by human activities, such as sea 
surface temperatures, but oth-
ers may not, it is not simple to 
detect a human influence on a 
single, specific extreme event. 

Nevertheless, it may be pos-
sible to use climate models to 
determine whether human influ-
ences have changed the likeli-
hood of certain types of extreme 

events. For example, in the case of the 2003 European heat 
wave, a climate model was run including only historical changes 
in natural factors that affect the climate, such as volcanic activ-
ity and changes in solar output. Next, the model was run again 
including both human and natural factors, which produced a 
simulation of the evolution of the European climate that was 
much closer to that which had actually occurred. Based on these 
experiments, it was estimated that over the 20th century, hu-
man influences more than doubled the risk of having a summer 
in Europe as hot as that of 2003, and that in the absence of hu-
man influences, the risk would probably have been one in many 
hundred years. More detailed modelling work will be required 
to estimate the change in risk for specific high-impact events, 
such as the occurrence of a series of very warm nights in an 
urban area such as Paris. 

The value of such a probability-based approach – ‘Does hu-
man influence change the likelihood of an event?’ – is that it 
can be used to estimate the influence of external factors, such 
as increases in greenhouse gases, on the frequency of specific 
types of events, such as heat waves or frost. Nevertheless, care-
ful statistical analyses are required, since the likelihood of in-
dividual extremes, such as a late-spring frost, could change due 
to changes in climate variability as well as changes in average 
climate conditions. Such analyses rely on climate-model based 
estimates of climate variability, and thus the climate models 
used should adequately represent that variability.

The same likelihood-based approach can be used to examine 
changes in the frequency of heavy rainfall or floods. Climate 
models predict that human influences will cause an increase in 
many types of extreme events, including extreme rainfall. There 
is already evidence that, in recent decades, extreme rainfall has 
increased in some regions, leading to an increase in flooding.

FAQ 9.1, Figure 1. Summer temperatures in Switzerland from 1864 to 2003 are, on average, about 17°C, as shown by 
the green curve. During the extremely hot summer of 2003, average temperatures exceeded 22°C, as indicated by the red bar 
(a vertical line is shown for each year in the 137-year record). The fitted Gaussian distribution is indicated in green. The years 
1909, 1947 and 2003 are labelled because they represent extreme years in the record. The values in the lower left corner 
indicate the standard deviation (σ) and the 2003 anomaly normalised by the 1864 to 2000 standard deviation (T’/σ). From 
Schär et al. (2004).

oC
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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 to reproduce the observed warming when run 
using only natural factors. When human factors are included, 
the models also simulate a geographic pattern of temperature 
change around the globe similar to that which has occurred in 
recent decades. This spatial pattern, which has features such as 
a greater 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 Niño. 

Variations in the Earth’s climate over time are caused by 
natural internal processes, such as El Niño, 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 Niño, 
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 Niño, 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 10.1

Are Extreme Events, Like Heat Waves, Droughts or Floods, 
Expected to Change as the Earth’s Climate Changes? 

Yes; the type, frequency and intensity of extreme events are 
expected to change as Earth’s climate changes, and these changes 
could occur even with relatively small mean climate changes. 
Changes in some types of extreme events have already been ob-
served, for example, increases in the frequency and intensity of 
heat waves and heavy precipitation events (see FAQ 3.3). 

In a warmer future climate, there will be an increased risk 
of more intense, more frequent and longer-lasting heat waves. 
The European heat wave of 2003 is an example of the type of 
extreme heat event lasting from several days to over a week that 
is likely to become more common in a warmer future climate. A 
related aspect of temperature extremes is that there is likely to 
be a decrease in the daily (diurnal) temperature range in most 
regions. It is also likely that a warmer future climate would have 
fewer frost days (i.e., nights where the temperature dips below 
freezing). Growing season length is related to number of frost 
days, and has been projected to increase as climate warms. There 
is likely to be a decline in the frequency of cold air outbreaks 
(i.e., periods of extreme cold lasting from several days to over 
a week) in NH winter in most areas. Exceptions could occur in 
areas with the smallest reductions of extreme cold in western 
North America, the North Atlantic and southern Europe and Asia 
due to atmospheric circulation changes.

In a warmer future climate, most Atmosphere-Ocean General 
Circulation Models project increased summer dryness and winter 
wetness in most parts of the northern middle and high latitudes. 
Summer dryness indicates a greater risk of drought. Along with 
the risk of drying, there is an increased chance of intense precip-
itation and flooding due to the greater water-holding capacity 
of a warmer atmosphere. This has already been observed and is 
projected to continue because in a warmer world, precipitation 
tends to be concentrated into more intense events, with longer 
periods of little precipitation in between. Therefore, intense and 
heavy downpours would be interspersed with longer relatively 
dry periods. Another aspect of these projected changes is that 
wet extremes are projected to become more severe in many areas 

where mean precipitation is expected to increase, and dry ex-
tremes are projected to become more severe in areas where mean 
precipitation is projected to decrease. 

In concert with the results for increased extremes of intense 
precipitation, even if the wind strength of storms in a future 
climate did not change, there would be an increase in extreme 
rainfall intensity. In particular, over NH land, an increase in the 
likelihood of very wet winters is projected over much of central 
and northern Europe due to the increase in intense precipitation 
during storm events, suggesting an increased chance of flooding 
over Europe and other mid-latitude regions due to more intense 
rainfall and snowfall events producing more runoff. Similar re-
sults apply for summer precipitation, with implications for more 
flooding in the Asian monsoon region and other tropical areas. 
The increased risk of floods in a number of major river basins in 
a future warmer climate has been related to an increase in river 
discharge with an increased risk of future intense storm-related 
precipitation events and flooding. Some of these changes would 
be extensions of trends already underway. 

There is evidence from modelling studies that future tropi-
cal cyclones could become more severe, with greater wind 
speeds and more intense precipitation. Studies suggest that such 
changes may already be underway; there are indications that 
the average number of Category 4 and 5 hurricanes per year has 
increased over the past 30 years. Some modelling studies have 
projected a decrease in the number of tropical cyclones glob-
ally due to the increased stability of the tropical troposphere 
in a warmer climate, characterised by fewer weak storms and 
greater numbers of intense storms. A number of modelling stud-
ies have also projected a general tendency for more intense but 
fewer storms outside the tropics, with a tendency towards more 
extreme wind events and higher ocean waves in several regions 
in association with those deepened cyclones. Models also project 
a poleward shift of storm tracks in both hemispheres by several 
degrees of latitude.
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Abrupt climate changes, such as the collapse of the West Ant-
arctic Ice Sheet, the rapid loss of the Greenland Ice Sheet or large-
scale changes of ocean circulation systems, are not considered 
likely to occur in the 21st century, based on currently available 
model results. However, the occurrence of such changes becomes 
increasingly more likely as the perturbation of the climate system 
progresses.

Physical, chemical and biological analyses from Greenland ice 
cores, marine sediments from the North Atlantic and elsewhere 
and many other archives of past climate have demonstrated that 
local temperatures, wind regimes and water cycles can change 
rapidly within just a few years. The comparison of results from 
records in different locations of the world shows that in the past 
major changes of hemispheric to global extent occurred. This 
has led to the notion of an unstable past climate that underwent 
phases of abrupt change. Therefore, an important concern is that 
the continued growth of greenhouse gas concentrations in the 
atmosphere may constitute a perturbation sufficiently strong to 
trigger abrupt changes in the climate system. Such interference 
with the climate system could be considered dangerous, because 
it would have major global consequences.

Before discussing a few examples of such changes, it is use-
ful to define the terms ‘abrupt’ and ‘major’. ‘Abrupt’ conveys 
the meaning that the changes occur much faster than the per-
turbation inducing the change; in other words, the response is 
nonlinear. A ‘major’ climate change is one that involves changes 
that exceed the range of current natural variability and have 
a spatial extent ranging from several thousand kilometres to 
global. At local to regional scales, abrupt changes are a com-
mon characteristic of natural climate variability. Here, isolated, 
short-lived events that are more appropriately referred to as ‘ex-
treme events’ are not considered, but rather large-scale changes 
that evolve rapidly and persist for several years to decades. For 
instance, the mid-1970s shift in sea surface temperatures in the 
Eastern Pacific, or the salinity reduction in the upper 1,000 m of 
the Labrador Sea since the mid-1980s, are examples of abrupt 
events with local to regional consequences, as opposed to the 
larger-scale, longer-term events that are the focus here.

One example is the potential collapse, or shut-down of the 
Gulf Stream, which has received broad public attention. The Gulf 
Stream is a primarily horizontal current in the north-western 
Atlantic Ocean driven by winds. Although a stable feature of the 
general circulation of the ocean, its northern extension, which 
feeds deep-water formation in the Greenland-Norwegian-Iceland 
Seas and thereby delivers substantial amounts of heat to these 
seas and nearby land areas, is influenced strongly by changes 
in the density of the surface waters in these areas. This current 

Frequently Asked Question 10.2

How Likely are Major or Abrupt Climate Changes, such as 
Loss of Ice Sheets or Changes in Global Ocean Circulation? 

constitutes the northern end of a basin-scale meridional over-
turning circulation (MOC) that is established along the western 
boundary of the Atlantic basin. A consistent result from climate 
model simulations is that if the density of the surface waters in 
the North Atlantic decreases due to warming or a reduction in 
salinity, the strength of the MOC is decreased, and with it, the 
delivery of heat into these areas. Strong sustained reductions in 
salinity could induce even more substantial reduction, or com-
plete shut-down of the MOC in all climate model projections. 
Such changes have indeed happened in the distant past. 

The issue now is whether the increasing human influence 
on the atmosphere constitutes a strong enough perturbation to 
the MOC that such a change might be induced. The increase in 
greenhouse gases in the atmosphere leads to warming and an 
intensification of the hydrological cycle, with the latter mak-
ing the surface waters in the North Atlantic less salty as in-
creased rain leads to more freshwater runoff to the ocean from 
the region’s rivers. Warming also causes land ice to melt, adding 
more freshwater and further reducing the salinity of ocean sur-
face waters. Both effects would reduce the density of the surface 
waters (which must be dense and heavy enough to sink in order 
to drive the MOC), leading to a reduction in the MOC in the 21st 
century. This reduction is predicted to proceed in lockstep with 
the warming: none of the current models simulates an abrupt 
(nonlinear) reduction or a complete shut-down in this century. 
There is still a large spread among the models’ simulated re-
duction in the MOC, ranging from virtually no response to a 
reduction of over 50% by the end of the 21st century. This cross- 
model variation is due to differences in the strengths of atmo-
sphere and ocean feedbacks simulated in these models. 

Uncertainty also exists about the long-term fate of the MOC. 
Many models show a recovery of the MOC once climate is sta-
bilised. But some models have thresholds for the MOC, and they 
are passed when the forcing is strong enough and lasts long 
enough. Such simulations then show a gradual reduction of the 
MOC that continues even after climate is stabilised. A quantifi-
cation of the likelihood of this occurring is not possible at this 
stage. Nevertheless, even if this were to occur, Europe would 
still experience warming, since the radiative forcing caused by 
increasing greenhouse gases would overwhelm the cooling as-
sociated with the MOC reduction. Catastrophic scenarios sug-
gesting the beginning of an ice age triggered by a shutdown 
of the MOC are thus mere speculations, and no climate model 
has produced such an outcome. In fact, the processes leading to 
an ice age are sufficiently well understood and so completely 
different from those discussed here, that we can confidently ex-
clude this scenario.

	 (continued)
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Irrespective of the long-term evolution of the MOC, model 
simulations agree that the warming and resulting decline in sa-
linity will significantly reduce deep and intermediate water for-
mation in the Labrador Sea during the next few decades. This 
will alter the characteristics of the intermediate water masses 
in the North Atlantic and eventually affect the deep ocean. The 
long-term effects of such a change are unknown.

Other widely discussed examples of abrupt climate changes 
are the rapid disintegration of the Greenland Ice Sheet, or the 
sudden collapse of the West Antarctic Ice Sheet. Model simula-
tions and observations indicate that warming in the high lati-
tudes of the Northern Hemisphere is accelerating the melting of 
the Greenland Ice Sheet, and that increased snowfall due to the 
intensified hydrological cycle is unable to compensate for this 
melting. As a consequence, the Greenland Ice Sheet may shrink 
substantially in the coming centuries. Moreover, results sug-
gest that there is a critical temperature threshold beyond which 
the Greenland Ice Sheet would be committed to disappearing 
completely, and that threshold could be crossed in this century. 
However, the total melting of the Greenland Ice Sheet, which 

would raise global sea level by about seven metres, is a slow 
process that would take many hundreds of years to complete.

Recent satellite and in situ observations of ice streams be-
hind disintegrating ice shelves highlight some rapid reactions 
of ice sheet systems. This raises new concern about the overall 
stability of the West Antarctic Ice Sheet, the collapse of which 
would trigger another five to six metres of sea level rise. While 
these streams appear buttressed by the shelves in front of them, 
it is currently unknown whether a reduction or failure of this 
buttressing of relatively limited areas of the ice sheet could ac-
tually trigger a widespread discharge of many ice streams and 
hence a destabilisation of the entire West Antarctic Ice Sheet. 
Ice sheet models are only beginning to capture such small-scale 
dynamical processes that involve complicated interactions with 
the glacier bed and the ocean at the perimeter of the ice sheet. 
Therefore, no quantitative information is available from the cur-
rent generation of ice sheet models as to the likelihood or timing 
of such an event.
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The adjustment of greenhouse gas concentrations in the atmo-
sphere to reductions in emissions depends on the chemical and 
physical processes that remove each gas from the atmosphere. 
Concentrations of some greenhouse gases decrease almost immedi-
ately in response to emission reduction, while others can actually 
continue to increase for centuries even with reduced emissions. 

The concentration of a greenhouse gas in the atmosphere de-
pends on the competition between the rates of emission of the gas 
into the atmosphere and the rates of processes that remove it from 
the atmosphere. For example, carbon dioxide (CO2) is exchanged 
between the atmosphere, the ocean and the land through pro-
cesses such as atmosphere-ocean gas transfer and chemical (e.g., 
weathering) and biological (e.g., photosynthesis) processes. While 
more than half of the CO2 emitted is currently removed from the 
atmosphere within a century, some fraction (about 20%) of emit-
ted CO2 remains in the atmosphere for many millennia. Because of 
slow removal processes, atmospheric CO2 will continue to increase 
in the long term even if its emission is substantially reduced from 
present levels. Methane (CH4) is removed by chemical processes 
in the atmosphere, while nitrous oxide (N2O) and some halocar-
bons are destroyed in the upper atmosphere by solar radiation. 
These processes each operate at different time scales ranging from 
years to millennia. A measure for this is the lifetime of a gas in 
the atmosphere, defined as the time it takes for a perturbation to 
be reduced to 37% of its initial amount. While for CH4, N2O, and 
other trace gases such as hydrochlorofluorocarbon-22 (HCFC-22), 
a refrigerant fluid, such lifetimes can be reasonably determined 
(for CH4 it is about 12 yr, for N2O about 110 yr and for HCFC-22 
about 12 yr), a lifetime for CO2 cannot be defined. 

Frequently Asked Question 10.3

If Emissions of Greenhouse Gases are Reduced, How 
Quickly do Their Concentrations in the Atmosphere De-
crease? 

The change in concentration of any trace gas depends in part 
on how its emissions evolve over time. If emissions increase with 
time, the atmospheric concentration will also increase with time, 
regardless of the atmospheric lifetime of the gas. However, if ac-
tions are taken to reduce the emissions, the fate of the trace gas 
concentration will depend on the relative changes not only of 
emissions but also of its removal processes. Here we show how 
the lifetimes and removal processes of different gases dictate the 
evolution of concentrations when emissions are reduced.

As examples, FAQ 10.3, Figure 1 shows test cases illustrating 
how the future concentration of three trace gases would respond 
to illustrative changes in emissions (represented here as a response 
to an imposed pulse change in emission). We consider CO2, which 
has no specific lifetime, as well as a trace gas with a well-defined 
long lifetime on the order of a century (e.g., N2O), and a trace gas 
with a well-defined short lifetime on the order of decade (such as 
CH4, HCFC-22 or other halocarbons). For each gas, five illustra-
tive cases of future emissions are presented: stabilisation of emis-
sions at present-day levels, and immediate emission reduction by 
10%, 30%, 50% and 100%.

The behaviour of CO2 (Figure 1a) is completely different from 
the trace gases with well-defined lifetimes. Stabilisation of CO2 
emissions at current levels would result in a continuous increase 
of atmospheric CO2 over the 21st century and beyond, whereas 
for a gas with a lifetime on the order of a century (Figure 1b) or 
a decade (Figure 1c), stabilisation of emissions at current levels 
would lead to a stabilisation of its concentration at a level higher 
than today within a couple of centuries, or decades, respectively. 
In fact, only in the case of essentially complete elimination of 

FAQ 10.3, Figure 1. (a) Simulated changes in atmospheric CO2 concentration relative to the present-day for emissions stabilised at the current level (black), or at 10% (red), 
30% (green), 50% (dark blue) and 100% (light blue) lower than the current level; (b) as in (a) for a trace gas with a lifetime of 120 years, driven by natural and anthropogenic 
fluxes; and (c) as in (a) for a trace gas with a lifetime of 12 years, driven by only anthropogenic fluxes.

(continued)
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emissions can the atmospheric concentration of CO2 ultimately 
be stabilised at a constant level. All other cases of moderate CO2 
emission reductions show increasing concentrations because of 
the characteristic exchange processes associated with the cycling 
of carbon in the climate system.

More specifically, the rate of emission of CO2 currently greatly 
exceeds its rate of removal, and the slow and incomplete removal 
implies that small to moderate reductions in its emissions would 
not result in stabilisation of CO2 concentrations, but rather would 
only reduce the rate of its growth in coming decades. A 10% re-
duction in CO2 emissions would be expected to reduce the growth 
rate by 10%, while a 30% reduction in emissions would similarly 
reduce the growth rate of atmospheric CO2 concentrations by 
30%. A 50% reduction would stabilise atmospheric CO2, but only 
for less than a decade. After that, atmospheric CO2 would be ex-
pected to rise again as the land and ocean sinks decline owing to 
well-known chemical and biological adjustments. Complete elim-
ination of CO2 emissions is estimated to lead to a slow decrease in 
atmospheric CO2 of about 40 ppm over the 21st century.

The situation is completely different for the trace gases with 
a well-defined lifetime. For the illustrative trace gas with a life-
time of the order of a century (e.g., N2O), emission reduction of 
more than 50% is required to stabilise the concentrations close to  
present-day values (Figure 1b). Constant emission leads to a  
stabilisation of the concentration within a few centuries. 

In the case of the illustrative gas with the short lifetime, the 
present-day loss is around 70% of the emissions. A reduction 
in emissions of less than 30% would still produce a short-term  
increase in concentration in this case, but, in contrast to CO2, 
would lead to stabilisation of its concentration within a couple 
of decades (Figure 1c). The decrease in the level at which the  
concentration of such a gas would stabilise is directly proportion-
al to the emission reduction. Thus, in this illustrative example, a 
reduction in emissions of this trace gas larger than 30% would be 
required to stabilise concentrations at levels significantly below 
those at present. A complete cut-off of the emissions would lead 
to a return to pre-industrial concentrations within less than a 
century for a trace gas with a lifetime of the order of a decade.
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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 the 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 

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.

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.
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8.2ka event  Following the last post-glacial warming, a rapid 
climate oscillation with a cooling lasting about 400 years occurred 
about 8.2 ka. This event is also referred to as the 8.2kyr event.

Abrupt climate change  The nonlinearity of the climate system 
may lead to abrupt climate change, sometimes called rapid climate 
change, abrupt events or even surprises. The term abrupt often refers 
to time scales faster than the typical time scale of the responsible 
forcing. However, not all abrupt climate changes need be externally 
forced. Some possible abrupt events that have been proposed 
include a dramatic reorganisation of the thermohaline circulation, 
rapid deglaciation and massive melting of permafrost or increases in 
soil respiration leading to fast changes in the carbon cycle. Others 
may be truly unexpected, resulting from a strong, rapidly changing 
forcing of a nonlinear system. 

Active layer  The layer of ground that is subject to annual thawing 
and freezing in areas underlain by permafrost (Van Everdingen, 
1998).

Adiabatic process  An adiabatic process is a process in which no 
external heat is gained or lost by the system. The opposite is called 
a diabatic process.

Adjustment time  See Lifetime; see also Response time.

Advection  Transport of water or air along with its properties (e.g., 
temperature, chemical tracers) by the motion of the fl uid. Regarding 
the general distinction between advection and convection, the former 
describes the predominantly horizontal, large-scale motions of the 
atmosphere or ocean, while convection describes the predominantly 
vertical, locally induced motions. 

Aerosols  A collection of airborne solid or liquid particles, with a 
typical size between 0.01 and 10 μm that reside in the atmosphere 
for at least several hours. Aerosols may be of either natural or 
anthropogenic origin. Aerosols may infl uence climate in several 
ways: directly through scattering and absorbing radiation, and 
indirectly by acting as cloud condensation nuclei or modifying 
the optical properties and lifetime of clouds (see Indirect aerosol 
effect).

Afforestation  Planting of new forests on lands that historically 
have not contained forests. For a discussion of the term forest and 
related terms such as afforestation, reforestation and deforestation, 
see the IPCC Special Report on Land Use, Land-Use Change 
and Forestry (IPCC, 2000). See also the report on Defi nitions 
and Methodological Options to Inventory Emissions from Direct 
Human-induced Degradation of Forests and Devegetation of Other 
Vegetation Types (IPCC, 2003).

Air mass  A widespread body of air, the approximately homogeneous 
properties of which (1) have been established while that air was 
situated over a particular region of the Earth’s surface, and (2) 
undergo specifi c modifi cations while in transit away from the source 
region (AMS, 2000).

Albedo  The fraction of solar radiation refl ected by a surface or 
object, often expressed as a percentage. Snow-covered surfaces have 
a high albedo, the surface albedo of soils ranges from high to low, 
and vegetation-covered surfaces and oceans have a low albedo. The 
Earth’s planetary albedo varies mainly through varying cloudiness, 
snow, ice, leaf area and land cover changes.

Albedo feedback  A climate feedback involving changes in the 
Earth’s albedo. It usually refers to changes in the cryosphere, which 
has an albedo much larger (~0.8) than the average planetary albedo 
(~0.3). In a warming climate, it is anticipated that the cryosphere 
would shrink, the Earth’s overall albedo would decrease and more 
solar radiation would be absorbed to warm the Earth still further.

Alkalinity  A measure of the capacity of a solution to neutralize 
acids.

Altimetry  A technique for measuring the height of the sea, lake 
or river, land or ice surface with respect to the centre of the Earth 
within a defi ned terrestrial reference frame. More conventionally, the 
height is with respect to a standard reference ellipsoid approximating 
the Earth’s oblateness, and can be measured from space by using 
radar or laser with centimetric precision at present. Altimetry has 
the advantages of being a geocentric measurement, rather than a 
measurement relative to the Earth’s crust as for a tide gauge, and of 
affording quasi-global coverage.

Annular modes  Preferred patterns of change in atmospheric 
circulation corresponding to changes in the zonally averaged mid-
latitude westerlies. The Northern Annular Mode has a bias to the 
North Atlantic and has a large correlation with the North Atlantic 
Oscillation. The Southern Annular Mode occurs in the Southern 
Hemisphere. The variability of the mid-latitude westerlies has also 
been known as zonal fl ow (or wind) vacillation, and defi ned through a 
zonal index. For the corresponding circulation indices, see Box 3.4.

Anthropogenic  Resulting from or produced by human beings.

Atlantic Multi-decadal Oscillation (AMO)  A multi-decadal (65 to 
75 year) fl uctuation in the North Atlantic, in which sea surface 
temperatures showed warm phases during roughly 1860 to 1880 and 
1930 to 1960 and cool phases during 1905 to 1925 and 1970 to 1990 
with a range of order 0.4°C.

Atmosphere  The gaseous envelope surrounding the Earth. The 
dry atmosphere consists almost entirely of nitrogen (78.1% volume 
mixing ratio) and oxygen (20.9% volume mixing ratio), together 
with a number of trace gases, such as argon (0.93% volume mixing 
ratio), helium and radiatively active greenhouse gases such as 
carbon dioxide (0.035% volume mixing ratio) and ozone. In 
addition, the atmosphere contains the greenhouse gas water vapour, 
whose amounts are highly variable but typically around 1% volume 
mixing ratio. The atmosphere also contains clouds and aerosols.

Atmospheric boundary layer  The atmospheric layer adjacent to 
the Earth’s surface that is affected by friction against that boundary 

Editor: A.P.M. Baede (Netherlands)
Notes: This glossary defi nes some specifi c terms as the lead authors intend them to be interpreted in the context of this report. 
Red, italicised words indicate that the term is defi ned in the Glossary.
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surface, and possibly by transport of heat and other variables 
across that surface (AMS, 2000). The lowest 10 metres or so of 
the boundary layer, where mechanical generation of turbulence is 
dominant, is called the surface boundary layer or surface layer.

Atmospheric lifetime  See Lifetime.

Attribution  See Detection and attribution.

Autotrophic respiration  Respiration by photosynthetic organisms 
(plants).

Bayesian method  A Bayesian method is a method by which a 
statistical analysis of an unknown or uncertain quantity is carried 
out in two steps. First, a prior probability distribution is formulated 
on the basis of existing knowledge (either by eliciting expert opinion 
or by using existing data and studies). At this fi rst stage, an element 
of subjectivity may infl uence the choice, but in many cases, the prior 
probability distribution is chosen as neutrally as possible, in order 
not to infl uence the fi nal outcome of the analysis. In the second step, 
newly acquired data are introduced, using a theorem formulated by 
and named after the British mathematician Bayes (1702–1761), to 
update the prior distribution into a posterior distribution.

Biomass  The total mass of living organisms in a given area or 
volume; dead plant material can be included as dead biomass.

Biome  A biome is a major and distinct regional element of the 
biosphere, typically consisting of several ecosystems (e.g. forests, 
rivers, ponds, swamps within a region). Biomes are characterised by 
typical communities of plants and animals.

Biosphere (terrestrial and marine)  The part of the Earth system 
comprising all ecosystems and living organisms, in the atmosphere, 
on land (terrestrial biosphere) or in the oceans (marine biosphere), 
including derived dead organic matter, such as litter, soil organic 
matter and oceanic detritus.

Black carbon (BC)  Operationally defi ned aerosol species based 
on measurement of light absorption and chemical reactivity and/or 
thermal stability; consists of soot, charcoal and/or possible light-
absorbing refractory organic matter (Charlson and Heintzenberg, 
1995, p. 401).

Blocking anticyclone  An anticyclone that remains nearly stationary 
for a week or more at middle to high latitudes, so that it blocks the 
normal eastward progression of high- and low-pressure systems.

Bowen ratio  The ratio of sensible to latent heat fl uxes from the 
Earth’s surface up into the atmosphere. Values are low (order 0.1) 
for wet surfaces like the ocean, and greater than 2 for deserts and 
drought regions.

Burden  The total mass of a gaseous substance of concern in the 
atmosphere.

13C  Stable isotope of carbon having an atomic weight of 
approximately 13. Measurements of the ratio of 13C/12C in carbon 
dioxide molecules are used to infer the importance of different 
carbon cycle and climate processes and the size of the terrestrial 
carbon reservoir.

14C  Unstable isotope of carbon having an atomic weight of 
approximately 14, and a half-life of about 5,700 years. It is often 
used for dating purposes going back some 40 kyr. Its variation 
in time is affected by the magnetic fi elds of the Sun and Earth, 

which infl uence its production from cosmic rays (see Cosmogenic 
isotopes).

C3 plants  Plants that produce a three-carbon compound during 
photosynthesis, including most trees and agricultural crops such as 
rice, wheat, soybeans, potatoes and vegetables.

C4 plants  Plants that produce a four-carbon compound during 
photosynthesis, mainly of tropical origin, including grasses and 
the agriculturally important crops maize, sugar cane, millet and 
sorghum.

Carbonaceous aerosol  Aerosol consisting predominantly of 
organic substances and various forms of black carbon (Charlson and 
Heintzenberg, 1995, p. 401).

Carbon cycle  The term used to describe the fl ow of carbon (in 
various forms, e.g., as carbon dioxide) through the atmosphere, 
ocean, terrestrial biosphere and lithosphere.

Carbon dioxide (CO2)  A naturally occurring gas, also a by-product 
of burning fossil fuels from fossil carbon deposits, such as oil, gas 
and coal, of burning biomass and of land use changes and other 
industrial processes. It is the principal anthropogenic greenhouse 
gas that affects the Earth’s radiative balance. It is the reference gas 
against which other greenhouse gases are measured and therefore 
has a Global Warming Potential of 1.

Carbon dioxide (CO2) fertilization  The enhancement of the growth 
of plants as a result of increased atmospheric carbon dioxide (CO2) 
concentration. Depending on their mechanism of photosynthesis, 
certain types of plants are more sensitive to changes in atmospheric 
CO2 concentration. In particular, C3 plants generally show a larger 
response to CO2 than C4 plants.

CFC  See Halocarbons.

Chaos  A dynamical system such as the climate system, governed by 
nonlinear deterministic equations (see Nonlinearity), may exhibit erratic 
or chaotic behaviour in the sense that very small changes in the initial 
state of the system in time lead to large and apparently unpredictable 
changes in its temporal evolution. Such chaotic behaviour may limit 
the predictability of nonlinear dynamical systems.

Charcoal  Material resulting from charring of biomass, usually 
retaining some of the microscopic texture typical of plant tissues; 
chemically it consists mainly of carbon with a disturbed graphitic 
structure, with lesser amounts of oxygen and hydrogen (Charlson 
and Heintzenberg, 1995, p. 402). See Black carbon; Soot.

Chronology  Arrangement of events according to dates or times of 
occurrence.

Clathrate (methane)  A partly frozen slushy mix of methane gas 
and ice, usually found in sediments.

Climate  Climate in a narrow sense is usually defi ned as the average 
weather, or more rigorously, as the statistical description in terms of 
the mean and variability of relevant quantities over a period of time 
ranging from months to thousands or millions of years. The classical 
period for averaging these variables is 30 years, as defi ned by the 
World Meteorological Organization. The relevant quantities are most 
often surface variables such as temperature, precipitation and wind. 
Climate in a wider sense is the state, including a statistical description, 
of the climate system. In various chapters in this report different 
averaging periods, such as a period of 20 years, are also used.
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Climate change  Climate change refers to a change in the state of 
the climate that can be identifi ed (e.g., by using statistical tests) by 
changes in the mean and/or the variability of its properties, and that 
persists for an extended period, typically decades or longer. Climate 
change may be due to natural internal processes or external forcings, 
or to persistent anthropogenic changes in the composition of the 
atmosphere or in land use. Note that the Framework Convention on 
Climate Change (UNFCCC), in its Article 1, defi nes climate change 
as: ‘a change of climate which is attributed directly or indirectly to 
human activity that alters the composition of the global atmosphere 
and which is in addition to natural climate variability observed over 
comparable time periods’. The UNFCCC thus makes a distinction 
between climate change attributable to human activities altering 
the atmospheric composition, and climate variability attributable 
to natural causes. See also Climate variability; Detection and 
Attribution.

Climate change commitment  Due to the thermal inertia of the 
ocean and slow processes in the biosphere, the cryosphere and 
land surfaces, the climate would continue to change even if the 
atmospheric composition were held fi xed at today’s values. Past 
change in atmospheric composition leads to a committed climate 
change, which continues for as long as a radiative imbalance persists 
and until all components of the climate system have adjusted to a new 
state. The further change in temperature after the composition of the 
atmosphere is held constant is referred to as the constant composition 
temperature commitment or simply committed warming or warming 
commitment. Climate change commitment includes other future 
changes, for example in the hydrological cycle, in extreme weather 
and climate events, and in sea level change.

Climate feedback  An interaction mechanism between processes in 
the climate system is called a climate feedback when the result of 
an initial process triggers changes in a second process that in turn 
infl uences the initial one. A positive feedback intensifi es the original 
process, and a negative feedback reduces it.

Climate Feedback Parameter  A way to quantify the radiative 
response of the climate system to a global surface temperature 
change induced by a radiative forcing (units: W m–2 °C–1). It varies 
as the inverse of the effective climate sensitivity. Formally, the 
Climate Feedback Parameter (Λ) is defi ned as: Λ = (ΔQ – ΔF) / 
ΔT, where Q is the global mean radiative forcing, T is the global 
mean air surface temperature, F is the heat fl ux into the ocean and Δ 
represents a change with respect to an unperturbed climate.

Climate model (spectrum or hierarchy)  A numerical representation 
of the climate system based on the physical, chemical and biological 
properties of its components, their interactions and feedback 
processes, and accounting for all or some of its known properties. The 
climate system can be represented by models of varying complexity, 
that is, for any one component or combination of components 
a spectrum or hierarchy of models can be identifi ed, differing in 
such aspects as the number of spatial dimensions, the extent to 
which physical, chemical or biological processes are explicitly 
represented, or the level at which empirical parametrizations are 
involved. Coupled Atmosphere-Ocean General Circulation Models 
(AOGCMs) provide a representation of the climate system that 
is near the most comprehensive end of the spectrum currently 
available. There is an evolution towards more complex models with 
interactive chemistry and biology (see Chapter 8). Climate models 
are applied as a research tool to study and simulate the climate, 
and for operational purposes, including monthly, seasonal and 
interannual climate predictions.

Climate prediction  A climate prediction or climate forecast is the 
result of an attempt to produce an estimate of the actual evolution 

of the climate in the future, for example, at seasonal, interannual 
or long-term time scales. Since the future evolution of the climate 
system may be highly sensitive to initial conditions, such predictions 
are usually probabilistic in nature. See also Climate projection; 
Climate scenario; Predictability.

Climate projection  A projection of the response of the climate 
system to emission or concentration scenarios of greenhouse 
gases and aerosols, or radiative forcing scenarios, often based 
upon simulations by climate models. Climate projections are 
distinguished from climate predictions in order to emphasize that 
climate projections depend upon the emission/concentration/
radiative forcing scenario used, which are based on assumptions 
concerning, for example, future socioeconomic and technological 
developments that may or may not be realised and are therefore 
subject to substantial uncertainty.

Climate response

See Climate sensitivity.

Climate scenario  A plausible and often simplifi ed representation 
of the future climate, based on an internally consistent set of 
climatological relationships that has been constructed for explicit 
use in investigating the potential consequences of anthropogenic 
climate change, often serving as input to impact models. Climate 
projections often serve as the raw material for constructing 
climate scenarios, but climate scenarios usually require additional 
information such as about the observed current climate. A climate 
change scenario is the difference between a climate scenario and 
the current climate.

Climate sensitivity  In IPCC reports, equilibrium climate sensitivity 
refers to the equilibrium change in the annual mean global surface 
temperature following a doubling of the atmospheric equivalent 
carbon dioxide concentration. Due to computational constraints, 
the equilibrium climate sensitivity in a climate model is usually 
estimated by running an atmospheric general circulation model 
coupled to a mixed-layer ocean model, because equilibrium climate 
sensitivity is largely determined by atmospheric processes. Effi cient 
models can be run to equilibrium with a dynamic ocean.

The effective climate sensitivity is a related measure that 
circumvents the requirement of equilibrium. It is evaluated from 
model output for evolving non-equilibrium conditions. It is a 
measure of the strengths of the climate feedbacks at a particular time 
and may vary with forcing history and climate state. The climate 
sensitivity parameter (units: °C (W m–2)–1) refers to the equilibrium 
change in the annual mean global surface temperature following a 
unit change in radiative forcing. 

The transient climate response is the change in the global surface 
temperature, averaged over a 20-year period, centred at the time of 
atmospheric carbon dioxide doubling, that is, at year 70 in a 1% 
yr–1 compound carbon dioxide increase experiment with a global 
coupled climate model. It is a measure of the strength and rapidity of 
the surface temperature response to greenhouse gas forcing.

Climate shift or climate regime shift  An abrupt shift or jump 
in mean values signalling a change in regime. Most widely used 
in conjunction with the 1976/1977 climate shift that seems to 
correspond to a change in El Niño-Southern Oscillation behavior. 

Climate system  The climate system is the highly complex 
system consisting of fi ve major components: the atmosphere, the 
hydrosphere, the cryosphere, the land surface and the biosphere, 
and the interactions between them. The climate system evolves in 
time under the infl uence of its own internal dynamics and because 
of external forcings such as volcanic eruptions, solar variations and 
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anthropogenic forcings such as the changing composition of the 
atmosphere and land use change.

Climate variability  Climate variability refers to variations in 
the mean state and other statistics (such as standard deviations, 
the occurrence of extremes, etc.) of the climate on all spatial and 
temporal scales beyond that of individual weather events. Variability 
may be due to natural internal processes within the climate system 
(internal variability), or to variations in natural or anthropogenic 
external forcing (external variability). See also Climate change.

Cloud condensation nuclei (CCN)  Airborne particles that serve as 
an initial site for the condensation of liquid water, which can lead to 
the formation of cloud droplets. See also Aerosols.

Cloud feedback  A climate feedback involving changes in any of 
the properties of clouds as a response to other atmospheric changes. 
Understanding cloud feedbacks and determining their magnitude 
and sign require an understanding of how a change in climate may 
affect the spectrum of cloud types, the cloud fraction and height, 
and the radiative properties of clouds, and an estimate of the impact 
of these changes on the Earth’s radiation budget. At present, cloud 
feedbacks remain the largest source of uncertainty in climate 
sensitivity estimates. See also Cloud radiative forcing; Radiative 
forcing.

Cloud radiative forcing  Cloud radiative forcing is the difference 
between the all-sky Earth’s radiation budget and the clear-sky 
Earth’s radiation budget (units: W m–2).

CO2-equivalent  See Equivalent carbon dioxide.

Confi dence  The level of confi dence in the correctness of a result 
is expressed in this report, using a standard terminology defi ned in 
Box 1.1. See also Likelihood; Uncertainty.

Convection  Vertical motion driven by buoyancy forces arising from 
static instability, usually caused by near-surface cooling or increases 
in salinity in the case of the ocean and near-surface warming in the 
case of the atmosphere. At the location of convection, the horizontal 
scale is approximately the same as the vertical scale, as opposed to 
the large contrast between these scales in the general circulation. 
The net vertical mass transport is usually much smaller than the 
upward and downward exchange.

Cosmogenic isotopes  Rare isotopes that are created when a high-
energy cosmic ray interacts with the nucleus of an in situ atom. They 
are often used as indications of solar magnetic activity (which can 
shield cosmic rays) or as tracers of atmospheric transport, and are 
also called cosmogenic nuclides.

Cryosphere  The component of the climate system consisting of all 
snow, ice and frozen ground (including permafrost) on and beneath 
the surface of the Earth and ocean. See also Glacier; Ice sheet.

Dansgaard-Oeschger events  Abrupt warming events followed 
by gradual cooling. The abrupt warming and gradual cooling is 
primarily seen in Greenland ice cores and in palaeoclimate records 
from the nearby North Atlantic, while a more general warming 
followed by a gradual cooling has been observed in other areas as 
well, at intervals of 1.5 to 7 kyr during glacial times.

Deforestation  Conversion of forest to non-forest. For a discussion 
of the term forest and related terms such as afforestation, 
reforestation, and deforestation see the IPCC Special Report on 
Land Use, Land-Use Change and Forestry (IPCC, 2000). See also 
the report on Defi nitions and Methodological Options to Inventory 

Emissions from Direct Human-induced Degradation of Forests and 
Devegetation of Other Vegetation Types (IPCC, 2003).

Desertifi cation  Land degradation in arid, semi-arid, and dry 
sub-humid areas resulting from various factors, including climatic 
variations and human activities. The United Nations Convention to 
Combat Desertifi cation defi nes land degradation as a reduction or 
loss in arid, semi-arid, and dry sub-humid areas, of the biological 
or economic productivity and complexity of rain-fed cropland, 
irrigated cropland, or range, pasture, forest, and woodlands resulting 
from land uses or from a process or combination of processes, 
including processes arising from human activities and habitation 
patterns, such as (i) soil erosion caused by wind and/or water; (ii) 
deterioration of the physical, chemical and biological or economic 
properties of soil; and (iii) long-term loss of natural vegetation. 

Detection and attribution  Climate varies continually on all time 
scales. Detection of climate change is the process of demonstrating 
that climate has changed in some defi ned statistical sense, without 
providing a reason for that change. Attribution of causes of climate 
change is the process of establishing the most likely causes for the 
detected change with some defi ned level of confi dence.

Diatoms  Silt-sized algae that live in surface waters of lakes, rivers 
and oceans and form shells of opal. Their species distribution in 
ocean cores is often related to past sea surface temperatures.

Diurnal temperature range  The difference between the maximum 
and minimum temperature during a 24-hour period.

Dobson unit (DU)  A unit to measure the total amount of ozone in a 
vertical column above the Earth’s surface (total column ozone). The 
number of Dobson units is the thickness in units of 10–5 m that the 
ozone column would occupy if compressed into a layer of uniform 
density at a pressure of 1,013 hPa and a temperature of 0°C. One 
DU corresponds to a column of ozone containing 2.69 × 1,020 
molecules per square metre. A typical value for the amount of ozone 
in a column of the Earth’s atmosphere, although very variable, is 
300 DU.

Downscaling  Downscaling is a method that derives local- to 
regional-scale (10 to 100 km) information from larger-scale models 
or data analyses. Two main methods are distinguished: dynamical 
downscaling and empirical/statistical downscaling. The dynamical 
method uses the output of regional climate models, global models 
with variable spatial resolution or high-resolution global models. 
The empirical/statistical methods develop statistical relationships 
that link the large-scale atmospheric variables with local/regional 
climate variables. In all cases, the quality of the downscaled product 
depends on the quality of the driving model.

Drought  In general terms, drought is a ‘prolonged absence or marked 
defi ciency of precipitation’, a ‘defi ciency that results in water shortage 
for some activity or for some group’, or a ‘period of abnormally dry 
weather suffi ciently prolonged for the lack of precipitation to cause 
a serious hydrological imbalance’ (Heim, 2002). Drought has been 
defi ned in a number of ways. Agricultural drought relates to moisture 
defi cits in the topmost 1 metre or so of soil (the root zone) that 
affect crops, meteorological drought is mainly a prolonged defi cit 
of precipitation, and hydrologic drought is related to below-normal 
streamfl ow, lake and groundwater levels. A megadrought is a long-
drawn out and pervasive drought, lasting much longer than normal, 
usually a decade or more. For further information, see Box 3.1.

Dynamical system  A process or set of processes whose evolution 
in time is governed by a set of deterministic physical laws. The 
climate system is a dynamical system. See Abrupt climate change; 
Chaos; Nonlinearity; Predictability.



Annex IAnnex I

945

Ecosystem  A system of living organisms interacting with each 
other and their physical environment. The boundaries of what could 
be called an ecosystem are somewhat arbitrary, depending on the 
focus of interest or study. Thus, the extent of an ecosystem may 
range from very small spatial scales to, ultimately, the entire Earth.

Effi cacy  A measure of how effective a radiative forcing from a 
given anthropogenic or natural mechanism is at changing the 
equilibrium global surface temperature compared to an equivalent 
radiative forcing from carbon dioxide. A carbon dioxide increase by 
defi nition has an effi cacy of 1.0.

Ekman pumping  Frictional stress at the surface between two fl uids 
(atmosphere and ocean) or between a fl uid and the adjacent solid 
surface (Earth’s surface) forces a circulation. When the resulting 
mass transport is converging, mass conservation requires a vertical 
fl ow away from the surface. This is called Ekman pumping. The 
opposite effect, in case of divergence, is called Ekman suction. The 
effect is important in both the atmosphere and the ocean.

Ekman transport  The total transport resulting from a balance 
between the Coriolis force and the frictional stress due to the action 
of the wind on the ocean surface. See also Ekman pumping.

El Niño-Southern Oscillation (ENSO)  The term El Niño was initially 
used to describe a warm-water current that periodically fl ows along 
the coast of Ecuador and Perú, disrupting the local fi shery. It has 
since become identifi ed with a basin-wide warming of the tropical 
Pacifi c Ocean east of the dateline. This oceanic event is associated 
with a fl uctuation of a global-scale tropical and subtropical surface 
pressure pattern called the Southern Oscillation. This coupled 
atmosphere-ocean phenomenon, with preferred time scales of two 
to about seven years, is collectively known as the El Niño-Southern 
Oscillation (ENSO). It is often measured by the surface pressure 
anomaly difference between Darwin and Tahiti and the sea surface 
temperatures in the central and eastern equatorial Pacifi c. During an 
ENSO event, the prevailing trade winds weaken, reducing upwelling 
and altering ocean currents such that the sea surface temperatures 
warm, further weakening the trade winds. This event has a great 
impact on the wind, sea surface temperature and precipitation 
patterns in the tropical Pacifi c. It has climatic effects throughout the 
Pacifi c region and in many other parts of the world, through global 
teleconnections. The cold phase of ENSO is called La Niña.

Emission scenario  A plausible representation of the future 
development of emissions of substances that are potentially 
radiatively active (e.g., greenhouse gases, aerosols), based on a 
coherent and internally consistent set of assumptions about driving 
forces (such as demographic and socioeconomic development, 
technological change) and their key relationships. Concentration 
scenarios, derived from emission scenarios, are used as input to a 
climate model to compute climate projections. In IPCC (1992) a set 
of emission scenarios was presented which were used as a basis for 
the climate projections in IPCC (1996). These emission scenarios 
are referred to as the IS92 scenarios. In the IPCC Special Report on 
Emission Scenarios (Nakićenović and Swart, 2000) new emission 
scenarios, the so-called SRES scenarios, were published, some of 
which were used, among others, as a basis for the climate projections 
presented in Chapters 9 to 11 of IPCC (2001) and Chapters 10 and 
11 of this report. For the meaning of some terms related to these 
scenarios, see SRES scenarios.

Energy balance  The difference between the total incoming and 
total outgoing energy. If this balance is positive, warming occurs; 
if it is negative, cooling occurs. Averaged over the globe and over 
long time periods, this balance must be zero. Because the climate 
system derives virtually all its energy from the Sun, zero balance 

implies that, globally, the amount of incoming solar radiation on 
average must be equal to the sum of the outgoing refl ected solar 
radiation and the outgoing thermal infrared radiation emitted by the 
climate system. A perturbation of this global radiation balance, be it 
anthropogenic or natural, is called radiative forcing.

Ensemble  A group of parallel model simulations used for 
climate projections. Variation of the results across the ensemble 
members gives an estimate of uncertainty. Ensembles made with 
the same model but different initial conditions only characterise 
the uncertainty associated with internal climate variability, 
whereas multi-model ensembles including simulations by several 
models also include the impact of model differences. Perturbed-
parameter ensembles, in which model parameters are varied in a 
systematic manner, aim to produce a more objective estimate of 
modelling uncertainty than is possible with traditional multi-model 
ensembles.

Equilibrium and transient climate experiment  An equilibrium 
climate experiment is an experiment in which a climate model 
is allowed to fully adjust to a change in radiative forcing. Such 
experiments provide information on the difference between the 
initial and fi nal states of the model, but not on the time-dependent 
response. If the forcing is allowed to evolve gradually according 
to a prescribed emission scenario, the time-dependent response of 
a climate model may be analysed. Such an experiment is called a 
transient climate experiment. See Climate projection.

Equilibrium line   The boundary between the region on a glacier 
where there is a net annual loss of ice mass (ablation area) and that 
where there is a net annual gain (accumulation area). The altitude of 
this boundary is referred to as equilibrium line altitude.

Equivalent carbon dioxide (CO2) concentration 

The concentration of carbon dioxide that would cause the same 
amount of radiative forcing as a given mixture of carbon dioxide 
and other greenhouse gases.

Equivalent carbon dioxide (CO2) emission  The amount of carbon 
dioxide emission that would cause the same integrated radiative 
forcing, over a given time horizon, as an emitted amount of a well 
mixed greenhouse gas or a mixture of well mixed greenhouse gases. 
The equivalent carbon dioxide emission is obtained by multiplying 
the emission of a well mixed greenhouse gas by its Global Warming 
Potential for the given time horizon. For a mix of greenhouse gases 
it is obtained by summing the equivalent carbon dioxide emissions 
of each gas. Equivalent carbon dioxide emission is a standard and 
useful metric for comparing emissions of different greenhouse gases 
but does not imply exact equivalence of the corresponding climate 
change responses (see Section 2.10).

Evapotranspiration  The combined process of evaporation from the 
Earth’s surface and transpiration from vegetation.

External forcing  External forcing refers to a forcing agent outside 
the climate system causing a change in the climate system. Volcanic 
eruptions, solar variations and anthropogenic changes in the 
composition of the atmosphere and land use change are external 
forcings. 

Extreme weather event  An extreme weather event is an event that 
is rare at a particular place and time of year. Defi nitions of rare 
vary, but an extreme weather event would normally be as rare as 
or rarer than the 10th or 90th percentile of the observed probability 
density function. By defi nition, the characteristics of what is called 
extreme weather may vary from place to place in an absolute sense. 
Single extreme events cannot be simply and directly attributed to 
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anthropogenic climate change, as there is always a fi nite chance the 
event in question might have occurred naturally. When a pattern of 
extreme weather persists for some time, such as a season, it may be 
classed as an extreme climate event, especially if it yields an average 
or total that is itself extreme (e.g., drought or heavy rainfall over a 
season).

Faculae  Bright patches on the Sun. The area covered by faculae is 
greater during periods of high solar activity.

Feedback  See Climate feedback.

Fingerprint  The climate response pattern in space and/or time to a 
specifi c forcing is commonly referred to as a fi ngerprint. Fingerprints 
are used to detect the presence of this response in observations and 
are typically estimated using forced climate model simulations.

Flux adjustment  To avoid the problem of coupled Atmosphere-
Ocean General Circulation Models (AOGCMs) drifting into some 
unrealistic climate state, adjustment terms can be applied to the 
atmosphere-ocean fl uxes of heat and moisture (and sometimes the 
surface stresses resulting from the effect of the wind on the ocean 
surface) before these fl uxes are imposed on the model ocean and 
atmosphere. Because these adjustments are pre-computed and 
therefore independent of the coupled model integration, they are 
uncorrelated with the anomalies that develop during the integration. 
Chapter 8 of this report concludes that most models used in this 
report (Fourth Assessment Report AOGCMs) do not use fl ux 
adjustments, and that in general, fewer models use them.

Forest  A vegetation type dominated by trees. Many defi nitions 
of the term forest are in use throughout the world, refl ecting wide 
differences in biogeophysical conditions, social structure and 
economics. For a discussion of the term forest and related terms 
such as afforestation, reforestation and deforestation see the IPCC 
Report on Land Use, Land-Use Change and Forestry (IPCC, 2000). 
See also the Report on Defi nitions and Methodological Options to 
Inventory Emissions from Direct Human-induced Degradation of 
Forests and Devegetation of Other Vegetation Types (IPCC, 2003).

Fossil fuel emissions  Emissions of greenhouse gases (in particular 
carbon dioxide) resulting from the combustion of fuels from fossil 
carbon deposits such as oil, gas and coal. 

Framework Convention on Climate Change   See United Nations 
Framework Convention on Climate Change (UNFCCC).

Free atmosphere

The atmospheric layer that is negligibly affected by friction against 
the Earth’s surface, and which is above the atmospheric boundary 
layer.

Frozen ground  Soil or rock in which part or all of the pore water is 
frozen (Van Everdingen, 1998). Frozen ground includes permafrost. 
Ground that freezes and thaws annually is called seasonally frozen 
ground.

General circulation  The large-scale motions of the atmosphere 
and the ocean as a consequence of differential heating on a rotating 
Earth, which tend to restore the energy balance of the system 
through transport of heat and momentum.

General Circulation Model (GCM)  See Climate model.

Geoid  The equipotential surface (i.e., having the same gravity 
potential at each point) that best fi ts the mean sea level (see relative 
sea level) in the absence of astronomical tides; ocean circulations; 

hydrological, cryospheric and atmospheric effects; Earth rotation 
variations and polar motion; nutation and precession; tectonics 
and other effects such as post-glacial rebound. The geoid is 
global and extends over continents, oceans and ice sheets, and at 
present includes the effect of the permanent tides (zero-frequency 
gravitational effect from the Sun and the Moon). It is the surface 
of reference for astronomical observations, geodetic levelling, and 
for ocean, hydrological, glaciological and climate modelling. In 
practice, there exist various operational defi nitions of the geoid, 
depending on the way the time-variable effects mentioned above 
are modelled.

Geostrophic winds or currents  A wind or current that is in balance 
with the horizontal pressure gradient and the Coriolis force, and thus 
is outside of the infl uence of friction. Thus, the wind or current is 
directly parallel to isobars and its speed is inversely proportional to 
the spacing of the isobaric contours.

Glacial isostatic adjustment  See Post-glacial rebound.

Glacier  A mass of land ice that fl ows downhill under gravity 
(through internal deformation and/or sliding at the base) and is 
constrained by internal stress and friction at the base and sides. A 
glacier is maintained by accumulation of snow at high altitudes, 
balanced by melting at low altitudes or discharge into the sea. See 
Equilibrium line; Mass balance.

Global dimming  Global dimming refers to perceived widespread 
reduction of solar radiation received at the surface of the Earth from 
about the year 1961 to around 1990.

Global surface temperature  The global surface temperature is 
an estimate of the global mean surface air temperature. However, 
for changes over time, only anomalies, as departures from a 
climatology, are used, most commonly based on the area-weighted 
global average of the sea surface temperature anomaly and land 
surface air temperature anomaly. 

Global Warming Potential (GWP)  An index, based upon radiative 
properties of well-mixed greenhouse gases, measuring the 
radiative forcing of a unit mass of a given well-mixed greenhouse 
gas in the present-day atmosphere integrated over a chosen time 
horizon, relative to that of carbon dioxide. The GWP represents 
the combined effect of the differing times these gases remain in the 
atmosphere and their relative effectiveness in absorbing outgoing 
thermal infrared radiation. The Kyoto Protocol is based on GWPs 
from pulse emissions over a 100-year time frame.

Greenhouse effect  Greenhouse gases effectively absorb thermal 
infrared radiation, emitted by the Earth’s surface, by the atmosphere 
itself due to the same gases, and by clouds. Atmospheric radiation 
is emitted to all sides, including downward to the Earth’s surface. 
Thus, greenhouse gases trap heat within the surface-troposphere 
system. This is called the greenhouse effect. Thermal infrared 
radiation in the troposphere is strongly coupled to the temperature 
of the atmosphere at the altitude at which it is emitted. In the 
troposphere, the temperature generally decreases with height. 
Effectively, infrared radiation emitted to space originates from an 
altitude with a temperature of, on average, –19°C, in balance with 
the net incoming solar radiation, whereas the Earth’s surface is kept 
at a much higher temperature of, on average, +14°C. An increase in 
the concentration of greenhouse gases leads to an increased infrared 
opacity of the atmosphere, and therefore to an effective radiation 
into space from a higher altitude at a lower temperature. This causes 
a radiative forcing that leads to an enhancement of the greenhouse 
effect, the so-called enhanced greenhouse effect.
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Greenhouse gas (GHG)  Greenhouse gases are those gaseous 
constituents of the atmosphere, both natural and anthropogenic, that 
absorb and emit radiation at specifi c wavelengths within the spectrum 
of thermal infrared radiation emitted by the Earth’s surface, the 
atmosphere itself, and by clouds. This property causes the greenhouse 
effect. Water vapour (H2O), carbon dioxide (CO2), nitrous oxide (N2O), 
methane (CH4) and ozone (O3) are the primary greenhouse gases in the 
Earth’s atmosphere. Moreover, there are a number of entirely human-
made greenhouse gases in the atmosphere, such as the halocarbons 
and other chlorine- and bromine-containing substances, dealt with 
under the Montreal Protocol. Beside CO2, N2O and CH4, the Kyoto 
Protocol deals with the greenhouse gases sulphur hexafl uoride (SF6), 
hydrofl uorocarbons (HFCs) and perfl uorocarbons (PFCs).

Gross Primary Production (GPP)  The amount of energy fi xed from 
the atmosphere through photosynthesis.

Ground ice  A general term referring to all types of ice contained 
in freezing and seasonally frozen ground and permafrost (Van 
Everdingen, 1998).

Ground temperature  The temperature of the ground near the surface 
(often within the fi rst 10 cm). It is often called soil temperature.

Grounding line/zone  The junction between a glacier or ice sheet 
and ice shelf; the place where ice starts to fl oat.

Gyre  Basin-scale ocean horizontal circulation pattern with 
slow fl ow circulating around the ocean basin, closed by a strong 
and narrow (100–200 km wide) boundary current on the western 
side. The subtropical gyres in each ocean are associated with high 
pressure in the centre of the gyres; the subpolar gyres are associated 
with low pressure.

Hadley Circulation  A direct, thermally driven overturning cell in the 
atmosphere consisting of poleward fl ow in the upper troposphere, 
subsiding air into the subtropical anticyclones, return fl ow as part of 
the trade winds near the surface, and with rising air near the equator 
in the so-called Inter-Tropical Convergence Zone. 

Halocarbons  A collective term for the group of partially 
halogenated organic species, including the chlorofl uorocarbons 
(CFCs), hydrochlorofl uorocarbons (HCFCs), hydrofl uorocarbons 
(HFCs), halons, methyl chloride, methyl bromide, etc. Many of the 
halocarbons have large Global Warming Potentials. The chlorine- 
and bromine-containing halocarbons are also involved in the 
depletion of the ozone layer. 

Halosteric  See Sea level change.

HCFC  See Halocarbons.

HFC  See Halocarbons.

Heterotrophic respiration  The conversion of organic matter to 
carbon dioxide by organisms other than plants.

Holocene  The Holocene geological epoch is the latter of two 
Quaternary epochs, extending from about 11.6 ka to and including 
the present.

Hydrosphere  The component of the climate system comprising 
liquid surface and subterranean water, such as oceans, seas, rivers, 
fresh water lakes, underground water, etc.

Ice age  An ice age or glacial period is characterised by a 
long-term reduction in the temperature of the Earth’s climate, 

resulting in growth of continental ice sheets and mountain glaciers 
(glaciation).

Ice cap  A dome shaped ice mass, usually covering a highland area, 
which is considerably smaller in extent than an ice sheet.

Ice core  A cylinder of ice drilled out of a glacier or ice sheet.

Ice sheet  A mass of land ice that is suffi ciently deep to cover 
most of the underlying bedrock topography, so that its shape is 
mainly determined by its dynamics (the fl ow of the ice as it deforms 
internally and/or slides at its base). An ice sheet fl ows outward from 
a high central ice plateau with a small average surface slope. The 
margins usually slope more steeply, and most ice is discharged 
through fast-fl owing ice streams or outlet glaciers, in some cases 
into the sea or into ice shelves fl oating on the sea. There are only 
three large ice sheets in the modern world, one on Greenland and 
two on Antarctica, the East and West Antarctic Ice Sheets, divided 
by the Transantarctic Mountains. During glacial periods there were 
others. 

Ice shelf  A fl oating slab of ice of considerable thickness extending 
from the coast (usually of great horizontal extent with a level or 
gently sloping surface), often fi lling embayments in the coastline of 
the ice sheets. Nearly all ice shelves are in Antarctica, where most 
of the ice discharged seaward fl ows into ice shelves.

Ice stream  A stream of ice fl owing faster than the surrounding ice 
sheet. It can be thought of as a glacier fl owing between walls of 
slower-moving ice instead of rock.

Indirect aerosol effect  Aerosols may lead to an indirect radiative 
forcing of the climate system through acting as cloud condensation 
nuclei or modifying the optical properties and lifetime of clouds. 
Two indirect effects are distinguished:

Cloud albedo effect  A radiative forcing induced by an increase 
in anthropogenic aerosols that cause an initial increase in droplet 
concentration and a decrease in droplet size for fi xed liquid 
water content, leading to an increase in cloud albedo. This effect 
is also known as the fi rst indirect effect or Twomey effect. 

Cloud lifetime effect  A forcing induced by an increase in 
anthropogenic aerosols that cause a decrease in droplet size, 
reducing the precipitation effi ciency, thereby modifying the 
liquid water content, cloud thickness and cloud life time. This 
effect is also known as the second indirect effect or Albrecht 
effect.

Apart from these indirect effects, aerosols may have a semi-
direct effect. This refers to the absorption of solar radiation 
by absorbing aerosol, which heats the air and tends to increase 
the static stability relative to the surface. It may also cause 
evaporation of cloud droplets.

Industrial revolution  A period of rapid industrial growth with far-
reaching social and economic consequences, beginning in Britain 
during the second half of the eighteenth century and spreading to 
Europe and later to other countries including the United States. 
The invention of the steam engine was an important trigger of this 
development. The industrial revolution marks the beginning of a 
strong increase in the use of fossil fuels and emission of, in particular, 
fossil carbon dioxide. In this report the terms pre-industrial and 
industrial refer, somewhat arbitrarily, to the periods before and after 
1750, respectively.

Infrared radiation  See Thermal infrared radiation.
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Insolation  The amount of solar radiation reaching the Earth by 
latitude and by season. Usually insolation refers to the radiation 
arriving at the top of the atmosphere. Sometimes it is specifi ed as 
referring to the radiation arriving at the Earth’s surface. See also: 
Total Solar Irradiance.

Interglacials  The warm periods between ice age glaciations. The 
previous interglacial, dated approximately from 129 to 116 ka, is 
referred to as the Last Interglacial (AMS, 2000)

Internal variability  See Climate variability.

Inter-Tropical Convergence Zone (ITCZ)  The Inter-Tropical 
Convergence Zone is an equatorial zonal belt of low pressure near 
the equator where the northeast trade winds meet the southeast trade 
winds. As these winds converge, moist air is forced upward, resulting 
in a band of heavy precipitation. This band moves seasonally.

Isostatic or Isostasy  Isostasy refers to the way in which the 
lithosphere and mantle respond visco-elastically to changes in 
surface loads. When the loading of the lithosphere and/or the mantle 
is changed by alterations in land ice mass, ocean mass, sedimentation, 
erosion or mountain building, vertical isostatic adjustment results, 
in order to balance the new load.

Kyoto Protocol  The Kyoto Protocol to the United Nations 
Framework Convention on Climate Change (UNFCCC) was adopted 
in 1997 in Kyoto, Japan, at the Third Session of the Conference 
of the Parties (COP) to the UNFCCC. It contains legally binding 
commitments, in addition to those included in the UNFCCC. 
Countries included in Annex B of the Protocol (most Organisation 
for Economic Cooperation and Development countries and countries 
with economies in transition) agreed to reduce their anthropogenic 
greenhouse gas emissions (carbon dioxide, methane, nitrous oxide, 
hydrofl uorocarbons, perfl uorocarbons, and sulphur hexafl uoride) by 
at least 5% below 1990 levels in the commitment period 2008 to 
2012. The Kyoto Protocol entered into force on 16 February 2005.

Land use and Land use change  Land use refers to the total of 
arrangements, activities and inputs undertaken in a certain land 
cover type (a set of human actions). The term land use is also used 
in the sense of the social and economic purposes for which land is 
managed (e.g., grazing, timber extraction and conservation). Land 
use change refers to a change in the use or management of land 
by humans, which may lead to a change in land cover. Land cover 
and land use change may have an impact on the surface albedo, 
evapotranspiration, sources and sinks of greenhouse gases, or other 
properties of the climate system and may thus have a radiative 
forcing and/or other impacts on climate, locally or globally. See 
also the IPCC Report on Land Use, Land-Use Change, and Forestry 
(IPCC, 2000).

La Niña  See El Niño-Southern Oscillation.

Land surface air temperature  The surface air temperature as 
measured in well-ventilated screens over land at 1.5 m above the 
ground.

Lapse rate  The rate of change of an atmospheric variable, usually 
temperature, with height. The lapse rate is considered positive when 
the variable decreases with height.

Last Glacial Maximum (LGM)  The Last Glacial Maximum refers to 
the time of maximum extent of the ice sheets during the last glaciation, 
approximately 21 ka. This period has been widely studied because the 
radiative forcings and boundary conditions are relatively well known 
and because the global cooling during that period is comparable with 
the projected warming over the 21st century.

Last Interglacial (LIG)  See Interglacial.

Latent heat fl ux  The fl ux of heat from the Earth’s surface to the 
atmosphere that is associated with evaporation or condensation 
of water vapour at the surface; a component of the surface energy 
budget.

Level of Scientifi c Understanding (LOSU)  This is an index on 
a 5-step scale (high, medium, medium-low, low and very low) 
designed to characterise the degree of scientifi c understanding of the 
radiative forcing agents that affect climate change. For each agent, 
the index represents a subjective judgement about the evidence for 
the physical/chemical mechanisms determining the forcing and the 
consensus surrounding the quantitative estimate and its uncertainty.

Lifetime  Lifetime is a general term used for various time scales 
characterising the rate of processes affecting the concentration of 
trace gases. The following lifetimes may be distinguished:

Turnover time (T) (also called global atmospheric lifetime) is the 
ratio of the mass M of a reservoir (e.g., a gaseous compound in the 
atmosphere) and the total rate of removal S from the reservoir: T = M 
/ S. For each removal process, separate turnover times can be defi ned. 
In soil carbon biology, this is referred to as Mean Residence Time.

Adjustment time or response time (Ta ) is the time scale 
characterising the decay of an instantaneous pulse input into the 
reservoir. The term adjustment time is also used to characterise the 
adjustment of the mass of a reservoir following a step change in 
the source strength. Half-life or decay constant is used to quantify 
a fi rst-order exponential decay process. See response time for a 
different defi nition pertinent to climate variations.

The term lifetime is sometimes used, for simplicity, as a surrogate 
for adjustment time.

In simple cases, where the global removal of the compound is 
directly proportional to the total mass of the reservoir, the adjustment 
time equals the turnover time: T = Ta. An example is CFC-11, which 
is removed from the atmosphere only by photochemical processes 
in the stratosphere. In more complicated cases, where several 
reservoirs are involved or where the removal is not proportional to 
the total mass, the equality T = Ta no longer holds. Carbon dioxide 
(CO2) is an extreme example. Its turnover time is only about four 
years because of the rapid exchange between the atmosphere and 
the ocean and terrestrial biota. However, a large part of that CO2 is 
returned to the atmosphere within a few years. Thus, the adjustment 
time of CO2 in the atmosphere is actually determined by the rate 
of removal of carbon from the surface layer of the oceans into its 
deeper layers. Although an approximate value of 100 years may be 
given for the adjustment time of CO2 in the atmosphere, the actual 
adjustment is faster initially and slower later on. In the case of 
methane (CH4), the adjustment time is different from the turnover 
time because the removal is mainly through a chemical reaction with 
the hydroxyl radical OH, the concentration of which itself depends 
on the CH4 concentration. Therefore, the CH4 removal rate S is not 
proportional to its total mass M. 

Likelihood  The likelihood of an occurrence, an outcome or a 
result, where this can be estimated probabilistically, is expressed 
in this report using a standard terminology, defi ned in Box 1.1. See 
also Uncertainty; Confi dence.

Lithosphere  The upper layer of the solid Earth, both continental 
and oceanic, which comprises all crustal rocks and the cold, mainly 
elastic part of the uppermost mantle. Volcanic activity, although part 
of the lithosphere, is not considered as part of the climate system, 
but acts as an external forcing factor. See Isostatic.

Little Ice Age (LIA) An interval between approximately AD 1400 
and 1900 when temperatures in the Northern Hemisphere were 
generally colder than today’s, especially in Europe.
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Mass balance (of glaciers, ice caps or ice sheets)  The balance 
between the mass input to the ice body (accumulation) and the mass 
loss (ablation, iceberg calving). Mass balance terms include the 
following:

Specifi c mass balance: net mass loss or gain over a hydrological 
cycle at a point on the surface of a glacier. 

Total mass balance (of the glacier): The specifi c mass balance 
spatially integrated over the entire glacier area; the total mass a 
glacier gains or loses over a hydrological cycle.

Mean specifi c mass balance: The total mass balance per unit area 
of the glacier. If surface is specifi ed (specifi c surface mass balance, 
etc.) then ice fl ow contributions are not considered; otherwise, mass 
balance includes contributions from ice fl ow and iceberg calving. 
The specifi c surface mass balance is positive in the accumulation 
area and negative in the ablation area.

Mean sea level  See Relative sea level.

Medieval Warm Period (MWP)  An interval between AD 1000 and 
1300 in which some Northern Hemisphere regions were warmer 
than during the Little Ice Age that followed.

Meridional Overturning Circulation (MOC)  Meridional (north-
south) overturning circulation in the ocean quantifi ed by zonal 
(east-west) sums of mass transports in depth or density layers. 
In the North Atlantic, away from the subpolar regions, the MOC 
(which is in principle an observable quantity) is often identifi ed 
with the Thermohaline Circulation (THC), which is a conceptual 
interpretation. However, it must be borne in mind that the MOC can 
also include shallower, wind-driven overturning cells such as occur 
in the upper ocean in the tropics and subtropics, in which warm 
(light) waters moving poleward are transformed to slightly denser 
waters and subducted equatorward at deeper levels. 

Metadata  Information about meteorological and climatological 
data concerning how and when they were measured, their quality, 
known problems and other characteristics. 

Metric  A consistent measurement of a characteristic of an object or 
activity that is otherwise diffi cult to quantify. 

Mitigation  A human intervention to reduce the sources or enhance 
the sinks of greenhouse gases.

Mixing ratio  See Mole fraction.

Model hierarchy  See Climate model (spectrum or hierarchy).

Modes of climate variability  Natural variability of the climate 
system, in particular on seasonal and longer time scales, 
predominantly occurs with preferred spatial patterns and time 
scales, through the dynamical characteristics of the atmospheric 
circulation and through interactions with the land and ocean 
surfaces. Such patterns are often called regimes, modes or 
teleconnections. Examples are the North Atlantic Oscillation 
(NAO), the Pacifi c-North American pattern (PNA), the El Niño-
Southern Oscillation (ENSO), the Northern Annular Mode (NAM; 
previously called Arctic Oscillation, AO) and the Southern Annular 
Mode (SAM; previously called the Antarctic Oscillation, AAO). 
Many of the prominent modes of climate variability are discussed in 
section 3.6. See also Patterns of climate variability.

Mole fraction  Mole fraction, or mixing ratio, is the ratio of the 
number of moles of a constituent in a given volume to the total 
number of moles of all constituents in that volume. It is usually 
reported for dry air. Typical values for long-lived greenhouse gases 
are in the order of μmol mol–1 (parts per million: ppm), nmol mol–1 
(parts per billion: ppb), and fmol mol–1 (parts per trillion: ppt). Mole 

fraction differs from volume mixing ratio, often expressed in ppmv 
etc., by the corrections for non-ideality of gases. This correction is 
signifi cant relative to measurement precision for many greenhouse 
gases. (Schwartz and Warneck, 1995).

Monsoon  A monsoon is a tropical and subtropical seasonal reversal 
in both the surface winds and associated precipitation, caused by 
differential heating between a continental-scale land mass and the 
adjacent ocean. Monsoon rains occur mainly over land in summer.

Montreal Protocol  The Montreal Protocol on Substances that 
Deplete the Ozone Layer was adopted in Montreal in 1987, and 
subsequently adjusted and amended in London (1990), Copenhagen 
(1992), Vienna (1995), Montreal (1997) and Beijing (1999). It 
controls the consumption and production of chlorine- and bromine-
containing chemicals that destroy stratospheric ozone, such as 
chlorofl uorocarbons, methyl chloroform, carbon tetrachloride and 
many others.

Microwave Sounding Unit (MSU)  A satellite-borne microwave 
sounder that estimates the temperature of thick layers of the 
atmosphere by measuring the thermal emission of oxygen 
molecules from a complex of emission lines near 60 GHz. A series 
of nine MSUs began making this kind of measurement in late 1978. 
Beginning in mid 1998, a follow-on series of instruments, the 
Advanced Microwave Sounding Units (AMSUs), began operation.

MSU  See Microwave Sounding Unit.

Nonlinearity  A process is called nonlinear when there is no simple 
proportional relation between cause and effect. The climate system 
contains many such nonlinear processes, resulting in a system with 
a potentially very complex behaviour. Such complexity may lead to 
abrupt climate change. See also Chaos; Predictability.

North Atlantic Oscillation (NAO)  The North Atlantic Oscillation 
consists of opposing variations of barometric pressure near Iceland 
and near the Azores. It therefore corresponds to fl uctuations in 
the strength of the main westerly winds across the Atlantic into 
Europe, and thus to fl uctuations in the embedded cyclones with their 
associated frontal systems. See NAO Index, Box 3.4.

Northern Annular Mode (NAM)  A winter fl uctuation in the amplitude 
of a pattern characterised by low surface pressure in the Arctic 
and strong mid-latitude westerlies. The NAM has links with the 
northern polar vortex into the stratosphere. Its pattern has a bias to 
the North Atlantic and has a large correlation with the North Atlantic 
Oscillation. See NAM Index, Box 3.4.

Ocean acidifi cation  A decrease in the pH of sea water due to the 
uptake of anthropogenic carbon dioxide.

Ocean heat uptake effi ciency  This is a measure (W m–2 °C–1) 
of the rate at which heat storage by the global ocean increases as 
global surface temperature rises. It is a useful parameter for climate 
change experiments in which the radiative forcing is changing 
monotonically, when it can be compared with the climate sensitivity 
parameter to gauge the relative importance of climate response and 
ocean heat uptake in determining the rate of climate change. It can 
be estimated from a 1% yr–1 atmospheric carbon dioxide increase 
experiment as the ratio of the global average top-of-atmosphere 
net downward radiative fl ux to the transient climate response (see 
climate sensitivity).

Organic aerosol  Aerosol particles consisting predominantly of 
organic compounds, mainly carbon, hydrogen, oxygen and lesser 
amounts of other elements. (Charlson and Heintzenberg, 1995, p. 
405). See Carbonaceous aerosol.
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Ozone  Ozone, the triatomic form of oxygen (O3), is a gaseous 
atmospheric constituent. In the troposphere, it is created both 
naturally and by photochemical reactions involving gases resulting 
from human activities (smog). Tropospheric ozone acts as a 
greenhouse gas. In the stratosphere, it is created by the interaction 
between solar ultraviolet radiation and molecular oxygen (O2). 
Stratospheric ozone plays a dominant role in the stratospheric 
radiative balance. Its concentration is highest in the ozone layer. 

Ozone hole  See Ozone layer.

Ozone layer  The stratosphere contains a layer in which the 
concentration of ozone is greatest, the so-called ozone layer. The 
layer extends from about 12 to 40 km above the Earth’s surface. The 
ozone concentration reaches a maximum between about 20 and 25 
km. This layer is being depleted by human emissions of chlorine and 
bromine compounds. Every year, during the Southern Hemisphere 
spring, a very strong depletion of the ozone layer takes place over 
the antarctic region, caused by anthropogenic chlorine and bromine 
compounds in combination with the specifi c meteorological 
conditions of that region. This phenomenon is called the ozone hole. 
See Montreal Protocol.

Pacifi c decadal variability  Coupled decadal-to-inter-decadal 
variability of the atmospheric circulation and underlying ocean in 
the Pacifi c Basin. It is most prominent in the North Pacifi c, where 
fl uctuations in the strength of the winter Aleutian Low pressure 
system co-vary with North Pacifi c sea surface temperatures, and 
are linked to decadal variations in atmospheric circulation, sea 
surface temperatures and ocean circulation throughout the whole 
Pacifi c Basin. Such fl uctuations have the effect of modulating the El 
Niño-Southern Oscillation cycle. Key measures of Pacifi c decadal 
variability are the North Pacifi c Index (NPI), the Pacifi c Decadal 
Oscillation (PDO) index and the Inter-decadal Pacifi c Oscillation 
(IPO) index, all defi ned in Box 3.4.

Pacifi c-North American (PNA) pattern  An atmospheric large-scale 
wave pattern featuring a sequence of tropospheric high- and low-
pressure anomalies stretching from the subtropical west Pacifi c to 
the east coast of North America. See PNA pattern index, Box 3.4.

Palaeoclimate  Climate during periods prior to the development 
of measuring instruments, including historic and geologic time, for 
which only proxy climate records are available.

Parametrization  In climate models, this term refers to the technique 
of representing processes that cannot be explicitly resolved at the 
spatial or temporal resolution of the model (sub-grid scale processes) 
by relationships between model-resolved larger-scale fl ow and the 
area- or time-averaged effect of such sub-grid scale processes.

Patterns of climate variability  See Modes of climate variability.

Percentile  A percentile is a value on a scale of one hundred that 
indicates the percentage of the data set values that is equal to or 
below it. The percentile is often used to estimate the extremes of a 
distribution. For example, the 90th (10th) percentile may be used to 
refer to the threshold for the upper (lower) extremes.

Permafrost  Ground (soil or rock and included ice and organic 
material) that remains at or below 0°C for at least two consecutive 
years (Van Everdingen, 1998).

pH  pH is a dimensionless measure of the acidity of water 
(or any solution) given by its concentration of hydrogen 
ions (H+). pH is measured on a logarithmic scale where 

pH = –log10(H+). Thus, a pH decrease of 1 unit corresponds 
to a 10-fold increase in the concentration of H+, or acidity. 

Photosynthesis  The process by which plants take carbon dioxide 
from the air (or bicarbonate in water) to build carbohydrates, 
releasing oxygen in the process. There are several pathways of 
photosynthesis with different responses to atmospheric carbon 
dioxide concentrations. See Carbon dioxide fertilization; C3 plants; 
C4 plants.

Plankton  Microorganisms living in the upper layers of aquatic 
systems. A distinction is made between phytoplankton, which 
depend on photosynthesis for their energy supply, and zooplankton, 
which feed on phytoplankton.

Pleistocene  The earlier of two Quaternary epochs, extending from 
the end of the Pliocene, about 1.8 Ma, until the beginning of the 
Holocene about 11.6 ka.

Pollen analysis  A technique of both relative dating and 
environmental reconstruction, consisting of the identifi cation and 
counting of pollen types preserved in peat, lake sediments and other 
deposits. See Proxy.

Post-glacial rebound  The vertical movement of the land and sea 
fl oor following the reduction of the load of an ice mass, for example, 
since the Last Glacial Maximum (21 ka). The rebound is an isostatic 
land movement.

Precipitable water  The total amount of atmospheric water vapour 
in a vertical column of unit cross-sectional area. It is commonly 
expressed in terms of the height of the water if completely condensed 
and collected in a vessel of the same unit cross section.

Precursors  Atmospheric compounds that are not greenhouse gases 
or aerosols, but that have an effect on greenhouse gas or aerosol 
concentrations by taking part in physical or chemical processes 
regulating their production or destruction rates.

Predictability  The extent to which future states of a system may 
be predicted based on knowledge of current and past states of the 
system. 

Since knowledge of the climate system’s past and current states 
is generally imperfect, as are the models that utilise this knowledge 
to produce a climate prediction, and since the climate system is 
inherently nonlinear and chaotic, predictability of the climate 
system is inherently limited. Even with arbitrarily accurate models 
and observations, there may still be limits to the predictability of 
such a nonlinear system (AMS, 2000)

Pre-industrial  See Industrial revolution.

Probability Density Function (PDF)  A probability density function 
is a function that indicates the relative chances of occurrence of 
different outcomes of a variable. The function integrates to unity 
over the domain for which it is defi ned and has the property that 
the integral over a sub-domain equals the probability that the 
outcome of the variable lies within that sub-domain. For example, 
the probability that a temperature anomaly defi ned in a particular 
way is greater than zero is obtained from its PDF by integrating 
the PDF over all possible temperature anomalies greater than zero. 
Probability density functions that describe two or more variables 
simultaneously are similarly defi ned.

Projection  A projection is a potential future evolution of a quantity 
or set of quantities, often computed with the aid of a model. 
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Projections are distinguished from predictions in order to emphasize 
that projections involve assumptions concerning, for example, future 
socioeconomic and technological developments that may or may 
not be realised, and are therefore subject to substantial uncertainty. 
See also Climate projection; Climate prediction.

Proxy  A proxy climate indicator is a local record that is 
interpreted, using physical and biophysical principles, to represent 
some combination of climate-related variations back in time. 
Climate-related data derived in this way are referred to as proxy 
data. Examples of proxies include pollen analysis, tree ring records, 
characteristics of corals and various data derived from ice cores.
 
Quaternary  The period of geological time following the Tertiary 
(65 Ma to 1.8 Ma). Following the current defi nition (which is 
under revision at present) the Quaternary extends from 1.8 Ma until 
the present. It is formed of two epochs, the Pleistocene and the 
Holocene.

Radiative forcing  Radiative forcing is the change in the net, 
downward minus upward, irradiance (expressed in W m–2) at the 
tropopause due to a change in an external driver of climate change, 
such as, for example, a change in the concentration of carbon 
dioxide or the output of the Sun. Radiative forcing is computed with 
all tropospheric properties held fi xed at their unperturbed values, 
and after allowing for stratospheric temperatures, if perturbed, to 
readjust to radiative-dynamical equilibrium. Radiative forcing is 
called instantaneous if no change in stratospheric temperature is 
accounted for. For the purposes of this report, radiative forcing is 
further defi ned as the change relative to the year 1750 and, unless 
otherwise noted, refers to a global and annual average value. 
Radiative forcing is not to be confused with cloud radiative forcing, 
a similar terminology for describing an unrelated measure of the 
impact of clouds on the irradiance at the top of the atmosphere.

Radiative forcing scenario  A plausible representation of the 
future development of radiative forcing associated, for example, 
with changes in atmospheric composition or land use change, or 
with external factors such as variations in solar activity. Radiative 
forcing scenarios can be used as input into simplifi ed climate models 
to compute climate projections.

Rapid climate change  See Abrupt climate change.

Reanalysis  Reanalyses are atmospheric and oceanic analyses 
of temperature, wind, current, and other meteorological and 
oceanographic quantities, created by processing past meteorological 
and oceanographic data using fi xed state-of-the-art weather 
forecasting models and data assimilation techniques. Using fi xed 
data assimilation avoids effects from the changing analysis system 
that occurs in operational analyses. Although continuity is improved, 
global reanalyses still suffer from changing coverage and biases in 
the observing systems.

Reconstruction  The use of climate indicators to help determine 
(generally past) climates.

Reforestation  Planting of forests on lands that have previously 
contained forests but that have been converted to some other 
use. For a discussion of the term forest and related terms such as 
afforestation, reforestation and deforestation, see the IPCC Report 
on Land Use, Land-Use Change and Forestry (IPCC, 2000). See also 
the Report on Defi nitions and Methodological Options to Inventory 
Emissions from Direct Human-induced Degradation of Forests and 
Devegetation of Other Vegetation Types (IPCC, 2003)

Regime  A regime is preferred states of the climate system, often 
representing one phase of dominant patterns or modes of climate 
variability.

Region  A region is a territory characterised by specifi c 
geographical and climatological features. The climate of a region is 
affected by regional and local scale forcings like topography, land 
use characteristics, lakes, etc., as well as remote infl uences from 
other regions. See Teleconnection.

Relative sea level  Sea level measured by a tide gauge with respect 
to the land upon which it is situated. Mean sea level is normally 
defi ned as the average relative sea level over a period, such as a 
month or a year, long enough to average out transients such as 
waves and tides. See Sea level change. 

Reservoir  A component of the climate system, other than the 
atmosphere, which has the capacity to store, accumulate or release 
a substance of concern, for example, carbon, a greenhouse gas or 
a precursor. Oceans, soils and forests are examples of reservoirs 
of carbon. Pool is an equivalent term (note that the defi nition of 
pool often includes the atmosphere). The absolute quantity of the 
substance of concern held within a reservoir at a specifi ed time is 
called the stock.

Respiration  The process whereby living organisms convert 
organic matter to carbon dioxide, releasing energy and consuming  
molecular oxygen.

Response time  The response time or adjustment time is the time 
needed for the climate system or its components to re-equilibrate to 
a new state, following a forcing resulting from external and internal 
processes or feedbacks. It is very different for various components 
of the climate system. The response time of the troposphere is 
relatively short, from days to weeks, whereas the stratosphere 
reaches equilibrium on a time scale of typically a few months. Due 
to their large heat capacity, the oceans have a much longer response 
time: typically decades, but up to centuries or millennia. The 
response time of the strongly coupled surface-troposphere system 
is, therefore, slow compared to that of the stratosphere, and mainly 
determined by the oceans. The biosphere may respond quickly (e.g., 
to droughts), but also very slowly to imposed changes. See lifetime 
for a different defi nition of response time pertinent to the rate of 
processes affecting the concentration of trace gases.

Return period  The average time between occurrences of a defi ned 
event (AMS, 2000).

Return value  The highest (or, alternatively, lowest) value of a 
given variable, on average occurring once in a given period of time 
(e.g., in 10 years).

Scenario  A plausible and often simplifi ed description of how the 
future may develop, based on a coherent and internally consistent 
set of assumptions about driving forces and key relationships. 
Scenarios may be derived from projections, but are often based on 
additional information from other sources, sometimes combined 
with a narrative storyline. See also SRES scenarios; Climate 
scenario; Emission scenario.

Sea ice  Any form of ice found at sea that has originated from the 
freezing of seawater. Sea ice may be discontinuous pieces (ice fl oes) 
moved on the ocean surface by wind and currents (pack ice), or a 
motionless sheet attached to the coast (land-fast ice). Sea ice less 
than one year old is called fi rst-year ice. Multi-year ice is sea ice that 
has survived at least one summer melt season.
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Sea level change  Sea level can change, both globally and locally, 
due to (i) changes in the shape of the ocean basins, (ii) changes 
in the total mass of water and (iii) changes in water density. Sea 
level changes induced by changes in water density are called steric. 
Density changes induced by temperature changes only are called 
thermosteric, while density changes induced by salinity changes are 
called halosteric. See also Relative Sea Level; Thermal expansion.

Sea level equivalent (SLE)  The change in global average sea level 
that would occur if a given amount of water or ice were added to or 
removed from the oceans.

Seasonally frozen ground  See Frozen ground.

Sea surface temperature (SST)  The sea surface temperature is 
the temperature of the subsurface bulk temperature in the top few 
metres of the ocean, measured by ships, buoys and drifters. From 
ships, measurements of water samples in buckets were mostly 
switched in the 1940s to samples from engine intake water. Satellite 
measurements of skin temperature (uppermost layer; a fraction of 
a millimetre thick) in the infrared or the top centimetre or so in the 
microwave are also used, but must be adjusted to be compatible with 
the bulk temperature.

Sensible heat fl ux  The fl ux of heat from the Earth’s surface to the 
atmosphere that is not associated with phase changes of water; a 
component of the surface energy budget.

Sequestration  See Uptake.

Signifi cant wave height  The average height of the highest one-
third of the wave heights (sea and swell) occurring in a particular 
time period.

Sink  Any process, activity or mechanism that removes a 
greenhouse gas, an aerosol or a precursor of a greenhouse gas or 
aerosol from the atmosphere.

Slab-ocean model   A simplifi ed presentation in a climate model 
of the ocean as a motionless layer of water with a depth of 50 to 
100 m. Climate models with a slab ocean can only be used for 
estimating the equilibrium response of climate to a given forcing, 
not the transient evolution of climate. See Equilibrium and transient 
climate experiment.
 
Snow line  The lower limit of permanent snow cover, below which 
snow does not accumulate.

Soil moisture  Water stored in or at the land surface and available 
for evaporation.

Soil temperature  See Ground temperature.

Solar activity  The Sun exhibits periods of high activity observed in 
numbers of sunspots, as well as radiative output, magnetic activity 
and emission of high-energy particles. These variations take place 
on a range of time scales from millions of years to minutes. See 
Solar cycle.

Solar (‘11 year’) cycle  A quasi-regular modulation of solar activity 
with varying amplitude and a period of between 9 and 13 years.

Solar radiation  Electromagnetic radiation emitted by the Sun. 
It is also referred to as shortwave radiation. Solar radiation has a 
distinctive range of wavelengths (spectrum) determined by the 
temperature of the Sun, peaking in visible wavelengths. See also: 
Thermal infrared radiation, Insolation.

Soot  Particles formed during the quenching of gases at the outer 
edge of fl ames of organic vapours, consisting predominantly of 
carbon, with lesser amounts of oxygen and hydrogen present as 
carboxyl and phenolic groups and exhibiting an imperfect graphitic 
structure. See Black carbon; Charcoal (Charlson and Heintzenberg, 
1995, p. 406).

Source  Any process, activity or mechanism that releases a 
greenhouse gas, an aerosol or a precursor of a greenhouse gas or 
aerosol into the atmosphere.

Southern Annular Mode (SAM)  The fl uctuation of a pattern like the 
Northern Annular Mode, but in the Southern Hemisphere. See SAM 
Index, Box 3.4.

Southern Oscillation  See El Niño-Southern Oscillation (ENSO).

Spatial and temporal scales  Climate may vary on a large range 
of spatial and temporal scales. Spatial scales may range from local 
(less than 100,000 km2), through regional (100,000 to 10 million 
km2) to continental (10 to 100 million km2). Temporal scales may 
range from seasonal to geological (up to hundreds of millions of 
years).

SRES scenarios  SRES scenarios are emission scenarios developed 
by Nakićenović and Swart (2000) and used, among others, as a basis 
for some of the climate projections shown in Chapter 10 of this 
report. The following terms are relevant for a better understanding 
of the structure and use of the set of SRES scenarios:

Scenario family  Scenarios that have a similar demographic, 
societal, economic and technical change storyline. Four scenario 
families comprise the SRES scenario set: A1, A2, B1 and B2.

Illustrative Scenario  A scenario that is illustrative for each of the 
six scenario groups refl ected in the Summary for Policymakers 
of Nakićenović and Swart (2000). They include four revised 
scenario markers for the scenario groups A1B, A2, B1, B2, 
and two additional scenarios for the A1FI and A1T groups. All 
scenario groups are equally sound. 

Marker Scenario  A scenario that was originally posted in 
draft form on the SRES website to represent a given scenario 
family. The choice of markers was based on which of the initial 
quantifi cations best refl ected the storyline, and the features of 
specifi c models. Markers are no more likely than other scenarios, 
but are considered by the SRES writing team as illustrative 
of a particular storyline. They are included in revised form in 
Nakićenović and Swart (2000). These scenarios received the 
closest scrutiny of the entire writing team and via the SRES open 
process. Scenarios were also selected to illustrate the other two 
scenario groups.

Storyline  A narrative description of a scenario (or family 
of scenarios), highlighting the main scenario characteristics, 
relationships between key driving forces and the dynamics of 
their evolution.

Steric  See Sea level change.

Stock  See Reservoir.

Storm surge  The temporary increase, at a particular locality, 
in the height of the sea due to extreme meteorological conditions 
(low atmospheric pressure and/or strong winds). The storm surge is 
defi ned as being the excess above the level expected from the tidal 
variation alone at that time and place.
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Storm tracks  Originally, a term referring to the tracks of individual 
cyclonic weather systems, but now often generalised to refer to the 
regions where the main tracks of extratropical disturbances occur 
as sequences of low (cyclonic) and high (anticyclonic) pressure 
systems. 

Stratosphere  The highly stratifi ed region of the atmosphere above 
the troposphere extending from about 10 km (ranging from 9 km at 
high latitudes to 16 km in the tropics on average) to about 50 km 
altitude. 

Subduction  Ocean process in which surface waters enter the ocean 
interior from the surface mixed layer through Ekman pumping 
and lateral advection. The latter occurs when surface waters are 
advected to a region where the local surface layer is less dense and 
therefore must slide below the surface layer, usually with no change 
in density. 

Sunspots  Small dark areas on the Sun. The number of sunspots is 
higher during periods of high solar activity, and varies in particular 
with the solar cycle.

Surface layer  See Atmospheric boundary layer.

Surface temperature  See Global surface temperature; Ground 
temperature; Land surface air temperature; Sea surface 
temperature. 

Teleconnection  A connection between climate variations 
over widely separated parts of the world. In physical terms, 
teleconnections are often a consequence of large-scale wave 
motions, whereby energy is transferred from source regions along 
preferred paths in the atmosphere. 

Thermal expansion  In connection with sea level, this refers to 
the increase in volume (and decrease in density) that results from 
warming water. A warming of the ocean leads to an expansion of 
the ocean volume and hence an increase in sea level. See Sea level 
change.

Thermal infrared radiation  Radiation emitted by the Earth’s surface, 
the atmosphere and the clouds. It is also known as terrestrial or 
longwave radiation, and is to be distinguished from the near-infrared 
radiation that is part of the solar spectrum. Infrared radiation, in 
general, has a distinctive range of wavelengths (spectrum) longer 
than the wavelength of the red colour in the visible part of the 
spectrum. The spectrum of thermal infrared radiation is practically 
distinct from that of shortwave or solar radiation because of the 
difference in temperature between the Sun and the Earth-atmosphere 
system.

Thermocline  The layer of maximum vertical temperature gradient 
in the ocean, lying between the surface ocean and the abyssal ocean. 
In subtropical regions, its source waters are typically surface waters 
at higher latitudes that have subducted and moved equatorward. At 
high latitudes, it is sometimes absent, replaced by a halocline, which 
is a layer of maximum vertical salinity gradient.

Thermohaline circulation (THC)  Large-scale circulation in the 
ocean that transforms low-density upper ocean waters to higher-
density intermediate and deep waters and returns those waters back 
to the upper ocean. The circulation is asymmetric, with conversion 
to dense waters in restricted regions at high latitudes and the return 
to the surface involving slow upwelling and diffusive processes 
over much larger geographic regions. The THC is driven by high 
densities at or near the surface, caused by cold temperatures and/or 
high salinities, but despite its suggestive though common name, is 
also driven by mechanical forces such as wind and tides. Frequently, 

the name THC has been used synonymously with Meridional 
Overturning Circulation. 

Thermokarst  The process by which characteristic landforms result 
from the thawing of ice-rich permafrost or the melting of massive 
ground ice (Van Everdingen, 1998).

Thermosteric  See Sea level change.

Tide gauge  A device at a coastal location (and some deep-sea 
locations) that continuously measures the level of the sea with respect 
to the adjacent land. Time averaging of the sea level so recorded 
gives the observed secular changes of the relative sea level.

Total solar irradiance (TSI)  The amount of solar radiation received 
outside the Earth’s atmosphere on a surface normal to the incident 
radiation, and at the Earth’s mean distance from the Sun. 
   Reliable measurements of solar radiation can only be made 
from space and the precise record extends back only to 1978. The 
generally accepted value is 1,368 W m−2 with an accuracy of about 
0.2%. Variations of a few tenths of a percent are common, usually 
associated with the passage of sunspots across the solar disk. The 
solar cycle variation of TSI is of the order of 0.1% (AMS, 2000). 
See also Insolation.

Transient climate response  See Climate sensitivity.

Tree rings  Concentric rings of secondary wood evident in a cross-
section of the stem of a woody plant. The difference between the 
dense, small-celled late wood of one season and the wide-celled 
early wood of the following spring enables the age of a tree to be 
estimated, and the ring widths or density can be related to climate 
parameters such as temperature and precipitation. See Proxy.

Trend  In this report, the word trend designates a change, generally 
monotonic in time, in the value of a variable.

Tropopause  The boundary between the troposphere and the 
stratosphere.

Troposphere  The lowest part of the atmosphere, from the surface 
to about 10 km in altitude at mid-latitudes (ranging from 9 km at 
high latitudes to 16 km in the tropics on average), where clouds 
and weather phenomena occur. In the troposphere, temperatures 
generally decrease with height.

Turnover time  See Lifetime.

Uncertainty  An expression of the degree to which a value (e.g., 
the future state of the climate system) is unknown. Uncertainty can 
result from lack of information or from disagreement about what 
is known or even knowable. It may have many types of sources, 
from quantifi able errors in the data to ambiguously defi ned concepts 
or terminology, or uncertain projections of human behaviour. 
Uncertainty can therefore be represented by quantitative measures, 
for example, a range of values calculated by various models, or by 
qualitative statements, for example, refl ecting the judgement of a 
team of experts (see Moss and Schneider, 2000; Manning et al., 
2004). See also Likelihood; Confi dence.

United Nations Framework Convention on Climate Change (UNFCCC)

The Convention was adopted on 9 May 1992 in New York and 
signed at the 1992 Earth Summit in Rio de Janeiro by more than 150 
countries and the European Community. Its ultimate objective is the 
‘stabilisation of greenhouse gas concentrations in the atmosphere 
at a level that would prevent dangerous anthropogenic interference 
with the climate system’. It contains commitments for all Parties. 
Under the Convention, Parties included in Annex I (all OECD 
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countries and countries with economies in transition) aim to return 
greenhouse gas emissions not controlled by the Montreal Protocol 
to 1990 levels by the year 2000. The convention entered in force in 
March 1994. See Kyoto Protocol.

Uptake  The addition of a substance of concern to a reservoir. 
The uptake of carbon containing substances, in particular carbon 
dioxide, is often called (carbon) sequestration.

Urban heat island (UHI)  The relative warmth of a city compared 
with surrounding rural areas, associated with changes in runoff, the 
concrete jungle effects on heat retention, changes in surface albedo, 
changes in pollution and aerosols, and so on.

Ventilation  The exchange of ocean properties with the atmospheric 
surface layer such that property concentrations are brought closer to 
equilibrium values with the atmosphere (AMS, 2000).

Volume mixing ratio  See Mole fraction.

Walker Circulation  Direct thermally driven zonal overturning 
circulation in the atmosphere over the tropical Pacifi c Ocean, with 
rising air in the western and sinking air in the eastern Pacifi c.

Water mass  A volume of ocean water with identifi able properties 
(temperature, salinity, density, chemical tracers) resulting from its 
unique formation process. Water masses are often identifi ed through 
a vertical or horizontal extremum of a property such as salinity.

Younger Dryas  A period 12.9 to 11.6 kya, during the deglaciation, 
characterised by a temporary return to colder conditions in many 
locations, especially around the North Atlantic.
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Acronyms & Regional Abbreviations

µmol micromole

20C3M 20th Century Climate in Coupled Models

AABW Antarctic Bottom Water

AAIW Antarctic Intermediate Water

AAO Antarctic Oscillation

AATSR Advanced Along Track Scanning Radiometer

ACC Antarctic Circumpolar Current

ACCENT
Atmospheric Composition Change: a 
European Network

ACE
Accumulated Cyclone Energy or Aerosol 
Characterization Experiment

ACRIM Active Cavity Radiometer Irradiance Monitor

ACRIMSAT
Active Cavity Radiometer Irradiance Monitor 
Satellite

ACW Antarctic circumpolar wave

ADEC Aeolian Dust Experiment on Climate

ADNET Asian Dust Network

AeroCom Aerosol Model Intercomparison

AERONET Aerosol RObotic NETwork

AGAGE
Advanced Global Atmospheric Gases 
Experiment

AGCM Atmospheric General Circulation Model

AGWP Absolute Global Warming Potential

AIACC

Assessments of Impacts and Adaptations to 
Climate Change in Multiple Regions and 
Sectors

AIC aviation-induced cloudiness

ALAS Autonomous LAgrangian Current Explorer

ALE Atmospheric Lifetime Experiment

AMIP Atmospheric Model Intercomparison Project

AMO Atlantic Multi-decadal Oscillation

AMSU Advanced Microwave Sounding Unit

AO Arctic Oscillation

AOGCM
Atmosphere-Ocean General Circulation 
Model

APEX
Atmospheric Particulate Environment 
Change Studies

AR4 Fourth Assessment Report

ARM Atmospheric Radiation Measurement

ASOS Automated Surface Observation Systems

ASTEX
Atlantic Stratocumulus Transition 
Experiment

ATCM Atmospheric Transport and Chemical Model

ATSR Along Track Scanning Radiometer

AVHRR Advanced Very High Resolution Radiometer

BATS Bermuda Atlantic Time-series Study

BC black carbon

BCC Beijing Climate Center

BCCR Bjerknes Centre for Climate Research

BIOME 6000 Global Palaeovegetation Mapping project

BMRC Bureau of Meteorology Research Centre

C4MIP
Coupled Carbon Cycle Climate Model 
Intercomparison Project

CaCO
3

calcium carbonate

CAMS
Climate Anomaly Monitoring System 
(NOAA)

CAPE Convective Available Potential Energy

CCl
4

carbon tetrachloride

CCM Chemistry-Climate Model

CCCma
Canadian Centre for Climate Modelling and 
Analysis

CCN cloud condensation nuclei

CCSR Centre for Climate System Research

CDIAC Carbon Dioxide Information Analysis Center

CDW Circumpolar Deep Water

CERES
Clouds and the Earth’s Radiant Energy 
System

CERFACS
Centre Europeen de Recherche et de 
Formation Avancee en Calcul Scientifi c

CF
4

perfl uoromethane

CFC chlorofl uorocarbon

CFCl
3

CFC-11

CH
2
I
2

di-iodomethane (methylene iodide)

CH
2
O formaldehyde

CH
3
CCl

3
methyl chloroform

CH
3
COOH acetic acid

CH
4

methane

Acronyms
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CLAMS
Chesapeake Lighthouse and Aircraft 
Measurements for Satellites

CLARIS
Europe-South America Network for Climate 
Change Assessment and Impact Studies

CLIMAP
Climate: Long-range Investigation, Mapping, 
and Prediction

CLIVAR
Climate Variability and Predictability 
Programme

CMAP CPC Merged Analysis of Precipitation

CMDL
Climate Monitoring and Diagnostics 
Laboratory (NOAA)

CMIP Coupled Model Intercomparison Project

CNRM
Centre National de Recherches 
Météorologiques

CO carbon monoxide

CO
2

carbon dioxide

CO
3

2– carbonate

COADS Comprehensive Ocean-Atmosphere Data Set

COARE
Coupled Ocean-Atmosphere Response 
Experiment

COBE-SST
Centennial in-situ Observation-Based 
Estimates of SSTs 

COWL Cold Ocean-Warm Land

CPC Climate Prediction Center (NOAA)

CREAS
Regional Climate Change Scenarios for 
South America

CRIEPI
Central Research Institute of Electric Power 
Industry

CRUTEM2v
CRU/Hadley Centre gridded land-surface air 
temperature version 2v

CRUTEM3
CRU/Hadley Centre gridded land-surface air 
temperature version 3

CSIRO
Commonwealth Scientifi c and Industrial 
Research Organization

CTM Chemical Transport Model

DEMETER

Development of a European Multimodel 
Ensemble System for Seasonal to Interannual 
Prediction

DIC dissolved inorganic carbon

DJF December, January, February

DLR Deutsches Zentrum für Luft- und Raumfahrt

DMS dimethyl sulphide

D-O Dansgaard-Oeschger

DOC dissolved organic carbon

DORIS
Determination d’Orbite et 
Radiopositionnement Intégrés par Satellite

DSOW Denmark Strait Overfl ow Water

DSP Dynamical Seasonal Prediction

DTR diurnal temperature range

DU Dobson unit

EARLINET European Aerosol Research Lidar Network

EBM Energy Balance Model

ECMWF
European Centre for Medium Range Weather 
Forecasts

ECS equilibrium climate sensitivity

EDGAR
Emission Database for Global Atmospheric 
Research

EMIC
Earth System Model of Intermediate 
Complexity

ENSO El Niño-Southern Oscillation

EOF Empirical Orthogonal Function

EOS Earth Observing System

EPICA
European Programme for Ice Coring in 
Antarctica

ERA-15 ECMWF 15-year reanalysis

ERA-40 ECMWF 40-year reanalysis

ERBE Earth Radiation Budget Experiment

ERBS Earth Radiation Budget Satellite

ERS European Remote Sensing satellite

ESRL Earth System Research Library (NOAA)

ESTOC
European Station for Time-series in the 
Ocean

EUROCS EUROpean Cloud Systems

FACE Free Air CO2 Enrichment

FAO Food and Agriculture Organization (UN)

FAR First Assessment Report

FRCGC Frontier Research Center for Global Change

FRSGC Frontier Research System for Global Change

GAGE Global Atmospheric Gases Experiment

GARP Global Atmospheric Research Program

GATE GARP Atlantic Tropical Experiment

GAW Global Atmosphere Watch

GCM General Circulation Model

GCOS Global Climate Observing System

GCSS GEWEX Cloud System Study

GEIA Global Emissions Inventory Activity

GEOS Goddard Earth Observing System

GEWEX Global Energy and Water Cycle Experiment

GFDL Geophysical Fluid Dynamics Laboratory
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GHCN Global Historical Climatology Network

GHG greenhouse gas

GIA glacial isostatic adjustment

GIN Sea Greenland-Iceland-Norwegian Sea

GISP2 Greenland Ice Sheet Project 2

GISS Goddard Institute for Space Studies

GLACE
Global Land Atmosphere Coupling 
Experiment

GLAMAP Glacial Ocean Mapping

GLAS Geoscience Laser Altimeter System

GLODAP Global Ocean Data Analysis Project

GLOSS Global Sea Level Observing System

GMD Global Monitoring Division (NOAA)

GOME Global Ozone Monitoring Experiment

GPCC Global Precipitation Climatology Centre

GPCP Global Precipitation Climatology Project

GPS Global Positioning System

GRACE Gravity Recovery and Climate Experiment

GRIP Greenland Ice Core Project

GSA Great Salinity Anomaly

Gt gigatonne (109 tonnes)

GWE Global Weather Experiment

GWP Global Warming Potential

H
2

molecular hydrogen

HadAT
Hadley Centre Atmospheric Temperature 
data set

HadAT2
Hadley Centre Atmospheric Temperature data 
set Version 2

HadCRUT2v
Hadley Centre/CRU gridded surface 
temperature data set version 2v

HadCRUT3
Hadley Centre/CRU gridded surface 
temperature data set version 3

HadISST
Hadley Centre Sea Ice and Sea Surface 
Temperature data set

HadMAT
Hadley Centre Marine Air Temperature data 
set

HadRT
Hadley Centre Radiosonde Temperature data 
set

HadRT2
Hadley Centre Radiosonde Temperature data 
set

HadSLP2 Hadley Centre MSLP data set version 2

HadSST2 Hadley Centre SST data set version 2

HALOE Halogen Occultation Experiment 

HCFC hydrochlorofl uorocarbon

HCO
3

– bicarbonate

HFC hydrofl uorocarbon

HIRS High Resolution Infrared Radiation Sounder

HLM High Latitude Mode

HNO
3

nitric acid

HO
2

hydroperoxyl radical

HONO nitrous acid

HOT Hawaii Ocean Time-Series

hPa hectopascal

HYDE HistorY Database of the Environment

IABP International Arctic Buoy Programme

ICESat Ice, Cloud and land Elevation Satellite

ICOADS
International Comprehensive Ocean-
Atmosphere Data Set

ICSTM
Imperial College of Science, Technology and 
Medicine

IGBP
International Geosphere-Biosphere 
Programme

IGBP-DIS IGBP Data and Information System

IGRA Integrated Global Radiosonde Archive

IMO International Meteorological Organization

INDOEX Indian Ocean Experiment

InSAR Interferometric Synthetic Aperture Radar

IO iodine monoxide

IOCI Indian Ocean Climate Initiative

IOD Indian Ocean Dipole

IOZM Indian Ocean Zonal Mode

IPAB International Programme for Antarctic Buoys

IPO Inter-decadal Pacifi c Oscillation

IPSL Institut Pierre Simon Laplace

IS92 IPCC Scenarios 1992

ISCCP
International Satellite Cloud Climatology 
Project

ITCZ Inter-Tropical Convergence Zone

JAMSTEC Japan Marine Science and Technology Center

JJA June, July, August

JMA Japan Meteorological Agency

ka thousand years ago

KMA Korea Meteorological Administration

KNMI Royal Netherlands Meteorological Institute

kyr thousand years
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LASG

National Key Laboratory of Numerical 
Modeling for Atmospheric Sciences and 
Geophysical Fluid Dynamics

LBA
Large-Scale Biosphere-Atmosphere 
Experiment in Amazonia

LBC lateral boundary condition

LBL line-by-line

LGM Last Glacial Maximum

LIG Last Interglacial

LKS Lanzante-Klein-Seidel

LLGHG long-lived greenhouse gas

LLJ Low-Level Jet

LLNL Lawrence Livermore National Laboratory

LMD Laboratoire de Météorologie Dynamique

LOA Laboratoire d’Optique Atmospherique

LOSU level of scientifi c understanding

LSCE
Laboratoire des Sciences du Climat et de 
l’Environnement

LSM land surface model

LSW Labrador Sea Water

LW longwave

LWP liquid water path

Ma million years ago

MAM March, April, May

MARGO
Multiproxy Approach for the Reconstruction 
of the Glacial Ocean surface

mb millibar

MDI Michelson Doppler Imager

Meteosat
European geostationary meteorological 
satellite

MFR Maximum Feasible Reduction

MHT meridional heat transport

MINOS Mediterranean Intensive Oxidants Study

MIP Model Intercomparison Project

MIRAGE
Megacity Impacts on Regional and Global 
Environments

MISO Monsoon Intra-Seasonal Oscillation

MISR Multi-angle Imaging Spectro-Radiometer

MJO Madden-Julian Oscillation

MLS Microwave Limb Sounder

MMD Multi-Model Data set (at PCMDI)

MOC Meridional Overturning Circulation

MODIS Moderate Resolution Imaging Spectrometer

mol mole

MONEX Monsoon Experiment

MOPITT
Measurements of Pollution in the 
Troposphere

MOZAIC
Measurement of Ozone by Airbus In-service 
Aircraft

MPI Max Planck Institute

MPIC Max Planck Institute for Chemistry

MPLNET Micro-Pulse Lidar Network

MRI Meteorological Research Institute of JMA

MSLP mean sea level pressure

MSU Microwave Sounding Unit

Myr million years

N
2

molecular nitrogen

N
2
O nitrous oxide

N
2
O

5
 dinitrogen pentoxide

NADW North Atlantic Deep Water

NAH North Atlantic subtropical high

NAM Northern Annular Mode

NAMS North American Monsoon System

NAO North Atlantic Oscillation

NARCCAP
North American Regional Climate Change 
Assessment Program

NASA
National Aeronautics and Space 
Administration

NCAR National Center for Atmospheric Research

NCDC National Climatic Data Center

NCEP
National Centers for Environmental 
Prediction

NEAQS New England Air Quality Study

NEP net ecosystem production

NESDIS
National Environmental Satellite, Data and 
Information Service

NGRIP North Greenland Ice Core Project

NH Northern Hemisphere

NH
3

ammonia

NH
4

+ ammonium ion

NIES National Institute for Environmental Studies

NIWA
National Institute of Water and Atmospheric 
Research

NMAT Nighttime Marine Air Temperature
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NMHC non-methane hydrocarbon

NMVOC non-methane volatile organic compound

NO nitric oxide

NO
2

nitrogen dioxide

NO
3

nitrate radical

NOAA
National Oceanic and Atmospheric 
Administration

NO
x

reactive nitrogen oxides (the sum of NO and 
NO2)

NPI North Pacifi c Index

NPIW North Pacifi c Intermediate Water

NPP net primary productivity

NRA NCEP/NCAR reanalysis

NVAP NASA Water Vapor Project

O(1D) oxygen radical in the 1D excited state

O
2

molecular oxygen

O
3

ozone

OASIS Ocean Atmosphere Sea Ice Soil

OCTS Ocean Colour and Temperature Scanner

ODS ozone-depleting substances

OECD
Organisation for Economic Co-operation and 
Development

OGCM Ocean General Circulation Model

OH hydroxyl radical

OIO iodine dioxide

OLR outgoing longwave radiation

OMI Ozone Monitoring Instrument

OPAC Optical Parameters of Aerosols and Clouds

PCMDI
Program for Climate Model Diagnosis and 
Intercomparison

pCO
2

partial pressure of CO2

PDF probability density function

PDI Power Dissipation Index

PDO Pacifi c Decadal Oscillation

PDSI Palmer Drought Severity Index

PET potential evapotranspiration

PETM Palaeocene-Eocene Thermal Maximum

PFC perfl uorocarbon

Pg petagram (1015 grams)

PMIP
Paleoclimate Modelling Intercomparison 
Project

PMOD
Physikalisch-Meteorologisches 
Observatorium Davos

PNA Pacifi c-North American pattern

PNNL Pacifi c Northwest National Laboratory

PNV potential natural vegetation

POA primary organic aerosol

POC particulate organic carbon

POLDER
Polarization and Directionality of the Earth’s 
Refl ectance

POM particulate organic matter

ppb parts per billion

ppm parts per million

PR Precipitation Radar

PREC/L
Precipitation Reconstruction over Land 
(PREC/L)

PROVOST
Prediction of Climate Variations on Seasonal 
to Interannual Time Scales

PRP Partial Radiative Perturbation

PSA Pacifi c-South American pattern

PSC polar stratospheric cloud

PSMSL Permanent Service for Mean Sea Level

PSU Pennsylvania State University

psu Practical Salinity Unit

QBO Quasi-Biennial Oscillation

RATPAC
Radiosonde Atmospheric Temperature 
Products for Assessing Climate

RCM Regional Climate Model

REA Reliability Ensemble Average

REML restricted maximum likelihood

RF radiative forcing

RFI Radiative Forcing Index

RH relative humidity

RMS root-mean square

RSL relative sea level

RSS Remote Sensing Systems

RTMIP
Radiative-Transfer Model Intercomparison 
Project

SACZ South Atlantic Convergence Zone

SAFARI Southern African Regional Science Initiative

SAGE

Stratospheric Aerosol and Gas Experiment 
or Centre for Sustainability and the Global 
Environment

SAM
Southern Annular Mode or Stratospheric 
Aerosol Measurement
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SAMS South American Monsoon System

SAMW Subantarctic Mode Water

SAR
Second Assessment Report or Synthetic 
Aperture Radar

SARB Surface and Atmosphere Radiation Budget

SARR Space Absolute Radiometric Reference

SAT surface air temperature

SCA snow-covered area

SCIAMACHY
SCanning Imaging Absorption SpectroMeter 
for Atmospheric CHartographY

SCM Simple Climate Model

SeaWiFs Sea-Viewing Wide Field-of-View Sensor

SF
6
 sulphur hexafl uoride

SH Southern Hemisphere

SIO Scripps Institution of Oceanography

SIS Small Island States

SLE sea level equivalent

SLP sea level pressure

SMB surface mass balance

SMM Solar Maximum Mission

SMMR
Scanning Multichannel Microwave 
Radiometer

SO Southern Oscillation

SO
2

sulphur dioxide

SO
4

sulphate

SOA secondary organic aerosol

SOHO Solar Heliospheric Observatory

SOI Southern Oscillation Index

SOM soil organic matter

SON September, October, November

SORCE Solar Radiation and Climate Experiment

SPARC
Stratospheric Processes and their Role in 
Climate

SPCZ South Pacifi c Convergence Zone

SPM Summary for Policymakers

SRALT Satellite radar altimetry

SRES Special Report on Emission Scenarios

SSM/I Special Sensor Microwave/Imager

SST sea surface temperature

STARDEX

STAtistical and Regional dynamical 
Downscaling of EXtremes for European 
regions

STE stratosphere-troposphere exchange

STMW Subtropical Mode Water

SUNY State University of New York

Sv Sverdrup (106 m3 s–1)

SW shortwave

SWE snow water equivalent

SWH signifi cant wave height

T/P TOPEX/Poseidon

T12 HIRS channel 12

T2 MSU channel 2

T2
LT

MSU lower-troposphere channel

T3 MSU channel 3

T4 MSU channel 4

TAR Third Assessment Report

TARFOX
Tropospheric Aerosol Radiative Forcing 
Experiment

TBO Tropospheric Biennial Oscillation

TCR transient climate response

TEAP Technology and Economic Assessment Panel

TGBM Tide Gauge Bench Mark

TGICA
Task Group on Data and Scenario Support for 
Impact and Climate Analysis (IPCC)

THC Thermohaline Circulation

THIR Temperature Humidity Infrared Radiometer

TIM Total Solar Irradiance Monitor

TIROS Television InfraRed Observation Satellite

TMI TRMM microwave imager

TOA top of the atmosphere

TOGA Tropical Ocean Global Atmosphere

TOM top of the model

TOMS Total Ozone Mapping Spectrometer

TOPEX TOPography EXperiment

TOVS TIROS Operational Vertical Sounder

TransCom 3
Atmospheric Tracer Transport Model 
Intercomparison Project

TRMM Tropical Rainfall Measuring Mission

TSI total solar irradiance

UAH University of Alabama in Huntsville
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Regional Abbreviations used in Chapter 11UARS Upper Atmosphere Research Satellite

UCDW Upper Circumpolar Deep Water

UCI University of California at Irvine

UEA University of East Anglia

UHI Urban Heat Island

UIO University of Oslo

UKMO United Kingdom Meteorological Offi ce

ULAQ University of L’Aquila

UMD University of Maryland

UMI University of Michigan

UNEP United Nations Environment Programme

UNFCCC
United Nations Framework Convention on 
Climate Change

USHCN US Historical Climatology Network

UTC Coordinated Universal Time

UTRH upper-tropospheric relative humidity

UV ultraviolet

UVic University of Victoria

VIRGO
Variability of Irradiance and Gravity 
Oscillations

VIRS Visible Infrared Scanner

VOC volatile organic compound

VOS Voluntary Observing Ships

VRGCM
Variable-Resolution General Circulation 
Model

W watt

WAIS West Antarctic Ice Sheet

WCRP World Climate Research Programme

WDCGG World Data Centre for Greenhouse Gases

WGI IPCC Working Group I

WGII IPCC Working Group II

WGIII IPCC Working Group III

WGMS World Glacier Monitoring Service

WMDW Western Mediterranean Deep Water

WMO World Meteorological Organization

WOCE World Ocean Circulation Experiment

WRE Wigley, Richels and Edmonds (1996)

WWR World Weather Records

ZIA 0°C isotherm altitude

τ
aer

aerosol optical depth

ALA Alaska

AMZ Amazonia

ANT Antarctic

ARC Arctic

CAM Central America

CAR Caribbean

CAS Central Asia

CGI East Canada, Greenland and Iceland

CNA Central North America

EAF East Africa

EAS East Asia

ENA Eastern North America

IND Indian Ocean

MED Mediterrranean Basin  

NAS Northern Asia

NAU North Australia

NEU Northern Europe

NPA North Pacifi c Ocean

SAF South Africa

SAH Sahara

SAS South Asia

SAU South Australia

SEA Southeast Asia

SEM Southern Europe and Mediterranean

SPA South Pacifi c Ocean

SSA Southern South America

TIB Tibetan Plateau

TNE Tropical Northeast Atlantic

WAF West Africa

WNA Western North America
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