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TS.1 Introduction

In the six years since the IPCC’s Third Assessment
Report (TAR), significant 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 confidence 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 scientific 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 reflects scientific understanding based on the
peer-reviewed literature available in mid-2006.

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

e Section 2: an overview of current scientific
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 specific causes and a new evaluation of
climate sensitivity to greenhouse gas increases;

e 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 findings
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
scientific 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 reflection, 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 reflect and absorb incoming solar
radiation and change cloud radiative properties. Such
changes cause a radiative forcing of the climate system.!
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 influence 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 | Assessment

Theimportance of consistent and transparent treatment of uncertainties is clearly recognised by the IPCCin 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 | has applied
those guidelines and covers some aspects of the treatment of uncertainty specific to material assessed here.

Uncertaintiescanbeclassified in several differentwaysaccording to theirorigin.Two primary typesare’valueuncertainties
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 confidence 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 different 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 scientific 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 identification 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 first time, a careful distinction
between levels of confidence in scientific understanding and the likelihoods of specific results. This allows authors to
express high confidence that an event is extremely unlikely (e.g., rolling a dice twice and getting a six both times), as well
as high confidence that an event is about as likely as not (e.g., a tossed coin coming up heads). Confidence and likelihood
as used here are distinct concepts but are often linked in practice.

The standard terms used to define levels of confidence in this report are as given in the IPCC Uncertainty Guidance Note,
namely:

’

Confidence Terminology Degree of confidence in being correct
Very high confidence At least 9 out of 10 chance

High confidence About 8 out of 10 chance

Medium confidence About 5 out of 10 chance

Low confidence About 2 out of 10 chance

Very low confidence Less than 1 out of 10 chance

Note that ‘low confidence’ and ‘very low confidence’ are only used for areas of major concern and where a risk-based
perspective is justified.

Chapter 2 of this report uses a related term‘level of scientific understanding’ when describing uncertainties in different
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 scientific 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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The standard terms used in this report to define 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 defined above have been added to those
given in the IPCC Uncertainty Guidance Note in order to provide a more specific 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%
confidence 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.

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 anumber of positive and negative
feedbacks that can have a strong influence 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 efficiencies vary by more than
four orders of magnitude (factor of 10%), reflecting 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 (CO,), itis generally
the case that these processes remove a specific 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,
CO,, methane (CH,) and nitrous oxide (N,O), are
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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 influence 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 specific 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 significant greenhouse gas that is formed and destroyed
by chemical reactions involving other species in the
atmosphere. In the troposphere, the human influence on
ozone occurs primarily through changes in precursor gases
that lead to its formation, whereas in the stratosphere, the
human influence has been primarily through changes
in ozone removal rates caused by chlorofluorocarbons
(CFCs) and other ozone-depleting substances.

7S.2.1.1 Changes in Atmospheric Carbon Dioxide,
Methane and Nitrous Oxide

Current concentrations of atmospheric CO, and
CH, far exceed pre-industrial values found in polar
ice core records of atmospheric composition dating
back 650,000 years. Multiple lines of evidence confirm
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
CO,, CH, and N,O, 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 m2
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 confidence of any
forcing agent. {2.3, 6.4}
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Figure TS.1. Variations of deuterium (dD) in antarctic ice, which is a proxy for local temperature, and the atmospheric concentrations of
the greenhouse gases carbon dioxide (CO,), methane (CH,), and nitrous oxide (N,O) 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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CHANGES IN GREENHOUSE GASES FROM Ice CoRE AND MoDERN DATA
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Figure TS.2. The concentrations and radiative forcing by (a) carbon dioxide (CO,), (b) methane (CH,), (c) nitrous oxide (N,O) and (d) the
rate of change in their combined radiative forcing over the last 20,000 years reconstructed from antarctic and Greenland ice and firn
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 fits 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 CO,, CH,, and N,O 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 CO, decrease of about 10 ppm in the Law Dome record. {Figure 6.4}

The concentration of atmospheric CO, has
increased from a pre-industrial value of about
280 ppm to 379 ppm in 2005. Atmospheric CO,
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 CO, concentration has risen by nearly 100 ppm.
The annual CO, growth rate was larger during the last
10 years (1995-2005 average: 1.9 ppm yr-!) than it has
been since continuous direct atmospheric measurements
began (1960-2005 average: 1.4 ppm yr!). {2.3,6.4, 6.5}

Increases in atmospheric CO, 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 CO,

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

Emissions of CO, from fossil fuel use and from the
effects of land use change on plant and soil carbon
are the primary sources of increased atmospheric
CO,. Since 1750, it is estimated that about 2/3rds of
anthropogenic CO, emissions have come from fossil fuel
burning and about 1/3rd from land use change. About 45%
of this CO, 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 CO, 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 CO, have continued
to increase (see Figure TS.3). Global annual fossil
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CO, emissions? increased from an average of 6.4 =+
0.4 GtC yr! in the 1990s to 7.2 + 0.3 GtC yr! in the
period 2000 to 2005. Estimated CO, emissions associated
with land use change, averaged over the 1990s, were*
0.5 to 2.7 GtC yr!, with a central estimate of 1.6 Gt yr!.
Table TS.1 shows the estimated budgets of CO, in recent
decades. {2.3, 6.4, 7.3, FAQ 7.1}

Since the 1980s, natural processes of CO, 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 CO,
emissions and land use change fluxin Table TS.1). These
removal processes are influenced by the atmospheric
CO, 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-!. Observations demonstrate
that dissolved CO, concentrations in the surface ocean
(pCO,) have been increasing nearly everywhere, roughly
following the atmospheric CO, 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, fire, damage by
pollution and other disturbance factors affecting
biomass and soils. Increases and decreases in fire
frequency in different regions have affected net carbon

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

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

The direct effects of increasing atmospheric CO,
on large-scale terrestrial carbon uptake cannot be
quantified reliably at present. Plant growth can be
stimulated by increased atmospheric CO, 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

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

Atmospheric increase

Fossil carbon dioxide emissions
Net ocean-to-atmosphere flux
Net land-to-atmosphere flux

Partitioned as follows

Land use change flux

Residual land sink

1980s 1990s 2000-2005
3.3+0.1 3.2+0.1 44 £0.1
5.4+0.3 6.4+04 7.2+0.3
-1.8+08 22+04 22+05
-03+09 -1.0£06 -0.9+06
1.4 1.6
(0.410 2.3) 0.5t02.7) NA
1.7 -26
(-3.4 10 0.2) (4.3 to -0.9) NA

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

to 3.67 GtCO,.

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% confidence

intervals.
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CO, EmissioNs AND INCREASES
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Figure TS.3. Annual changes in global mean CO, concentration
(grey bars) and their five-year means from two different
measurement networks (red and lower black stepped lines).
The five-year means smooth out short-term perturbations
associated with strong ENSO events in 1972, 1982, 1987 and
1997. Uncertainties in the five-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}

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 CH, abundance in 2005 of about 1774 ppb is
more than double its pre-industrial value. Atmospheric
CH, 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, CH,
growth rates displayed maxima above 1% yr!, but since
the early 1990s have decreased significantly and were
close to zero for the six-year period from 1999 to 2005.
Increases in CH, 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 !*CO) suggest no significant
long-term change in the global abundance of OH. Thus,

the slowdown in the atmospheric CH, 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 CH, 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 CO, in
magnitude. {2.3}

Current atmospheric CH, levels are due to
continuing anthropogenic emissions of CH,, which
are greater than natural emissions. Total CH,
emissions can be well determined from observed
concentrations and independent estimates of removal
rates. Emissions from individual sources of CH, are not
as well quantified 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 CH,
sources, combined with the small natural range of CH,
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
CH, 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 CH, 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 CH,
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 N,O 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! over the past few decades. Ice core data
show that the atmospheric concentration of N,O 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 N,O since the pre-industrial era now
contributes a radiative forcing of +0.16 + 0.02 W m2
and is due primarily to human activities, particularly
agriculture and associated land use change. Current
estimates are that about 40% of total N,O emissions are
anthropogenic but individual source estimates remain
subject to significant uncertainties. {2.3, 7.4}
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TS.2.1.3 Changes in Atmospheric Halocarbons,
Stratospheric Ozone, Tropospheric Ozone
and Other Gases

CFCs and hydrochlorofluorocarbons (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 firn cores since the TAR have
now extended the available time series information for
some of these greenhouse gases. Ice core and in sifu data
confirm 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 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 fluorinated gases
covered by the Kyoto Protocol (hydrofluorocarbons
(HFCs), perfluorocarbons (PFCs), sulphur hexa-
fluoride (SF¢)) are relatively small but are increasing
rapidly. Their total radiative forcing in 2005 was
+0.017 W m2. {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 confidence 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
scientific 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

indications of significant 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 reflect contributions from temperature-
dependent biogenic volatile organic carbon emissions,
thermal decomposition of peroxyacetylnitrate, which acts
as areservoir for nitrogen oxides (NO,), 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
onrecord 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
scientific 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 significantly 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 CH, is estimated to be
+0.07 £ 0.05 W m~2 The level of scientific understanding
is low because the contribution of CH, to the correspond-
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}
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TS.2.2  Aerosols

Direct aerosol radiative forcing is now considerably
better quantified than previously and represents a
major advance in understanding since the time of
the TAR, when several components had a very low
level of scientific understanding. A total direct aerosol
radiative forcing combined across all aerosol types can
now be given for the first time as —0.5 = 0.4 W m2,
with a medium-low level of scientific understanding.
Atmospheric models have improved and many now
represent all aerosol components
of significance. Aerosols vary
considerably in their properties
that affect the extent to which

Significant 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 influenced
by the occurrence of these aerosols over clouds. For the
first 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}

TotaL AerosoL OpTicaL DEPTH

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 45S
situ, satellite and surface-based

measurements (see Figure TS.4)

latitude
o

January to March 2001

have enabled verification of global
aerosol model simulations. These
improvementsallowquantification
of the total direct aerosol

longitude

August to October 2001

radiative forcing for the first
time, representing an important :
advance since the TAR. The direct 45N £
radiative forcing for individual
species remains less certain and
is estimated from models to be
—0.4 £ 0.2 W m2 for sulphate,
—0.05 £ 0.05 W m2 for fossil fuel
organic carbon, +0.2+0.15 W m2
for fossil fuel black carbon, i
+0.03 + 0.12 W m2 for biomass 90S

latitude
o

45S

PHV-LOM 12002 O0dIO

burning, —0.1 £ 0.1 W m2 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}
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longitude

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}
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Anthropogenic aerosols effects on water clouds
cause an indirect cloud albedo effect (referred to as
the first indirect effect in the TAR), which has a best
estimate for the first 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 scientific
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 scientific
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 scientific
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 scientific 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 significant 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 significantly 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 quantified by a
radiative forcing) and have a very low level of scientific
understanding. {2.5, 7.2, 9.3, Box 11.4}

The release of heat from anthropogenic energy
production can be significant over urban areas but is
not significant 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 significant long-term trend. New data have more
accurately quantified changes in solar spectral fluxes
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 scientific
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 flux 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 scientific 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 sufficient 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 significant 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 influences on climate has improved

since the TAR, leading to very high confidence that
the effect of human activities since 1750 has been
a net positive forcing of +1.6 [+0.6 to +2.4] W m2.
Improved understanding and better quantification of the
forcing mechanisms since the TAR make it possible to
derive a combined net anthropogenic radiative forcing
for the first 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 m2, there is very high confidence in the net
positive radiative forcing of the climate system due to
human activity. The LLGHGs together contribute +2.63 +
0.26 W m2, which is the dominant radiative forcing term
and has the highest level of scientific 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 butas yetunquantified 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 specified 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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Figure TS.5. (a) Global mean radiative forcings (RF) and their 90% confidence intervals in 2005 for various agents and mechanisms.
Columns on the right-hand side specify best estimates and confidence intervals (RF values); typical geographical extent of the forcing
(Spatial scale); and level of scientific understanding (LOSU) indicating the scientific confidence level as explained in Section 2.9. Errors for
CH,, N,O 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 significantly
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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Table TS.2. Lifetimes, radiative efficiencies and direct (except for CH,) global warming potentials (GWP) relative to CO,. {Table 2.14}

Global Warming Potential for
Given Time Horizon

Industrial Designation Radiative

or Common Name Lifetime Efficiency SAR#

(VCELD)) Chemical Formula (VCELD)) (W m-2 ppb-1) (100-yr) 20-yr 100-yr 500-yr
Carbon dioxide CO, See belowa b1.4x10-5 1 1 1 1
Methanec CH, 12¢ 3.7x10-4 21 72 25 7.6
Nitrous oxide N,O 114 3.03x10-3 310 289 298 153
Substances controlled by the Montreal Protocol

CFC-11 CClgF 45 0.25 3,800 6,730 4,750 1,620
CFC-12 CCl,F, 100 0.32 8,100 11,000 10,900 5,200
CFC-13 CCIF; 640 0.25 10,800 14,400 16,400
CFC-113 CCI,FCCIF, 85 0.3 4,800 6,540 6,130 2,700
CFC-114 CCIF,CCIF, 300 0.31 8,040 10,000 8,730
CFC-115 CCIF,CF; 1,700 0.18 5,310 7,370 9,990
Halon-1301 CBrF; 65 0.32 5,400 8,480 7,140 2,760
Halon-1211 CBrCIF, 16 0.3 4,750 1,890 575
Halon-2402 CBrF,CBrF, 20 0.33 3,680 1,640 503
Carbon tetrachloride CCl, 26 0.13 1,400 2,700 1,400 435
Methyl bromide CH3Br 0.7 0.01 17 5 1
Methyl chloroform CH;CCly 5 0.06 506 146 45
HCFC-22 CHCIF, 12 0.2 1,500 5,160 1,810 549
HCFC-123 CHCI,CF,4 1.3 0.14 90 273 77 24
HCFC-124 CHCIFCF4 5.8 0.22 470 2,070 609 185
HCFC-141b CH3CCIL,F 9.3 0.14 2,250 725 220
HCFC-142b CH3CCIF, 17.9 0.2 1,800 5,490 2,310 705
HCFC-225ca CHCI,CF,CF4 1.9 0.2 429 122 37
HCFC-225¢cb CHCIFCF,CCIF, 5.8 0.32 2,030 595 181
Hydrofluorocarbons

HFC-23 CHF4 270 0.19 11,700 12,000 14,800 12,200
HFC-32 CH,F, 4.9 0.11 650 2,330 675 205
HFC-125 CHF,CF4 29 0.23 2,800 6,350 3,500 1,100
HFC-134a CH,FCF,4 14 0.16 1,300 3,830 1,430 435
HFC-143a CH,3CF, 52 0.13 3,800 5,890 4,470 1,590
HFC-152a CH;CHF, 1.4 0.09 140 437 124 38
HFC-227ea CF3;CHFCF4 34.2 0.26 2,900 5,310 3,220 1,040
HFC-236fa CF;CH,CF4 240 0.28 6,300 8,100 9,810 7,660
HFC-245fa CHF,CH,CF5 7.6 0.28 3,380 1030 314
HFC-365mfc CH,CF,CH,CF, 8.6 0.21 2,520 794 241
HFC-43-10mee CF;CHFCHFCF,CF4 15.9 0.4 1,300 4,140 1,640 500
Perfluorinated compounds

Sulphur hexafluoride SFg 3,200 0.52 23,900 16,300 22,800 32,600
Nitrogen trifluoride NF5 740 0.21 12,300 17,200 20,700
PFC-14 CF, 50,000 0.10 6,500 5,210 7,390 11,200
PFC-116 C,Fg 10,000 0.26 9,200 8,630 12,200 18,200
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Table TS.2 (continued)

Global Warming Potential for
Given Time Horizon

Industrial Designation Radiative

or Common Name Lifetime Efficiency SAR#

(years) Chemical Formula (years) (W m—2 ppb-1) (100-yr) 20-yr 100-yr 500-yr
Perfluorinated compounds (continued)

PFC-218 C,Fg 2,600 0.26 7,000 6,310 8,830 12,500
PFC-318 c-C,Fg 3,200 0.32 8,700 7,310 10,300 14,700
PFC-3-1-10 C4Fio 2,600 0.33 7,000 6,330 8,860 12,500
PFC-4-1-12 CsFin 4,100 0.41 6,510 9,160 13,300
PFC-5-1-14 CeFia 3,200 0.49 7,400 6,600 9,300 13,300
PFC-9-1-18 CioF1s >1,0004 0.56 >5,500 >7,500 >9,500
trifluoromethyl SF;CF4 800 0.57 13,200 17,700 21,200
sulphur pentafluoride

Fluorinated ethers

HFE-125 CHF,0OCF,4 136 0.44 13,800 14,900 8,490
HFE-134 CHF,OCHF, 26 0.45 12,200 6,320 1,960
HFE-143a CH;0CF, 4.3 0.27 2,630 756 230
HCFE-235da2 CHF,OCHCICF,4 2.6 0.38 1,230 350 106
HFE-245cbh2 CHZ;OCF,CHF, 51 0.32 2,440 708 215
HFE-245fa2 CHF,0OCH,CF4 4.9 0.31 2,280 659 200
HFE-254cb2 CH;OCF,CHF, 2.6 0.28 1,260 359 109
HFE-347mcc3 CH;OCF,CF,CF4 5.2 0.34 1,980 575 175
HFE-347pcf2 CHF,CF,0OCH,CF,4 7.1 0.25 1,900 580 175
HFE-356pcc3 CH;OCF,CF,CHF, 0.33 0.93 386 110 33
HFE-449s|

(HFE-7100) C,F4OCH;,4 3.8 0.31 1,040 297 90
HFE-569sf2 C4FyOC,H; 0.77 0.3 207 59 18
(HFE-7200)

HFE-43-10pccci124 CHF,0OCF,0C,F,OCHF, 6.3 1.37 6,320 1,870 569
(H-Galden 1040x)

HFE-236ca12 CHF,0OCF,0CHF, 121 0.66 8,000 2,800 860
(HG-10)

HFE-338pcc13 CHF,OCF,CF,OCHF, 6.2 0.87 5,100 1,500 460
(HG-01)

Perfluoropolyethers

PFPMIE CF;OCF(CF;)CF,OCF,0OCF; 800 0.65 7,620 10,300 12,400
Hydrocarbons and other compounds - Direct Effects

Dimethylether CH3;0CHg4 0.015 0.02 1 1 <<1
Methylene chloride CH,Cl, 0.38 0.03 31 8.7 2.7
Methyl chloride CH,CI 1.0 0.01 45 13 4

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

a The CO, 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 CO, concentration value of 378 ppm. The decay of a pulse of CO, with time t is given by

3
ap+ _21 a-e YU \where a,=0.217, a; = 0.259, a, = 0.338, a; = 0.186, Ty = 172.9 years, 1, = 18.51 years, and 13 = 1.186 years, for t < 1,000 years.
b The radiative efficiency of CO, is calculated using the IPCC (1990) simplified 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).
¢ The perturbation lifetime for CH, is 12 years as in the TAR (see also Section 7.4). The GWP for CH, 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.
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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 profile
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 confidence 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 flux 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 influence 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 instantancous radiative flux 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}

TS.3 Observations of

Changes in Climate

Thisassessmentevaluates changes inthe 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, palacoclimatic 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,
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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 Niflo 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 confirm 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 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 influence 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 /ikely
that radiosonde 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}

lower-
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GLoBAL TEMPERATURE TRENDS
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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 fits 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.}

7S8.3.1.2 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
significantly 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}

37



Technical Summary

38

There is evidence for long-term changes in
the large-scale atmospheric circulation, such

OBseRVED AIR TEMPERATURES
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importance, over all time scales, of fluctuations
in the westerlies and storm tracks in the North
Atlantic has often been noted, and these
fluctuations are described by the NAO (see
Box TS.2 for an explanation of this and other

1960

preferred patterns). The characteristics of fluctuations 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 reflecting 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
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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 filter. Dashed lines indicate
the times of major volcanic eruptions. {Figure 3.17}

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 Pacific. 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 Pacific Decadal Oscillation (PDO) towards more El
Niflo events and changes in the evolution of ENSO, has
affected many areas, including most tropical monsoons.
For instance, over North America, ENSO and Pacific-
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Box TS.2: Patterns (Modes) of Climate Variability

Analysis of atmospheric and climatic variability has shown that a significant component of it can be described in terms
of fluctuations 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:

e El Nifo-Southern Oscillation (ENSO), a coupled fluctuation in the atmosphere and the equatorial Pacific Ocean, with
preferred time scales of two to about seven years. ENSO is often measured by the difference in surface pressure
anomalies between Tahiti and Darwin and the SSTs in the central and eastern equatorial Pacific. ENSO has global
teleconnections.

* North Atlantic Oscillation (NAO), a measure
of the strength of the Icelandic Low and PosiTive PHase oF NAO ano NAM
the Azores High, and of the westerly winds
between them, mainly in winter. The NAO
has associated fluctuations 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
fluctuation 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.

e Southern Annular Mode (SAM), the

her than normal

fluctuation of a pattern with low antarctic atmosphericipresstiSCIEY
X i the central Atlamrlc, strong HIGHER @
surface pressure and strong mid-latitude puaster ypainceln st T
warmth and precipitation (@)
westerlies, analogous to the NAM, but present toward northern Europe. S
year round. 3
, , =
° - WARMER DRIER

Pacific-North 'Amerlcan (PNA) pattern, WARMER 'S THANNORMM@ 9
an atmospheric large-scale wave pattern i >
) o -COOLER werren P z

featuring a sequence of tropospheric high- THAN NORMAL THAN NORMAL -/

and low-pressure anomalies stretching from
the subtropical west Pacific to the east coast
of North America.

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
e Pacific Decadal Oscillation (PDO), a measure  areas that are warmer than normal and blue indicates areas that are

of the SSTs in the North Pacific that has a very ~ cooler than normal.

strong correlation with the North Pacific Index

(NPI) measure of the depth of the Aleutian

Low. However, it has a signature throughout

much of the Pacific.

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

7S.3.1.3 Changes in the Water Cycle: Water Vapour,
Clouds, Precipitation and Tropical Storms

Tropospheric water vapour is increasing (Figure
TS.8). Surface specific 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% confidence limits) from 1988 to 2004.
The observed regional changes are consistent in pattern
and amount with the changes in SST and the assumption of
anear-constant relative humidity increase in water vapour
mixing ratio. The additional atmospheric water vapour
implies increased moisture availability for precipitation.
{3.4}

ATtmospPHERIC WATER VAPOUR

a) Column Water Vapour, Ocean only: Trend,1988-2004
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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}

Upper-tropospheric water vapour is also increasing.
Due to instrumental limitations, it is difficult 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 specific 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
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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). Significantly 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.> {3.3}

Substantial increases in heavy precipitation events
have been observed. It is /ikely 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 sufficient 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 influence

GrLoBAL MEAN PRECIPITATION
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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 insufficient 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}

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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ANNuUAL PRecIPITATION TRENDS

Trend % per decade 1951 - 2003 contribution from very wet days
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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 insufficient 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) defined 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}
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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}
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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.®
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 reflected by snow and ice surfaces, while only about
10% is reflected 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 fluxes. 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 specific temperatures, ice is a component
of the climate system that could be subject to abrupt
change following sufficient 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.

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, reflecting 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-! in Alaska to 0.02 m yr-! on the Tibetan Plateau.
{4.7}

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

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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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 flow 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 differ 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 flow is often channelled into fast-moving ice streams (that flow between slower-moving ice walls) or outlet glaciers
(with rock walls). Enhanced flow 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 floating 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 flow of the ice shelf and thus the discharge from the ice sheet.
An ice shelf loses mass by calving icebergs from the front and