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Overview
• Historical background

• Important concepts (greenhouse effect, 
carbon cycle)

• Climate change in earth’s history

• IPCC Assessment Reports
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1896: Svante Arrhenius

Hypothesis: 
The burning of coal (fossil fuel) 
over time will cause the 
atmosphere to warm.

Problems:
1) The oceans should absorb 
excess greenhouse gases.
2) Not able to measure 
atmospheric trace gases
in ppm and ppb.



1957: Roger Revelle

Hypothesis: 
The ocean mixed (surface) layer  
limits the absorption rate of 
CO2.

What this means:
The oceans cannot absorb 
greenhouse gases very fast.  As 
we continue to burn fossil fuels, 
we should see increase in 
atmospheric reservoir of CO2.



1957: Charles Keeling

Hypothesis: 
Atmospheric CO2 should be 
increasing due to burning of fossil 
fuel.

Innovation:
Keeling developed the 
instrumentation to measure trace 
gases very accurately (ppm, ppb).



Mauna Loa Observatory
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Source: NOAA Climate Monitoring and Diagnostic Laboratory



1975: Charney Report

^ James Hansen
< Suki Manabe



Manabe et al.,1975

Charney Report: 
Climate models show that 
increasing greenhouse gases do
warm global climate.



1988: US Heat, Drought



1988: Hansen Testimony

"The greenhouse effect has 
been detected, and it is 
changing our climate now."



Hansen testimony, 1988



Intergovernmental
Panel on

Climate Change
IPCC (1988)



• 1990 First Assessment Report (FAR)         
The observed increase [in temperatures] could be largely due to 
natural variability; alternatively this variability and other man-made 
factors could have offset a still larger man-made greenhouse warming.

• 1995 Second Assessment Report (SAR)            
The balance of evidence suggests a discernible human influence on 
global climate. 

• 2001 Third Assessment Report (TAR)              
There is new and stronger evidence that most of the warming observed 
over the last 50 years is due to human activities.

IPCC Assessments



2007 Assessment Report 4

• Working Group I (WGI) - the physical 
science

• WGII - impacts on natural systems 

• WGIII - mitigation and adaptation options



Feb 2007: WGI Report
• Changes in human and natural drivers of 

climate

• Observations of changes in climate

• Understanding and attributing climate 
change

• Projections of future changes in climate

• Robust findings and key uncertainties



Changes in drivers
24

Technical Summary 

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.

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 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 

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 confidence of any 

forcing agent. {2.3, 6.4} 

GLACIAL-INTERGLACIAL ICE CORE DATA

Figure TS.1. Variations of deuterium (!D) 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 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 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
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GLOBAL MEAN RADIATIVE FORCINGS

PROBABILITY DISTRIBUTION

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 
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 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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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 

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} 

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 (magenta) 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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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}

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 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 

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 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 

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 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}

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.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 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 

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 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}

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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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, reflecting 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 significant 
at the 95% confidence level. (c) Antarctic results show a small 
positive trend of 5.6 ± 9.2 x 103 km2 yr–1, which is not statistically 
significant. {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 

flow 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.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, reflecting 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 significant 
at the 95% confidence level. (c) Antarctic results show a small 
positive trend of 5.6 ± 9.2 x 103 km2 yr–1, which is not statistically 
significant. {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 

flow 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



Artic Sea Ice: 1979, 2003

minimum sea ice for each 
year
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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 flow are likely to be sufficient to explain 

much or all of the estimated antarctic mass imbalance, 

with recent changes in ice flow, snowfall and melt 

water runoff sufficient to explain the mass imbalance of 

Greenland. {4.6, 4.8}



Greenland Ice Cap



Tropical Glaciers

Kilimanjaro is special case, recent 
drying.
Need to watch, as expected 
increase in tropical precipitation 
occurs
Widespread retreat of whole 
population of tropical glaciers!
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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, 

significant 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 

Pacific and equatorial Pacific have cooled over the last 50 

years. The changes in the Pacific 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 reflect 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 Pacific. {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% confidence 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 significant 

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 significantly 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 reflects 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 confidence 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 confidence 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 fields 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% confidence 
intervals. {Figure 5.13}

GLOBAL MEAN SEA LEVEL
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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}



Attributing Change

Technical Summary 

69

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 

influence their large-scale patterns in the 21st century. 

More specific 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 significantly 

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.



Projections of Change

Technical Summary 

71

B1 B2 A1B A1T A2 A1FI
-0.2

0.0

0.2

0.4

0.6

0.8

Gl
ob

al 
se

a l
ev

el 
ris

e (
m)

Sea level rise (sum of contributions)
Thermal expansion
Glaciers and ice caps
Greenland ice sheet surface mass balance
Antarctic ice sheet surface mass balance
Scaled-up ice sheet dynamical imbalance

B1  B2  A1B A1T A2  A1FI
0

1

2

3

4

5

6

7

Gl
ob

al 
tem

pe
ra

tur
e i

nc
re

as
e (

°C
)

 

 
AOGCMs 5-95% (normal fit)
AOGCM mean
AOGCM mean by MAGICC scaling
AOGCMs, individual models
MAGICC mean, standard carbon cycle (CC)
MAGICC physics uncertainty (PU), std. CC
MAGICC PU with fast/slow CC
BERN2.5CC standard version
BERN2.5CC PU, standard CC
BERN2.5CC PU fast/slow CC
Wigley 2001
Stott 2002/2006
Knutti 2003
Furrer 2007
Harris 2006
C4MIP coupled
AOGCM mean
AOGCM mean plus 60%, minus 40%

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 specific 
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 confidence. 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). Confidence 

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 confidence that these patterns reflect 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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confidence 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 

intensification 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 specific 

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 flooding 

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 a!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 in"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 di#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, speci$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 speci$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 e!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 di!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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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 influence 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 first 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 fields 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 significant 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 confidence. {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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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 pink and blue bands show simulated average temperature anomalies as in Figure TS.22 for the 20th century (i.e., pink 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 first 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 confidently 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 significant 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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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, fires 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 defined 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 figure). For the same reason, uncertainty across scenarios should not be interpreted from this figure 
(see Section 10.5 for uncertainty estimates). {Figure 10.4}



IPCC AR4 Conclusions

“From new estimates of the anthropogenic 
forcing due to greenhouse gases, aerosols, 
land surface changes it is extremely likely 
that human activities have exerted a 
substantial net warming on climate since 
1750.”
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O !2!-eq: 1.3 - 
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eq/yr) 

(potential at 
<US$100/tC
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1 Gt CO!2!-
eq/yr) 

Figure SPM 6: Estimated sectoral economic potential for global mitigation for different 

regions as a function of carbon price in 2030 from bottom-up studies, compared to the 

respective baselines assumed in the sector assessments. A full explanation of the derivation 

of this figure is found in 11.3. 5 

 

Notes: 

1. The ranges for global economic potentials as assessed in each sector are shown by 

vertical lines. The ranges are based on end-use allocations of emissions, meaning that 

emissions of electricity use are counted towards the end-use sectors and not to the 10 

energy supply sector. 

2. The estimated potentials have been constrained by the availability of studies particularly 

at high carbon price levels. 

3. . Sectors used different baselines. For industry the SRES B2 baseline was taken, for 

energy supply and transport the WEO 2004 baseline was used; the building sector is 15 

based on a baseline in between SRES B2 and A1B; for waste, SRES A1B driving forces 

were used to construct a waste specific baseline, agriculture and forestry used baselines 

that mostly used B2 driving forces. 

4. Only global totals for transport are shown because international aviation is included 

[5.4]. 20 

5. Categories excluded are: non-CO!2 !emissions in buildings and transport, part of material 

efficiency options, heat production and cogeneration in energy supply, heavy duty 

vehicles, shipping and high-occupancy passenger transport, most high-cost options for 

buildings, wastewater treatment, emission reduction from coal mines and gas pipelines, 

fluorinated gases from energy supply and transport. The underestimation of the total 25 

economic potential from these emissions is of the order of 10-15%. 

 

 

 


