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Preface

In 2007 the Swedish Government established an advisory Com-
mission on Sustainable Development. The Commission comprises
a broad range of members from business/industry, independent
organisations, research and politics. It is a forum for discussion,
analysis and dialogue. The Prime Minister chairs the Commission
with the Minister of the Environment as his Deputy. It works in

a transparent manner with the intention of stimulating a broader
dialogue in society.

Climate change is perhaps the most complex issue facing the
international community. At the end of 2009, the countries of the
world will gather in Copenhagen to attempt the establishment

of a new climate agreement. Science forms the basis of climate
policy. Reports from the UN Intergovernmental Panel on Climate
Change IPCC, the latest being their fourth assessment report
from 2007, have played a vital role in substantiating and clarifying
the threats posed by global warming. The IPCC was then able to
consider research carried out up to 2006. Since then a considerable
amount of new research has been put forward. The question could
therefore be asked whether more recent research provides any
cause to change or adjust the conclusions drawn by IPCC in 2007.

Against this background, Professors Erland Kallén and Markku
Rummukainen were asked to carry out an update of the scientific
basis concerning climate change. This report presents the more
important recent research results. The report has been subject to
a limited scientific review process. The authors are responsible for
its content.

This report is published with the hope that it will stimulate de-
bate and reinforce the scientific basis of climate policies.

Stockholm, May 2009
/Joakim Sonnegard

Head of the Secretariat
Commission on Sustainable Development
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Authors’ preface

This report has been written during the period December 2008 -
March 2009 as tasked by the Commission on Sustainable Develop-
ment. The authors bear joint responsibility for the entire contents
of this report. The basis of the report is internationally published
scientific literature. This report covers climate research within the
natural sciences.

We have done our best to provide as representative a picture as
possible of the development of knowledge in this field between
2006 and the beginning of 2009. This compilation is probably
incomplete. In order to attain a more complete picture, working
methods of the type used by IPCC are necessary, in which a large
number of researchers are involved. This has not been possible
within the framework of our assignment or during the brief
period of time at our disposal.

We would like to express our thanks for the many constructive
comments provided by the experts who have examined our report:
Professor Helge Drange of Bergen University, Professor

Eigil Kaas of Copenhagen University and Associate Professor
Jouni Riisdnen at Helsinki University.

This report is to be referred to as Markku Rummukainen and
Erland Killén, 2009: New Climate Science 2006-2009. Commis-
sion on Sustainable Development, Swedish Government Offices.
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Summary

We know that a large part of the temperature increase during the
latter half of the 20t century is very likely due to an increased con-
centration of greenhouse gases in the atmosphere. We also know
that humans are responsible for the rise in greenhouse gas concen-
trations. In addition, projections of possible future climate change
can be made. All these facts are published in the international,
peer-reviewed, scientific literature. Furthermore, a comprehen-
sive assessment of published climate science results has recently
been made by IPCC, the UN Intergovernmental Panel on Climate
Change.

Published scientific research steadily finds new and sometimes un-
expected results and aspects that further enhance and deepen our
understanding of the climate system. In this report we attempt to
summarise climate science results that have appeared in literature
since the publication of the most recent IPCC report (the IPCC
Assessment Report 4, AR4, published in 2007). We focus on results
that have modified or added nuances to the conclusions presented
in AR4:

® Greenhouse gas concentrations in the atmosphere continue to
increase. Also the rate of increase has accelerated.

® The global average temperature over the last year is about 0.1°C
lower than the temperature in the years immediately precee-
ding it. 2008 is among the ten warmest years since 1850 and the
most recent ten-year period is warmer than the previous ten-
year period. The temperature trend is still rising.

® Previous analyses of observations of sea-level rise have been
subject to further study. The results suggest that the rate of
increase has been higher during 1993-2003 than 1961-2003. It is
possible that the rate of increase has decreased somewhat since
2003.

® The major Arctic warming trend is likely to be linked to the
global warming trend. Now warming has also been found in
West Antarctica. This warming is related to the global
warming trend.

10



® Recent studies of land ice sensitivity to atmospheric warming
and land ice melting rates suggest that future sea level rise may
be higher than levels reported in AR4. The total sea level rise
may be around one metre over the next one hundred years.
These estimates are still very uncertain.

® A significant change in precipitation has been determined
from observations. This change is largely consistent with the
expected effects of warming.

® The dramatic reduction in Arctic sea ice cover in 2007 and
2008 could be the first observed threshold effect or “tipping
point” in the climate system. Confirmation of this depends on
how persistent the sea ice reduction will be over the next few
years.

® [t may be more difficult to limit global warming to two degrees
Celsius than expected. For example, recent research supports
emphasizes the possibility that carbon sinks may, with con-
tinued climate change, become less effective than previously
thought.

The overall assessment is that, in many respects, new research
published since 2006 confirms earlier research results concerning
ongoing climate change, human influence and possible future
climate change. Research published after the AR4 report adds new
pieces of knowledge to climate science but there is nothing to
suggest a weakening of the conclusions presented in AR4. Rather,
we believe that the published results show that some of the ef-
fects of continued global warming are more severe than previously
thought and that future climate warming may be greater than
previously estimated. A more definite update of earlier estimates
must, however, await the next IPCC report.
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1 Introduction

Basic scientific research forms the foundation of our understan-
ding of global warming and its links to human activities. Through
systematic observation, physically-based theories and mathema-
tical modelling, knowledge on causes and effects in the climate
system is developed.

The UN Intergovermental Panel on Climate Change IPCC has,
since 1990, developed four major knowledge syntheses. The la-
test was published in 2007 (IPCC 2007, below referred to as AR4)
which contains research results published up to 2006. Climate
research is an extremely active and dynamic research field. A
considerable number of studies have been presented since 2006.
These will be covered in IPCC’s next Assessment Report planned
for 2013-14.

The IPCC process exerts considerable impact, not least due to the
carefulness of the assessment process and the broad acceptance it
enjoys. Results and new research findings are set in a broad per-
spective. Both the more robust and the more uncertain knowledge
is illuminated. Consequently the IPCC reports are something to-
tally different to specific new research results that are published at
a steady rate in scientific journals. All new research must be con-
sidered as very preliminary while waiting to be confirmed, made
more precise or rejected by future research. The absolutely latest
research must first be allowed to mature and be compared with
other research results within the field before it can be allowed to
affect decision-making processes. At the same time it is, in many
ways, unreasonable not to update knowledge during the course of
time as decision-making processes are dynamic.

As the IPCC process is so thorough and careful there is time for
significant advances within climate research before its next as-
sessment is completed. At the same time, as stated above, there is a
fine line between waiting for a sufficient amount of new research
results and carrying out an up-dated description of the research
situation.
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Our study intends to produce a review of new research results
concerning the climate system and climate change which have
been presented since AR4. This study is limited to issues covered
in the IPCC Working Group I, i.e. climate observations, the cli-
mate system, climate modelling and climate projections.
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2 Observed climate changes

Global temperature development 2006-2008

In AR4 it is established that the average global temperature has
increased by 0.74°C during the period 1906 to 2005. Eleven of the
twelve warmest years during the period 1850-2006 occurred during
the twelve years spanning 1995-2006. The two following years,
2007 and 2008, were relatively warm but somewhat cooler than
the immediately preceeding ones (see Figure 1).

0.6

Global air temperature
0.4 2008 anomaly +0.33°C
(10th warmest on record)

Temperature anomaly (°C)

r- 1 1T 1T 1T 7T 7T "1 "7 " 1T 7T "1 T "7 "1 71"
1860 1880 1900 1920 1940 1960 1980 2000
Figure 1. Average global temperature anomalies since 1850
Annual values are shown as deviations from the 1961-90 average?.

There is no significant interruption of the global warming trend.
The last two years are among the warmest years since 1850 and
compared to 1991-2000, the entire period since then (2001-2008)
has been almost 0.2°C warmer. The reason that each consecutive
year does not become warmer than all the previous years concerns

@ Based on Brohan, P., J.J. Kennedy, |. Harris, S.F.B. Tett and P.D. Jones, 2006: Uncertainty estimates in regional
and global observed temperature changes: a new dataset from 1850. J. Geophysical Research 111, D12106,
doi:10.1029/2005JD006548. © Copyright 2009, Climatic Research Unit.
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the interplay between ongoing warming and temporary internal
climate fluctuations in the global system, especially in the world
ocean. One reason why 2008 was not warmer than 2007 was pro-
bably the La Nina situation that prevailed from mid 2007 to mid
2008, which temporarily cooled the global, surface average tem-
perature slightly®. La Nifa conditions returned at the end of 2008
and were also in play at the beginning of 2009.

Temperature measurements are available from a large number of
measuring stations, but these are unevenly distributed around the
globe. It is especially far between measuring stations in the polar
areas and over the oceans. This leads to a certain amount of uncer-
tainty in the establishment of the average global temperature. For
example while the analysis shown in Figure 1 states that 2008 was
the tenth warmest year, an analysis using another possible com-
bination of station data places 2008 as the eighth warmest year®.
This aspect is further illustrated in Figure 2 which also shows that
a new year is not automatically warmer than the previous one, in
spite of the fact that the long-term trend is one of warming.

In AR4 it was demonstrated that warming over the last 5o-year pe-
riod is well in line with the increase of greenhouse gas concentra-
tions in the atmosphere. This conclusion is based on temperature
trends up to and including 2005. One way of illustrating how glo-
bal temperature change over the last few years may be compared
with global climate simulations for the period 19go-2010 is shown
in Figure 3. Here results from 21 different simulations of the global
climate, all taken from the database used in AR4, are compared
with the observed temperature trend up to and including 2008. In
spite of the lack of temperature increase during the last years it
can be seen that the curve lies well within the interval produced
by the simulations when both growth of greenhouse gas concen-
trations and natural climate variability have been taken into consi-
deration.

> WMO 2009. WMO Statement on the status of the global climate in 2008. WMO-No. 1039, 14 pp.
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Figure 2. Global surface average temperature (HadCRUT3 data) for

the 50 warmest years since 1850

Annual levels are shown as deviations from the average for 1961-90. Length of each an-
nual bar gives an estimate of uncertainty (95%) of analyses®.

To date climate projections have primarily dealt with the climate
response to emissions. These are reported with a large number

of projections in AR4. Overall these speak of a global tempera-
ture rise of 1.1-6.40C from 1990 to around 2095c. Climate models
are based on the physical characteristics of the climate system
and consequently also describe internal variations that occur, for
example, through variations in heat exchange between the at-
mosphere and oceans. Calculations begin with a realistic, but not
the observed, condition of the climate system. Consequently the
simulated variability describes a possible course of events, but not
necessarily the course of events that will actually occur. This is a
way of taking into consideration the unpredictable, natural varia-
bility of the climate system. With the help of many such calcula-
tions a probablitity description can be established for both climate

¢ In addition to climate models, the underlying assumptions span possible future emissions and uncertainty as to
how the carbon cycle will be affected by successive climate changes. Explicit assumptions on climate policies are
not included. The figure has been taken from WMO 2009. WMO Statement on the status of the global climate in
2008. WMO-No. 1039, 14 pp., where it is stated that it originates from Met Office/Hadley Centre and Climatic
Research Unit, Univ. East Anglia, UK.
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change and variability. However, conditions regarding an indivi-
dual year or even a specific decade cannot be determined.
1
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Figure 3. Global climate simulation results for 1990-2010

Calculated global annual average temperatures between 1990 and 2010 (thin lines) from
21 different global climate model simulations used in AR4. The mean value of these
calculations is given in the thick blue line. Observed global average temperatures (from
HadCRU3) are shown using a thick red line. All calculated temperatures have been nor-
malised to a reference value of 1990. Source: SMHI.

Since AR4, first attempts have been published as concerns short-
range climate forecasts, for the next 20-30 years. In these, climate
simulations are initialised with regard to the current internal
climate variability?3. These results suggest that the next few years
will be characterised by a natural climate variability phase that
will reduce the global average surface air temperature, at the same
time as the underlying warming trend, due to increased green-
house gas concentrations, will continue. Today there is no cause to

question the conclusions on temperature increase that were repor-
ted in AR4:

Observations of increased global average air and ocean
temperatures, widespread melting of ice and snow and

a rise in the average global sea level produces an unam-
biguous picture of the ongoing warming of the climate system.
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Temperature development 2006-2008 in Sweden

In Sweden the period 1991-2005 was considerably warmer than
the latest so-called climate normal period, i.e. 1961-go?. Also 2007
and 2008 were rather warm. Especially the winter 2007/2008 was
very mild (see Figure 4). In parts of eastern Sweden, this was the
mildest winter since meteorological measurements began in Swe-
den, even considering Sweden’s longest temperature measurement
series from the 18" century. Compared to the previously highest
levels, there was a difference of approximately half a degree Cel-
sius in east Svealand. Nevertheless, it is still not possible to unam-
biguously attribute this regional warming to the global increase
in greenhouse gas concentrations. Sweden represents such a small
part of the surface of the earth that regional temperature fluctua-
tions from purely natural causes could be a possible explanation
for a few warm years. On the other hand, data from Sweden does
not contradict the link between increased greenhouse gas concen-
trations and increasing temperatures.

49SMHI Factsheet No. 29, 2006. Changing climate, 8 pp.
(http://www.smhi.se/content/1/c6/02/35/52/attatchments/factabladclimate.pdf, 2009-03-29).
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Figure 4. Regional ranking of
the winter 2007-08 as con-
cerns mildest winters on record
In east Gétaland and east Svealand
the 2007-2008 winter was the
mildest on record since country wide
measurements began about 150 years
ago. Along the Norrland coast it was
the second mildest winter. In the
western parts of Gétaland and Svea-
land plus inner Norrland the winter
ranks in place 2-5, and in western
and northern Norrland in place 5-9 on
the list of mildest winters in Sweden.
(Source: www.smhi.se 2008-03-04.)

Global sea levels

The rise in global sea levels is primarily dependent on two fac-
tors: the thermal expansion of water when it warms up and the
increased supply of water from ice melting on land. Some effect
also ensues from changes to the amount of freshwater in rivers and
lakes, groundwater or artificial lakes. Observed sea level increases
and estimates of how much was contributed by the different fac-
tors was summarised in AR4 (see Table 1). AR4 pointed out that
there was a difference between the sum of the individual contri-
butions from thermal expansion/ice melting and the observed to-
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tal rise. This difference is relatively large for the period 1961-2003
while the correspondence is better for the period 1993-2003. Ge-
nerally the differences lies within the range of uncertainty for the
various estimates.

There is some uncertainty in data before and after 1993 because
1993 forms a dividing line between a period of sea level measure-
ments from larger sea ports and the period when data from satel-
lites with altimeters is also available4. Analysis of satellite data sug-
gests a somewhat more rapid increase of sea level than data from
conventional tide gauge measurements. Studies since AR4 confirm
that sea level rise since 1993 has progressed more quickly than over
the period 1961-20035°. As pointed out in AR4, and also confirmed
in later research, over shorter periods of time natural variability
may speed up or slow down changes to sea level. In the longer per-
spective the sea level follows the successive global warming.

The arrival of satellite measurements has provided an improved
picture of regional variations in sea level change. This information
is important in itself and it can also be used to improve compa-
risons between conventional measurements from only a limited
number of locations with model results that provide a large-scale
picture of sea level changes. Similar considerations have also been
utilised to compare modelled and observed data concerning heat
storage in oceans’. Previously stated differences decrease consi-
derably when the uneven coverage of measurements is taken into
consideration, together with the effect of changes in measurement
techniques and other kinds of development of analysis of measu-
rements and models.

Thermal expansion of water is a major component of the rise in
sea level. According to AR4 it explains approximately one fourth
of the total observed rise between 1961 and 2003. For the period
1993-2003, thermal expansion is responsible for almost half the
rise. The rest is caused by melt water from smaller glaciers and,
during the latter period, also from the land ice on Greenland and
in Antarctica. For the last few years, results suggest that the rela-
tionship between the contributions of thermal expansion and ice
melting can have changed. While one study shows that sea level
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rises over the last few years are 70-80% dependent on melting ices,
another study concludes that the contrubutions of ice melting and
thermal expansion are more even®.

The correspondence between observed sea level rise and the sum
of its contributing factors has been further studied. An argument
has been laid forward that construction of artificial water reser-
voirs and increased utilisation of ground water has exerted compa-
rable, but opposite, effects on sea level“. Another study has conclu-
ded that increased storage of fresh water in artificial reservoirs has
countered the rise in sea level over the last 50 years by about 3 cm®.
This would mean that the total gross effect on sea level of both
the thermal expansion and ice melting would be almost 2.3 mm/
year (approximately 1.7 mm/year according to Table 1 and in addi-
tion just under 0.6 mm/year) during the same period. During the
later period 2003-2006, it is stated that some of the water would
have been transported from the terrestrial reservoirs back to the
sea, corresponding to a global sea level rise of a couple of tenths of
a millimetre per year.

Table 1. Observed sea level rise (mm/year) according to different studies
Calculation of anticipated effects of thermal expansion and ice melting is stated in brack-
ets. In AR4 data for 1961-2003 possible changes in fresh water storage are not included.

1961-2003 1993-2003 2004-2007
AR4 1,8+05(1,1£05) 3,1%0,7 (2,8%0,7)
Ref' 1,640,2 2,3
Ref® 1,5£1,0
Ref® 24411
Ref® 27415
Ref® 3,14#0/4 (3£0,5)  2,5+0,4' (2,6+0,3")

* Study does not provide uncertainty estimates.
Y Relates to 2003-2008.

The discussion concerning sea level clearly illustrates how new re-

sults can detail or modify previous results which leads to improved
knowledge.
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Corrected global temperature data

Temperature statistics are based on underlying observations that
have been collected from a number of different sources. Each data
source has its characteristic weaknesses and uncertainties. Obser-
vation technology changes over time. Observation locations are
added, moved or disappear. A great deal of emphasis is placed on
studying the accuracy of observational data as this forms the basis
of our knowledge concerning ongoing climate change. Data analy-
ses that encompass enormous amounts of complex, compounded
observations, are continuously reassessed and evaluated. Since AR4
some systematic biases have been found compared to previous
data analyses. These do not alter conclusions as concerns the sig-
nificance of the current changes, however the realisation does pro-
vide relevant improvements of available knowledge.

One aspect of global temperature variations that the climate mo-
dels have not been able to capture in their simulations of the 20™
century climate is the limited, but rapid, temperature fall in the
middle of the century. A previously uncorrected effect in observa-
tions has now been localised concerning changes to methods for
the collection of temperature data out at sea®. The change consists
of the relative number of measurements that were made by US
vessels (measurements at the cooling water intake point of the
engines), and UK vessels (measurements using water collection
buckets), see Figure 5. During WW II, most of these measure-
ments were made by US vessels, while the proportions were more
even before and after the war. These differences in data collection
had not previously been noted. However it is well known that
different measuring methods do give rise to different systematic
errors. These new insights are not expected to change the overall
picture of significant, successive warming during the 20% century.
However, a correction downwards as concerns temperatures in
the mid-194o0s is expected, which in turn can be expected to lead
to better correspondence between climate model simulations

and actual measurements for the same period. In the same article
changes to data collection methods during the last few years is also
mentioned. There is an increased number of measurements
coming from ocean buoys which also leads to systematic devia-
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tions that need to be taken into account. Buoy measurements

typically give a somewhat lower temperature as compared to me-
asurements from vessels, which should mean a somewhat greater
warming trend during the last few years than has been assessed so far.
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Figure 5. Two sea surface temperature analyses (HadSSTZ2 and ICOADS)
plus the relative amount of data collection made by US (blue line) and

UK (red line) vesselst

Urbanisation effects

In AR4 the effects of urbanisation are stated to influence error
limits in the determination of the global average temperature
at less than 0.006°C per decade, that is extremely marginal. Sea

surface temperatures are not affected at all. Locally, however, ur-

banisation effects on temperature may be greater. The established
picture of global temperature rise has not been changed by these
new studies. In two studies it is stated that the urbanisation ef-
fects have no large-scale importance " while a third maintains
that trends over land between 1980 and 2002 are perhaps only half
as large as previously stated?. The latter study is based on metho-

¢ Figure reproduced/adapted with the permission of Macmillan Publishers Ltd: Nature Thompson, D. W. J et al.
2008. A large discontinuity in the mid-twentieth century in observed global mean surface air temperature. Nature

453, 646-650. Copyright 2008.
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dology developed in previous work which was discussed in AR4.
This study was criticised in AR4 and the method is not considered
reliable. In addition it has later been shown® that the relationships
utilised do not contradict conclusions concerning urbanisation ef-
fects as stated in AR4.

Developments in the Arctic and the Antarctic — temperatures

Climate projections in AR4 show that the anticipated regional
temperature increase will be greatest in the Arctic area, while a
less extreme trend is expected in the Antarctic. At the same time
the natural variability is also great in the Arctic.

Warming in the Arctic has continued over the last decade (see
Figure 6). Compared to the regional warm period in the 1930s, the
mean temperature in the Arctic reached new record heights at the
end of the 1goos and the beginning of the 2000s.

In AR4 it was found that the Antarctic was the only continent
where no evident global warming has been observed. It was also
pointed out that both the thickness of the Antarctic ice sheet and
the dominance of ocean around Antarctica means that warming

is expected to be slow in this area and natural climate fluctuations
can for the time being be expected to dominate observed chan-
ges. However, warming has now been observed in the Antarctic as
wells'® on the western part of the continent, although not as great
or as wide-spread as that underway in the Arctic. In contrast to the
Arctic area, Antarctica is almost totally covered by a thick sheet of
land ice. Warming is not consequently able to be reinforced as it

is in the Arctic due to local feedback. The Antarctic Peninsula in
turn has already been observed in previous studies to display clear
signs of warming,
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Figure 6. Surface air temperature (SAT) in the Arctic’
Stated annual values are deviations from the 1961-90 mean value.

Developments in the Arctic and the Antarctic - sea ice

In line with the regional temperature increase, the Artic sea ice
cover has continued to decrease. Over the last 50 years, in the late
summer/early autumn, it has decreased by about 30%. In 2007 the
sea ice cover was the smallest ever observed in mid-September,
around 5.5 million km? This is approximately 2 million km? less
than the year before. The mean trend of decrease over the last 50
years lies around 0.06 million km? annually. In 2008 the minimum
was slightly higher but still more comparable with the preceeding
year than with earlier years (see Figure 7).

The sea ice cover around the Antarctic shows no clear systematic
trends of change.

fRichter-Menge, J. et al. 2008. Arctic Report Card 2008, See http://www.arctic.noaa.gov/reportcard (2009-04-01).
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Figure 7. Difference of sea ice cover in the Arctic in March and Septem-
ber relative to the 1979-2007 meané

Developments in the Arctic and the Antarctic — land ice

Greenland’s ice has, over the last few years, shown some signs of
increased melting” as compared with the beginning of the 1970s.
Satellite data indicates occasional, unexpectedly rapid ice melting
at the beginning of the 2000s®. The dynamic response of land ice
to warming is complex. For example, something that is termed the
“lubrication effect” may occur which means that melt water run-
ning down from the surface to the base of the glacier through ho-
les and tunnels leads to decreased friction between the glacier and
the underlying surface. This lubrication effect may speed up the
glacier’s slide towards the sea. Observations do not categorically
support this 2?2 but indicate that there may be stabilising me-
chanisms in place, alternatively that instead of a lubrication effect
the rapid changes observed may depend on locally warm sea water
temperatures. Consequently the observed rapid melting episodes
may be temporary phenomena.

The Antarctic ice melt is even more uncertain. In principle there
are possibilities that the Antarctic ice sheet grows in a warmer cli-
mate due to increased snowfall and that melting increases in the
parts that lie close to sea level. Which of these effects is dominant

is extremely difficult to determine.
& Richter-Menge, J. et al. 2008. Arctic Report Card 2008, See http://www.arctic.noaa.gov/reportcard (2009-04-01).
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New measurements, which are supported by regional climate mo-
delling, indicate a total ice reduction, which could in addition have
been accelerated between 1992 and 2006, the time period to which
the study applies®. It has also been shown that different parts of
Antarctica are affected in different ways. On the continent’s eas-
tern side the changes are small or non-existent while parts of wes-
tern Antarctica and especially the Antarctic Peninsula are losing
ice.

Possible acceleration of ice sheet melting would increase the anti-
cipated rise of sea level (see section entitled Sea level rise at page

41).

The North Atlantic meridional overturning circulation

Global warming may lead to changes in the current patterns of the
oceans. In AR4 model simulations indicated that the strength of
the Gulf Stream would be reduced by a larger global warming. In
the Nordic countries, global warming would still dominate in spite
of decreased warmth brought in with the Gulf Stream. In AR4
individual studies were also reported in which observations sug-
gested signs of a decrease in the strength of the Gulf Stream. Yet
later studies in turn indicate, however, that the variability of ocean
circulation from year to year is so great that data from individual
years is not sufficient to establish possible long-term trends*. In a
study covering ten years from 1995 to 2005, no significant changes
were found in the waters around Iceland and the Faro Islands®.

Thousand year perspective

Historical climate changes before the instrumental measurement
period (i.e. before around 1850) can be estimated with the help of
paleoclimatological data. In AR4 paleoclimatology was covered in
detail. For example, it was concluded that the temperature rise at
the end of the 1goos was unique in a perspective of at least 1300 ye-
ars back. Research during recent years has confirmed this conclusi-
on as well as the conclusions stated in AR4%¢. However, the choice
of the statistical method used and the selection of data has also
been criticizied?. Several studies over the last few years do, howe-
ver, indicate that this criticism is neither robust nor especially jus-
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tified*®293°3'32, Temperature levels at the end of the 1goos have not
been exceeded for any longer period over the last thousand years
and perhaps even as far back as the last 1700 years - since 300 AD.
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3 Emissions of greenhouse gases and particles in the atmosphere

Greenhouse gas concentrations are rising, particle levels more uncertain

The atmospheric concentration of carbon dioxide has continued
to rise. Between July 2007 and June 2008 the carbon dioxide level
measured at just under 384 ppmv". As was already noted in ARy,
global emissions have increased more rapidly since 2000 than pre-
viously. Even the rate of increase of atmospheric carbon dioxide
level accelerated at the beginning of the 21 century, which was
linked to increased emissions but may also be partially connected
to a weakening of natural carbon sinks3. However it is unclear
how permanent the more rapid increases of the last few years are34.

One related aspect is that, while the pace of increase of the
atmosphere’s methane level decreased from the beginning of the
1980s, a global turning point was observed in 20073%. This could be
temporary, at the same time as it appears to differ from previous
temporary increases around 1998 which may have been caused by
the effect on the then strong El Nifio on methane exchange in
ecosystems, and around 2002-2003 when there was an increase on
the northern hemisphere. The increase of the methane level over
the last few years probably depends more on larger net emissions
than on, for example, changes in atmospheric chemistry. There are
certain reasons to believe that the net emissions have increased in
the northern hemisphere rather than in the southern.

As concerns particles in the atmosphere, the latest research pro-
vides somewhat varied results as concerns global changes. Over
Europe, regional decreases have been clearly documenteds3®, while
levels are increasing in, for example, southeast Asia¥. Satellite
measurements support a decrease of particle amounts since the
1980s3®. However, these conclusions are indicative in light of the
uncertainty inherent in satellite measurements. A compilation
of land-based observations between 1973 and 2007 indicate the
varied, regional changes mentioned above, while compilations
relating to the global land area as a whole indicate a rise®. Black
carbon - soot — has received considerable attention#+. Calcula-
tions show that it may be causing a considerable regional warming
effect in Southeast Asia. Possibly also soot particles deposited on

ice and snow in the Arctic contribute to Arctic warming.
" http://cdiac.esd.ornl.gov/pns/current ghg.html (2009-03-27).

31






N
4 Are humans responsible for climate change?

In AR4 it is definitely shown that the temperature of the earth’s
surface has increased during the 20* century and that several other
related changes in climate have become evident. Some examples
include increased melting of the sea ice in the Arctic, increased
occurrence of heat-waves and droughts, increasing ocean tempe-
ratures and rising sea levels. Later research findings have extended
detection (i.e. identification of significant changes in climate)

to even more aspects of the climate system. Examples of this are
changes in the humidity in the atmosphere, a more extensive rise
in temperature in the Antarctic than was previously discussed,
changes in river flow and river systems as well as changes in pre-
cipitation over land. While detection concerns identifiying signi-
ficant changes, attribution means taking an additional step. Attri-
bution is defined as a determination of the most likely causal con-
nections between a conceivable influence and a verified change.

The Arctic

In AR4 there is no clear conclusion as to a causal relationship bet-
ween human influence on the global mean temperature and the
rapid Arctic warming. However, the research in recent years point
clearly in this direction.

The long-term trend in Arctic warming and the reduction of sea
ice is probably a consequence of global warming during the same
period. The melting sea ice itself contributes to the increase in Ar-
ctic warming. When the sea ice melts during the summer months
a smaller amount of solar radiation is reflected back into space and
the Arctic area retains more heat. Moreover, a new study® shows
that it is not possible to explain Arctic warming during recent de-
cades as a result of natural climate variations. Nevertheless, a mere
successive warming does not suffice to explain the rapid sea ice
cover reduction that occurred in 2007 and 2008. This is also depen-
dent on unusual conditions in the atmosphere and the sea which
may fit within natural variations.
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It has been shown# that warming in the Arctic is greatest at a
height of approximately three kilometres and that changes in at-
mospheric heat transport may explain a considerable amount of
Arctic warming. It is difficult to investigate the warming over the
Arctic Ocean basin. There is a lack of conventional data from wea-
ther balloons and data studies are based on satellite measurements.
By means of a special method of meteorological analysis called re-
analysis, satellite data is combined with information from other
observational data in the immediate surroundings of the Arctic.
The use of this method has been criticised with reference to diffe-
rent observation data that indicates that the results may be due to
systematic biases in the re-analysis#+546, The authors of the study
in question consider that, within the framework of the uncerta-
inty of the method, the results hold up#. These results do not con-
tradict human effect on climate as an explanation of drastic Arctic
warming. Rather, they underline the complexity of cause and ef-
fect in the Arctic region.

The Antarctic

Climate change in the Antarctic® can, to a certain extent, be as-
sociated with global warming®. The pattern in temperature va-
riations and warming of parts of the Antarctic continent may be
explained as a combined result of anthropogenic global warming
and changes in atmospheric circulation patterns which have been
observed in the southern hemisphere. The latter may, in turn, de-
pend on the current warming, but may also have been affected by
the thinning of the ozone layer in the Antarctic®.

Precipitation changes

The amount of water vapour in the atmosphere increases in a war-
mer climate. In AR4 reference was made to studies that showed a
significant increase in the water vapour content of the atmosphere
over the last 20 year period, which may lead both to a considerable
precipitation increase in the mean and to more intensive rainfall.
At the same time, dry areas will become even drier. However, in
AR4 there are no studies that show precipitation trends from ob-
servations over the last 50 years. Now trends can be identified+
after dividing the earth into latitude belts. In general, precipita-
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tion has decreased over sub-tropical areas while it has increased
over middle latitudes.

A later study of satellite data indicates that precipitation increases
in parity with the water vapour content of the atmosphere, =
which would be stronger than the conclusions of many earlier
studies with regard to both measurements and simulations using
climate models.

Tropical cyclones

Tropical cyclones are formed in the sub-tropical areas of the At-
lantic, Pacific and the Indian Oceans. These cyclones gain energy
from warm sea water. When they blow in over land they die out
quickly. Sea surface warming can thus affect the strength and the
frequency of tropical cyclones.

In AR4 it was established that the number of severe tropical cy-
clones in the tropical and sub-tropical parts of the Atlantic has
increased since the 1970s and that this trend corresponds to increa-
sing sea surface temperatures 553, There is no clear trend in other
parts of the tropics which may depend on a lack of data coverage.
On average, throughout the entire tropical area, no trend is evi-
dent in the number of tropical cyclones.

Later studies of tropical cyclone data provide no clear picture of

a rising trend. For example, it has been reported that the number
of tropical cyclones reaching the continental USA has, in fact,
decreased concurrently with the increase in sea surface temperatu-
res>4, This may depend on increasing upper level winds in tropical
areas which may lead to a reduced frequency of tropical cyclones.
Continued global warming could lead to such wind changes in
parts of the tropical areasss. However, it is not clear whether it is
this phenomenon that is the cause of the above-mentioned de-
crease in tropical cyclones observed.

Projections of future changes in the intensity and the number of

tropical cyclones are very uncertain. The number of tropical cy-
clones could decrease in a future climate with warmer sea surface
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temperaturess®, but at the same time they could become more
intensives. Both studies start from the projections of change to
large-scale circulation patterns that are presented in AR4 but
they use more detailed limited area models to simulate tropical
cyclones. It is thus not possible to draw general conclusions about
future tropical cyclones. It is possible that more intensive tropical
cyclones will occur when global warming continues, but on the
other hand the total number of tropical cyclones may decrease.

Warming of the troposphere and cooling in stratosphere

Warming of the earth’s surface is the clearest temperature signal
today. In what is known as the free atmosphere (the troposphere)
there is also warming, but the signals are not as clear. The tro-
pospheric warming pattern does not quite agree with what would
be expected on grounds of physical reasoning. This has been the
focus of an intensive discussion in scientific literature. In 2008 a
number of studies clarified why the discrepancies appear so great.
These studies present new analyses of observational data that
agree much more closely with physical/theoretical model results
than has earlier been the case.

Humidity, temperature and wind data have been available via ra-
diosoundings (weather balloons) since the 1950s. However, one
basic problem is the lack of sufficient numbers of reliable obser-
vations in the free atmosphere, particularly in the tropics. One
special problem with temperature measurement by radiosondes

in the upper troposphere is the effect of solar radiation. The sun’s
rays heat both the balloon and the temperature sensor. The tempe-
rature that is registered must therefore be corrected for systematic
errors connected to solar radiation. These corrections have been
made in different ways and it has been difficult to assess the relia-
bility of the radiosonde temperature measurements in the upper
troposphere. Since the end of the 1970s, satellite data has increased
geographical cover. Satellite data, in turn, is characterised by limi-
ted accuracy of measurement and quite coarse vertical resolution.
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In AR4 it was observed that the warming trend of the last 50 years
in the lower part of the troposphere agrees well with surface ob-
servations. In the upper part of the troposphere warming is not as
evident, while in the stratosphere a cooling is observed. While the
latter agrees with what would be expected of an increasing green-
house effect, the lack of warming in the upper troposphere, espe-
cially in tropical areas, does not agree with what is expected of an
increasing greenhouse effect. In the tropics there is intensive heat
transport from the surface up to the upper troposphere via cloud
formation and subsequent release of heat as the water vapour be-
comes drops of water and ice crystals. This condensation process
generates huge amounts of heat. A surface warming should give
rise to increased vertical heat and transfer and in connection with
cloud formation, provide for a large temperature increase in the
upper troposphere.

By means of a thorough quality control of radiosonde data and
corrections of systematic errors in temperature measurements
from the tropical upper troposphere, a new picture of a warming
trend in the free atmosphere has evolved. There is a warming over
the tropics that is in agreement with satellite data and model si-
mulations®. A new method based on wind observations>® shows
likewise a warming trend in the upper troposphere which closely
agrees with results from physical/theoretical calculations and mo-
del simulations. The advantage of wind observations is that they
are not affected by solar radiation effects in the upper troposphere
and thus are not burdened with the same error sources as tempera-
ture data from radiosondes.

In other words improved quality control of radiosonde data and
expanded model-observation comparisons has led to improved
concordance between observations and model simulations in the
upper troposphere than what was presented in AR4.
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5 Natural climate forcing factors

Althoug it appears all the more evident that most of climate
change observed today is anthropogenic, the climate is of course
also affected by natural factors. The prevailing climate is on each
occasion a combination of external influences as well as the inter-
nally generated variations of the climate system. To what extent
the different factors are known and understood differs. The role of
solar effects in climate change during the 19oos is one such issue.
In AR4 it was stated that changes in solar radiation have caused a
distinguishable, but very limited, warming effect during the same
period in which the human influence on climate has increased.
Also hypotheses such as a connection between changes in the
sun’s magnetic field, cosmic radiation and cloud formation, are
discussed in AR4. The conclusion is that possible such interplay
has probably not affected climate development during the 1goos to
any great extent. This is further confirmed by later research.

The sun and climate change today

A possible connection between the variations in the global mean
temperature and what is known as the sunspot cycle was discus-
sed early on in modern climate change research. Some researchers
found correlations between them, but could not give any physical
explanation based on physical science. According to later research,
the global mean temperature swings 0.2°C between the maximum
and minimum of the sunspot cycle®. Furthermore it was proposed
in the same study that, in order to explain the effect on mean tem-
perature of such minor differences in solar radiation that occur
during a sunspot cycle, the same amplification mechanisms must
be in play that amplify the warming effect of the increasing con-
centration of greenhouse gases in the atmosphere. In any case, no
important increase in incoming solar radiation has been observed
during recent decades®. These results are generally in line with
what was presented in AR4.

The search for rapid changes in cloud cover when there are tem-
porary increases in incoming cosmic radiation has not provided
any unambiguous results to support a hypothesis of such a connec-
tion®. The satellite data now used includes more cloud characteris-
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tics than those used in earlier studies and also more geographical
regions have been studied. Although laboratory studies indicate®
that cosmic radiation that ionizes atmospheric molecules may lead
to new cloud condensation nuclei, studies of atmospheric data do
not show that this is of global importance. More indirectly this is
supported by studies® that indicate that the amount of incoming
cosmic radiation has not changed during the recent decades in the
way that the hypotheses would expect, when the global mean tem-
perature has increased.

Research on historical and pre-historical climate periods supports
the idea that the sun is a natural climate forcing factor. For ex-
ample there is one study® which, among other things, deals with
the connection between solar variability, temperature variations
and monsoon circulations. This study states that historical links
between these were broken after the middle of the 19oos. This is
interpreted as resulting from an overriding increasing anthropoge-
nic climate effect. There also are studies using climate models that
come to similar conclusions®.

The latest research confirms the result that solar variations cannot
have played any large or important role in climate development in

recent decades. Some hypotheses that have been proposed are too

complex to be tested with observation data available.
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6 Climate projections

Sea level rise

One area of research where a great deal has happened over the
last few years is the assessment of how the global sea level may
rise during this century and beyond. In many cases the estimates
put forward in ARy4, i.e. a global increase in sea level of 18-59 cm
between 1990 and 2095, have been extended towards even larger
values. However, it should be remembered that this interval in
AR4 did not include a possible acceleration of land ice melting, for
which the available data was deemed to be too uncertain. Even in
light of the more recent research the overall assessment of the sea
level rise presented in AR4 still appers valid. Nevertheless the risk
of a considerably greater rise is now more emphasised.

There are calculations that show that the global sea level may rise
by up to 0.8 metres by 2100 if the land ice melt rate speeds up®.
The same study also shows that a sea level rise of more than 2
metres by 2100 is physically unreasonable. Also, a rise of 2 metres
would require that all the relevant uncertainties acted in the same
direction.

In a study that focused on the minimum expected rise in sea level,
a rise of 0.5 metres is suggested®. Strictly speaking, this research
concerns how much mountain glaciers and suchlike (continental
ice sheets are not included) will continue to contribute to the sea
level rise due to the global warming that has already taken place.
This is calculated at 0.18 metres which, together with an expected
continued thermal expansions, would give a global rise in global
sea level of at least 0.5 metres up to 2100. An assumption of a con-
tinued warming and its effect on mountain glaciers over the next
100 year would increase this estimate to about 0.7 metres.

Part of the argumentation for a considerably larger sea level rise
than that projected earlier is inferred from knowledge about pre-
historical climate periods in connection with the most recent

ice age (sea level rise of the order of 0.7-1.5 m over 100 years)7°
and climate periods even farther back in time”*72, An extrapola-
tion737 of the observed sea level rise over the last 100 years leads to
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comparable conclusions, as does simplified modelling calibrated
using knowledge about past sea level data’s. One disadvantage of
using historical periods are the large differences back then com-
pared to today in the basic characteristics of the climate system,
for example the distribution of the amounts of ice between the
northern hemisphere and that in the Antarctic. Possible non-line-
ar connections and links within the climate system may be diffe-
rent depending on the base climate state.

Tipping points

Tipping points (see Figure 8) are defined as critical threshold va-
lues in the climate system. Exceeding a tipping point significantly
influences a climate effect, for example leading to an intensive
melting of ice or a sudden release of greenhouse gases from eco-
systems. The part of the climate system thus affected is called a
tipping element. Tipping points have long been discussed in con-
nection with climate change, using terms such as “abrupt change”.
An oft-quoted example is a possible "collapse” of the Gulf Stream’
which would cause consequences for climate development over
the North Atlantic and in neighbouring regions. Other examp-

les are a possible melting of land ice on Greenland or in parts of
the Antarctic (e.g. the West Antarctic Ice Shelf, WAIS)577, which
would further increase sea level rise. Another example is a pos-
sible change of the rainforests of the Amazon into savannah, the
escape of methane gas from thawing permafrost areas’®79% or from
hydrates®. If the latter should happen, the consequence could be a
greatly increased greenhouse gas amounts in the atmosphere and
consequently an even greater climate change than according to
most projections until now. Alternatively, an even greater reduc-
tion of emissions would be required to stabilize the climate.

There is a considerable lack of quantitative knowledge about whe-
re the different tipping points are located in terms of size and pace
of global and regional climate.

" Actually, one means a change in the large-scale ocean circulation in the North Atlantic.

42



Figure 8. Various potential tipping elements in the earth system®
© Copyright 2008 National Academy of Sciences, U.S.A.

Expert assessments are one way of addressing these issues®2. Here
both the probability that continued global warming might lead

to the reaching of tipping points and the level of knowledge on
ensued changes in related climate effects are adressed. Such as-
sessments lead to the conclusion that tipping points are a relevant
issue. The most immediate tipping points in the climate system
are proposed to be the receding sea ice cover in the Arctic and a
melting of the Greenland ice sheet. The effects of the latter on the
global sea level were discussed previously in the section on Cli-
mate Projections. Projections of sea ice cover changes in the Arctic
are discussed below.

During the late summer and early autumn of 2007, record low
levels were measured in the Arctic sea ice®. The sea ice cover was
almost 50% less than the average for the period from 1950 to 1970%.
In AR4 the ongoing decrease of the Arctic sea ice cover was discus-
sed quite extensively. A clear downward trend is documented for
the period since the middle of the 1goos. Even so, the drastic de-
crease in 2007 was a complete surprise. It has even been referred to
as a tipping point®. There is an argument for the possibility that a
critical threshold has been reached in the case of the Arctic sea ice
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cover. However, there also are researchers who argue against this
point of view®®. The extent of the sea ice depends on the energy
balance in the Arctic during the ice melting season, the extent of
the ice cover during the previous winter and circulation patterns
in the atmosphere and in the ocean®®, In 2007 several of these
factors were combined which resulted in a markedly accelerated
summer melting®. 2008 was another year when there was very
little late summer sea ice in the Arctic, even though the rapid mel-
ting did not begin until August. In some years the different factors
at play work together while in other years the circulation in the
atmosphere, for example, may be different and may prevent rapid
melting from occurring. How things will be during a particular
year is more or less impossible to predict. Consequently the Arctic
sea ice cover will continue to vary from year to year. It is, however,
probable that the decreasing sea ice cover trend will continue with
further global warming (see Figure g)*.
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eptember Sea Ice Extent: Observations and Model Runs [ CCCMA CGCM3* - CCCMA CGCM3.1(T63)
i S CNRM CM3 ------ GISS AOM*
-~ IPSL CM4 ------ MIROC3.2 MEDRES*
MUIB ECHO* ... MPI ECHAMS
rrrrr MRI CGCM2.3.2* NCAR CCSM3*
--- UKMO HadGEM1 UKMO HadCM
== Ensemble Mean === Ensemble = std. dev.

10.0

Sea Ice Extent (10° km?)

9-year running means

0.0

0.0 ‘ ‘ ‘ :
) Q O Q )
& & ™ ‘196 N
Year

Figure 9. Simulations of historical and future changes in the Arctic sea
ice cover’!

Several models from CMIP3! have been analysed. The red curve shows the trend observed
up to and during 2006.
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Projections of future sea ice melting have been made using cli-
mate models under assumptions of increasing greenhouse gas con-
centrations®. Simulations clearly show a continuously shrinking
sea ice, yet no simulation has succeeded in capturing the dramatic
melt episode in 2007-2008. Overall, also the rate of melting over
the last decades is greater than in the model simulations. It is not
clear why the models underestimate the rate of melting. The en-
ergy balance in the Arctic is sensitive to a number of factors that
are less than fully understood. Examples of such factors are cloud
cover, heat transports in the atmosphere and in the ocean* and the
thickness of the sea ice%. The amount of multi-year sea ice in the
Arctic Ocean basin has greatly decreased; a 50% decrease is shown
over the last 50 years94. This decrease means that one-year ice for-
med every winter is more widespread. One-year ice is thinner than
multi-year ice and therefore it melts more readily during the sum-
mer%, Consequently a continued decrease of the Arctic sea ice co-
ver can be expected. It is very difficult to predict when the Arctic
will become ice free in the summer, but it could happen at some
time towards the middle of the century®e.
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7 How extensive could climate change become?

Climate sensitivity

Climate sensitivity is a measure of the temperature increase due
to a change in the atmospheric carbon dioxide concentration (it
is also possible to think in terms of carbon dioxide equivalents

— if with some caution). Changes to carbon dioxide levels influ-
ence the greenhouse effect which in turn leads to changes to the
surface air temperature etc. In AR4 the climate sensitivity due

to a doubling of the carbon dioxide level is concluded to lie so-
mewhere between 2 and 4.5°C with a best estimate at around 3°C.
It is further stated that it is unlikely that climate sensitivity is less
than 1.5°C, while levels higher than 4.5°C cannot be ruled out. In
studies during the last few years adjustments both upwards and
downwards have been proposed. A brief summary of the climate
system’s radiation balance and the factors affecting it is given in
Appendix A as a background for the discussion below.

One new study shows how previous estimates of climate sensitivi-
ty from complex models can be compiled into very simple model.
One strong conclusion is that uncertainty in the direction of hig-
her climate sensitivity is more probable than uncertainty in the di-
rection of lower climate sensitivity®, which is already indicated in
AR4. At the same time the established picture of climate sensiti-
vity has been questioned as concerns the uncertainty regarding the
slower responses of the world ocean?”. The argument is that ocean
temperatures in general have already adapted to the change in the
radiation balance so far and consequently the temperature on the
surface of the earth will not increase especially much if current
carbon dioxide levels were to not to change (that is climate sensi-
tivity is rather low than high). This is not consistent with the dis-
cussion in AR4 that indicates that the oceans are currently not in
energy balance. The author of the study that proposed low climate
sensitivity has later stated®® that he underestimated climate sensi-
tivity. His revised results are close to the results reported in AR4.
Studies that take proxy data from the last 700 years as a point of
departure also frame a picture of climate sensitivity in line with
the interval stated in AR4%, although stating a somewhat broader
span.
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One special aspect of climate sensitivity has also been highlighted.
The accepted definition does not consider possible, more long-
term effects of warming. If the feedback concerning the melting
land ice is included, which is a possible if still uncertain conse-
quence of global warming, climate sensitivity may be around 6°C
in spite of estimates of cloud and ocean effects being approxima-
tely the same as in the studies that underline the AR4 estimate.

One aspect of aerosols that has received increased attention is the
warming from airborn black carbon particles (soot) that occurs at
a few kilometres above the surface of the earth37+. These are pri-
marily found in tropical areas, largely as a result of burning of fuel
wood. In addition to their effects on temperature and their harm-
ful effects on human health, soot may also contribute to a change
in tropical precipitation patterns. This phenomenon may have
affected the monsoon rains over India and parts of the Himalayas
during the last few decades®. Locally, in heavily polluted areas, the
warming effect from soot may exceed warming caused by the en-
hanced greenhouse effect.

The warming due to enhanced greenhouse effect leads to more
water vapour in the atmosphere which in turn reinforces the war-
ming. This is in fact the strongest feedback effect that is known,
and is consequently central to climate change estimates. In AR4

it has been stated that especially satellite measurements show
that the atmospheric water vapour content increased at the end
of the 19oos in pace with increasing temperatures. This has been
confirmed in later studies™ 2, The exception is one study™: that
shows that water vapour has decreased in the upper part of the
tropical troposphere. This is supported by a special dataset, one

of the so-called re-analyses, from NCEP/NCAR. It is known that
this re-analysis has weaknesses in the processing of satellite data
and that in the tropics, humidity information comes from radio-
sonde data only. In spite of the lack of a humidity increase in the
tropical upper troposphere, this re-analysis shows a warming trend
the equivalent of that in other re-analyses, for example ERA-4o0.
Furthermore when how the atmospheric water levels respond to
temperature variations is examined™®4, a good agreement is achie-
ved between observations and climate model simulations. This
supports the AR4 estimates of climate sensitivity.
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Unavoidable contiued warming

Research over the last few years has also dealt with what the ul-
timate lowest level — unavoidable - global temperature rise is. In
ARy it was stated that if greenhouse gas concentrations had stabi-
lised at the levels that had been reached in around 2000, the earth
would still become an additional half a degree Celsius warmer.

New estimates of aerosol radiative effects show that the associated
uncertainty may be greater than that stated in AR4°5% According
to these studies aerosol radiative effects are greater than previous
calculations have shown. In that case we would have a larger,
unavoidable continued warming ahead of us than so far has been
expected. However it has also been asserted that calculations of
future climate change have not been very much affected by aero-
sol uncertainty as the increased greenhouse gas forcing is so much
more dominant that that of aerosol forcing™’.

A further perspective of the unavoidable, continued warming is
applied when not only the climate’s but also society’s inertia® is
included, i.e. that it takes time to achieve a sizeable reduction of
emissions. It is hardly surprising that the conclusion is that con-
tinued temperature rises will then be greater. Just as expected are
the results that assumption of decided emission reductions de-
crease climate change to a considerable degree, perhaps as much as
by half of the original temperature change interval. For a number
of scenarios that include established emission decreases, future
warming is almost halved up until 2100 as calculated from 199o.
This means a warming decrease of 0.3-3.4°C compared to various
baselines. Remaining warming after 19go is within the interval
0.5-4.4°C. The expected continued global warming therefore to a
first degrees depends on emissions.

A more complete picture is gained when a difference is made bet-
ween long-term climate forcing (carbon dioxide emissions) and
climate forcing that disappears rapidly (anthropogenic particles)
or fades away relatively quickly (e.g. methane emissions). If the
climate forcing by particles is greater than that stated in AR4™9,
greenhouse gas emissions to date may cause unavoidable tempe-
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rature increases of at least 2.4°C as compared with pre-industrial
temperature levels. These 2.4°C consist partially of the warming
already observed while the rest is the part that has so far been
masked by the oceans’ slower response and the net cooling effect
of anthropogenic atmospheric particles. At the same time it must
be remembered that such anthropogenic greenhouse gas additions
to the atmosphere as of methane and tropospheric ozone, like par-
ticles, could be reduced relatively efficiently™. This means, in turn,
that even if it were confirmed that the climate forcing by particles
were underestimated in AR4, this does not have to mean that the
committed warming is at least 2.4°C, if methane and tropospheric
ozone levels were to decrease at around the same pace as particle
levels.

The fact that climate change caused by anthropogenic emissions is
more or less irreversible for a long period of time into the future is,
in itself, nothing new. Nevertheless, the more recent research has
shed additional light on this fact™.

Carbon sinks can be affected when the climate changes

It is well-established that the natural carbon sinks in the ocean
and in the land biosphere take up approximately half of the gross,
annual anthropogenic emissions of carbon dioxide. AR4 described
how these sinks can, as time goes on, become less efhicient, which
for a given emission development would provide a positive feed-
back with an even larger temperature increase as a result™. The
terrestrial sink could even become transformed into a source ins-
tead.

The fact that the ability of ecosystems to bind carbon can be
weakened by continued global warming is supported by later
studies 56718 For example, extensive drought can affect ter-
restrial carbon sinks. As has already been stated in AR4, this may
enhance global warming as compared to a situation with stable
carbon sinks. This would in turn decrease the volume of “allo-
wable emissions” if the climate is to be stabilised over time.
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A regional weakening of the ocean sink has been noted in the
Southern Atlantic around Antarctica since the beginning of the
1980s™. It has been speculated that the cause could be changes in
the regional wind climate that has altered the exchange of carbon
dioxide between the ocean and the atmosphere. Wind changes, in
their turn, are assumed to depend on anthropogenic warming or,
as mentioned previously, also on the stratospheric ozone depletion
over the Antarctic®. This carbon sink strength weakening is ex-
pected to continue in pace with temperature increases. This is an
example of a change (weakening) of the physical carbon dioxide
sink. As concerns the biological ocean sink (plankton), this could
become a little more efhicient™, According to new studies, the
efficiency of the carbon sinks decreased somewhat at the begin-
ning of the 2000s, especially the ocean sink.

The 350 ppm debate

What is known about the climate system from measurements,
studies of previous climate events and experiments with climate
models is fundamental to discussions and decisions on wich me-
asures to take. The scientific knowledge base is a necessary precon-
dition in order to assess how different measures may affect future
climate. In AR4 it is emphasised that we know enough to be able,
with a great deal of certainty, to state that increased greenhouse
gas concentrations have affected the global climate. We also know
that future carbon dioxide levels can cause climate changes that
will seriously, negatively affect major parts of the population of
the earth. Research after AR4 has added to the knowledge on the
climate system and there is not much that counters the conclu-
sions drawn in AR4. Quite the opposite, results tend to show that
the effects of warming are greater that what had been previously
assessed and that future changes may be greater than what was
previously shown. The urgency of taking measures to decrease
emissions and adapt ourselves to climate change has consequently
become greater rather than less acute when compared to the
knowledge available just few years ago.
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The so-called 350 ppm debate provides an illustrative example772122,
This is based, among other things, on climate episodes in the dis-
tant past. If land ice were to react considerably more rapidly than
what has been assumed, it could be relevant to include this in the
definition of climate change sensitivity which could increase the
estimates of it to around 6°C. Consequently a call was made to sta-
bilise the atmosphere’s carbon dioxide level at, initially, around 350
ppm, in order to later reduce it down even further. In addition it
was argued that there should be an upper limit on the “acceptable”
global warming of 1.7°C, which would be lower than the EU’s 2°C
target.

All climate stabilisation goals are linked to a probability of success,
or, in other words, a risk that the goal will not be met, for a given
future emission pathway. This is inherent because of the uncerta-
inty concerning climate sensitivity and beacause of changes that
might occur to the capacity of the carbon sinks™. These aspects
have been discussed in this report. Consequently it is no simple
matter to take decisions on climate goals. Science does, however,
provide points of departure as guidance in these decisions®i.

I'EU Climate Expert Group ‘EG Science’ 2008. The 2°C target. Information reference document 55p.
(http://ec.europa.eu/environment/climat/pdf/brandure 2c.pdf 2009-04-06).
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1
8 Conclusions

Climate research has, over the last 2-3 years further extended
knowledge about the climate system. Below is a summary of the
points that may be considered to indicate a modification or to add
nuances to the knowledge of the climate system as compared to
what was reported in AR4:

1. Greenhouse gas concentrations in the atmosphere continue to
increase. The concentration of carbon dioxide in 2008 amounts
to 384 ppm. The pace of increase is faster than earlier. There
are also indications that the concentration of methane has
once again begun to rise after staying of a constant level for a
period of several years.

2. The global mean temperature in 2008 was about 0.1°C lower
than in the immediately preceeding years. A temperature diffe-
rence of 0.1°C is within the limits of uncertainty that is linked
to global temperature analyses and is also within the charac-
teristic year-to-year variability that is due to the atmosphere-
ocean interaction. 2008 still belongs to the top ten warmest ye-
ars since 1850 and the latest ten year period is warmer than the
previous decade. The temperature trend is one of increase.

3. Data on sea level rise has been further studied for the periods
1961-2003 and 1993-2003. Results indicate that the pace of rise
has been higher during the later period. When also data from
the last few years is considered , it appears that the pace of rise
has again become a little slower, but it remains higher than
during the 1900s.

4. A marked decrease in the Arctic sea ice cover occurred during
the late summers of 2007 and 2008. The large-scale warming
trend in the Arctic is probably closely connected to global war-
ming. Also the western part of the Antarctic has been observed
to show signs of warming which is also linked to global tempe-
rature rises.
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5. Generally speaking, later estimates of climate sensitivity lie
within the uncertainty range reported in AR4.

6. New studies of land ice sensitivity to warming and conse-
quently their melting rate indicates that the sea level may rise
by more than what was stated in AR4. Estimates are made at
around one metre of rise over the 21t Century. These studies
are, however, characterised by considerable uncertainty. It is
also shown that it is physically unreasonable for the global
mean sea level to rise more than two metres during the next
100 years.

7. A significant change in precipitation during the period
1950-2000 has been established from observations. This is in
line with what is anticipated as a result of greenhouse gas war-
ming, at the same time as the observed trend exceeds model
simulation results.

8. Examples of possible tipping points and elements in the cli-
mate system have been published. The dramatic decrease in sea
ice in the Arctic (see Point 4 above) may be an example of such
a feature if it becomes lasting. In that case this will be the first
example of an observed tipping point.

9. New research indicates that it may be more difficult than pre-
viously assessed to limit global warming to a maximum of 2°C.
It could be that the climate forcing by particles has been un-
derestimated, which would mean that the actual greenhouse
gas warming is greater than has been stated to date. Later re-
search also supports concerns that carbon sinks may become
less efficient in the future.

Research is a continuous process. IPCC aims to, at regular inter-
vals, assess the state of knowledge on climate change. New IPCC
assessment reports are published every 6-7 years. It takes time

to conduct such an extensive review of the research. It is often
not enough to use single newly published works to establish new
knowledge; instead a broad and overall examination of an issue is
necessary in order to be able to draw conclusions.
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It has not been possible to compile this report with the same
weight and scope as characterises a report by IPCC. We have used
our knowledge and a mapping of the literature that has been pu-
blished since 2006 to look into the new developments in some of
the research fields considered in AR4. Our overall assessment is
that new research that has been carried out since 2006 confirms
previous results concerning ongoing climate trends, human im-
pact on climate and possible future climate changes. The state of
knowledge has not changed to any important degree. Some nuanc-
es have been added and research has continued to illuminate areas
where previously there had been a lack of satisfactory background
material.

The conclusions in the physical science basis part of the [IPCC
report from 2007 hold up well in the light of new research results
published during the last 2-3 years. In certain areas previous es-
timates have been confirmed, in others adjustments have been
made. Within yet others a more nuanced picture has been develo-
ped. The state of knowledge within climate research is not static;
however its primary foundations appear, even in the light of the
latest research, to be robust.
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Appendix A: Summary of the earth’s radiation balance and
the factors that affect it

The temperature of the earth is determined by a balance between
incoming radiation from the sun and outgoing thermal radiation
to space. The outgoing radiation is primarily dependent on the
temperature of the earth. Higher temperatures lead to increased
thermal radiation. Through the atmosphere’s greenhouse effect, a
great deal of the thermal radiation is caught in the lower parts of
the atmosphere. Consequently it becomes warmer on the earth’s
surface than it would have been without the greenhouse effect. A
change in the concentration of greenhouse gases in the atmosphe-
re influences this effect. If, for example, carbon dioxide levels are
increased, more thermal radiation is trapped and the temperature
of the earth’s surface rises. Warming of the atmosphere’s lower
layers also affects the amount of water vapour and cloud formation
which in turn further changes the radiation balance. Temperature
increase leads to increased amounts of water vapour which rein-
forces the heating of the earth surface. Water vapour is namely
actually the most important of the greenhouse gases.

The changes to cloud cover caused by changes to the climate
system’s energy and radiation balance are complex. For example,
different changes in the cloud cover exert different effects on the
radiation balance.

® The clouds affect incoming solar radiation by reflecting it.
More clouds lead to increased reflection and consequently a
cooling effect while less cloud exerts the opposite effect. In-
crease or decrease of clouds in the lower layer of the troposphe-
re — at a height of 1-2 km - is especially effective in this sense.

® Increased cloud cover also leads to an increase of the clouds’
contribution to the greenhouse effect, which means a surface
warming effect. Increased cloud cover at higher levels in the
troposphere — at a height of 5-12 km - is especially effective in
this sense.
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These opposing effects partially cancel each other out. Even if the
net effect is small in relationship to the total radiation effects of
clouds, it is important. How cloud cover changes with enhanced
greenhouse effect is determined by complex interplay between
changes to evaporation, temperature, ice clouds and water droplet
clouds as well as in the circulation patterns in the atmosphere.
Changes to cloud cover are the single greatest uncertainty in our
understanding of climate system sensitivity to changes in the ra-
diation balance. After this come changes to the total reflection of
solar radiation, also called albedo. In addition to cloud cover, al-
bedo is also influenced by ice cover and other characteristics of the
earth’s surface. As the extent of ice and snow cover decreases the
warmer it becomes, here is yet another positive feedback mecha-
nism in the climate system.

Finally there is a slowness to react (inertia) in the climate system
that is controlled by the oceans. An imbalance between outgoing
thermal radiation and incoming solar radiation on ocean surfaces
affects ocean temperatures very slowly. It takes hundreds of years
to achieve radiation balance over oceans after an increase of green-
house gas concentrations. This is because of the extremely slow
exchange of the water masses close to the surface and those in the
ocean depths.
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