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Preface

The IPCC Fourth Assessment Report (2007) assessed worldwide scientificriteratll aspects of
climate change, of the period from 2000 to 2006. The report is intensively used for underpinning
international climate policynaking. Since 2006, a large and increasing amount of new literature has
appeared, raising the question of tee the IPCC knowledge, based on literature until 2006, is still
adequate for the UNFCCC Copenhagen Climate summit in 2009.

Ourreport offers an assessment of scientific pegrewed literature, over the period of 2006 to 2009
on a selection of topidsom the physical science basis (Working Group I)REC 2007 In addition,
peerreviewed scientific literature has been assessed in which doubts are expressed on the importance
of human influence on global warming. Some of these publications have dtaaf attention, either
from the scientific community or in the medthough tis report is, by no means, intended as a
comprehensive assessment of all areas covered Iphyisecal science basis BICC, the authors

found no reason® deviate from thénding of the IPCC in 2007, that global warming since the
middle of the 28 century is very likely to be due to human influence on the global cliniie
selected topics arél) decaal variability: past and future; (Bea level rise, ice sheetsagilers and

sea ice;(3) climate changes due to solar variabili@®) the carbon cycle; an®) climate sensitivity

and feedbacks.

This report is part of the study O0Neiswtsbei n CIl i mat
consideredasoneoftbeac k gr ound reports summarized in 6A po
| PCC AR4 report in 200 7 bBeNetieHands Erwitoumental Assessmento r d i n a

Agency (PBL)on request obutch Environment Minister, Mrs Jacqueline Cranaémingto evaluate
new scientific insights regarding the IPCC conclusions of 2007, to provide views on possible
acceleration of climate change, and analyze policy response ogtienstudy has been prepared in
cooperation with the Royal Netherlands Meteorolabiostitute (KNMI) and Wageningen University
and Research Centf@/UR) with contributions from Energy Research Centre of the Netherlands
(ECN), ECOFYS, Utrecht University (UU) and Free University of Amster(do).

Rob van Dorland and Bart Strengerst,hm)November 20009.

" Where isvery high confidenctnat the net effect of human activities since 1750 has been one of warming.

Most of the observed increase in global average temperatures since the mid 20th century is very likely due to the observed

increase in anthropogenic GHG cortcations. It is likely that there has been significant anthropogenic warming over the

past 50 years, averaged over each continent (except Antai@tia) Lt / / C2dz2NIIK ! 33aSaayYSyid {eyidK!
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1. Decadal variability: past and future

Summary

Claims that global warming has stopped since 1998, are at odds with-temg observations.

Eight of the ten warmest years in recorded history have occurred since 2000. The observed global
mean temperature trend in the period from 1975 to 2008w&<0.03 °C per decade, or 0.20+0.04

°C per decade, depending on the data set used. The calculated trends for-2@0899&iod range
from-0.02+0.09/decade (based on CRéta, see Figure 1) to 0.12+0.12 °C per decade (based on data
from NASA, see Figre 11). The recent trend is significantly lower than the loaign trend over the

last three decades, for several reasons. This period starts with a strong El Nifio in 1998, increasing
global temperature with approximately 0.25 °C, and ended with aisgmtifa Nifia in 2008,

lowering temperature with approximately 0.15°C. Moreover, the land temperature trend continued
unabatedly upwards, while the reconstructed ocean surface temperatures showed a sldadown
example, in the Southern Ocean, a regiam wownward trends over the last 11 years. The CRU data
have incomplete coverage, with large gaps in the Arctic. The NASA data provides a more complete
representation of the Arctic, by taking spatial correlation into account through extrapolating and
interpolating in space. The NASA representation suggests the greatest increases in temperature in the
Arctic, in the last decade. This difference between CRU and NASA data is the main cause for the
difference in trend of the last ten years.

Global temperature anomalies compared to 1961-1990 average
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Figure 1.1 Tempeature anomalies compared to 1961 to 1990 average, according to the Hadley
Centre (Met Office)/Climate Research Unit (HadCRUT3) and NASA Goddard Institute for Space
Studies (GISS).He CRUT3 data on lanidave incomplete coverage, with large gaps in thaiérghe
NASA data provides a more complete representation of the Arctic, which has warmed rapidly,
especially over the last decadéhis largely explains the significant differences between the data sets
of the past 10 years.



The observed temperatureetnd in Western Europe, over the lafgiw decades, appears aboutits

ashigh asthe global average. It is suggested that both regional feedbacks and decreased aerosol
loading of the atmosphere have played a role

Since the IPCC AR4, the scientific commiyrinas put much effort into investigating the underlying
causes of regional climate change, which are of the utmost importance for regional projections. Apart
from the relation with global average climate change, the search has been for regional feedbacks
amplifying or attenuating the change. In Western Europe, the observed temperature trend over the last
decades appears much higher than the global average, by about a factor of two. In winter and spring,
higher temperatures are caused by changes in atm@spineulation, tending to more westerlies in

the observations than was calculated by the models. In spring and summer, there is an increase in the
amount of solar radiation that reaches the ground, partly due to lower aerosol concentrations. This is
underepresented by statd-theart GCMs.

The relatively fastneass ur f ace war ming of the Arctic,- the O6Ar
known surfacealbedo feedback, might also be reinforced by changes in atmospheric heat transport

into the Arctic suface

The neassurface warming of the Arctic was almost twice as high as the global average, over the past
decades. A recent study examined the vertical structure of temperature change in the Arctic during the

late twentieth century, using reanalysis dataj found evidence for temperature amplification well

above the surface. Therefore, it was concluded that part of the Arctic temperature amplification cannot

be linked to the surfaeslbedo feedback mechanism, and that changes in atmospheric heat transpor

into the Arctic surface, in the summer hgéfar, may be an important cause.

In contrast to the conclusion of the IPCC AR4 that Antarctica was the only continent where no
evident global warming had been observed, a recent study concluded that theitrendrage
surface temperature in both West and East Antarctica were positive for 1957 to 2006.

Also, the average warming of the Antarctic continent is comparable to that in the Southern
Hemisphere as a whole. However, the sparseness and short timé $maobservations hamper the
conclusion of this study. In particular, the extent to which circulation changes in the Southern
Hemisphere play a role in temperature trends over Antarctica is still a matter of scientific debate.

Although, since the IPCC R4, the first steps have been taken in making mela@sed decadal

predictions of forced and natural climate change, this development is still in its infancy

To produce decadal predictions it is essential that climate models are initialised with twtibreges

of the current observed state of the atmosphere, oceans, cryosphere, and land surface. Extended
hindcast experiments show the feasibility of decadal predictions. However, future prospects of decadal
predictability depend crucially on improved nedgland data, such as the ARGO network: a network

of 3000 drifting buoys, observing the ocean in three dimensions.

For the next few years, expectations with respect to the average global temperature increase have

not changed much. The year 2009 is exptto be warmer than 2008. If the sun is entering a stage

of very low activity, global temperature increase due to anthropogenic greenhouse gas emissions

might be tempered by probably 0.2 °C, within two or three decades.

This coming winter is predicted see the remergence of El Nifio, thus, one would expect 2009 to be
warmer than 2008. For the coming decades, projected rising levels of greenhouse gases, as well as the
behavior of solar activity, are important. The best estimate of the effect of arjaripinfluence is

0.2 °C per decade (IPCC, 2007). If predictions by some solar physicists that the sun is entering a stage
of very low activity, for a period of two to seven decades, become reality, global temperature increases
might be tempered by abobi2 °C, within two or three decades ( see also Section 2.1.4). However,

after recovery of solar activity, the temperature increase will be accelerated, as anthropogenic and
solar forcing wild./ both point inmahé diotact behae
the global temperature rise will be influenced by an approximatedd fluctuation of the order of

0.05 °C. These projections may alter due to natural internal factors, such as volcanic eruptions and El
Nifio events.



1.1. Introduction

The global annual average temperature in 2008 was about 0.1°C lower than in 2007. Nevertheless,

2008 was warmer than any year in the 20th century with the exception of 1998 in the NASA/GISS

record, and 1997 and 1998 in the Hadley Ceetmgeratureecord. Eight of the ten warmest years

since measurements began have occurred since 2000. The last decade was by far the warmest recorded
decade globally. The average temperature so far in theedtury is approximately 0.18°C higher

than the average fohe 1990s. Claims that global warming has stopped is therefore at odds with long

term observations.

Following IPCC AR4, the scientific community has put a lot of effort into determining the temperature
trends at the regional scale and explaining the nlyidg causes of these changes. The observed

temperature trend in Western Europe over the last few decades appears to be much stronger than the
global mean, in the order of a factor of two. This is underrepresented byfstheart climate

models.In the Arctic too, the neasurface warming has been almost twice as large as the global

average inrecentdecades p henomenon known as O6Arctic ampl i fi
this temperature amplification remain uncertain, but are extremely iamadar projections of arctic
temperatures. The observed reduction in snow and ice cover in recent decades may have played a role

in this, but its contribution relative to other mechanisms is still subject to scientific debate.

Since IPCC AR4, the climatscience community has taken the first steps in decadal predictions of
forced and natural change based on coupled climate médeilgnificant source of predictability on

the decadal timescale is associated with external forcing, both natural (e.gasalaitity, volcanic
aerosols) and anthropogenic (greenhouse gases, ozone, and aerosols) in origin. A fundamental precept
in predictability is the notion that loAiyed variations, such as those associated with the Pacific
Decadal Oscillation (PDO) ohé Atlantic Meridional Overturning Circulation (MOC: the “warm Gulf
stream' that transports heat to the north) can be predicted for a significant fraction of their lifetimes.
Thus, there is some confidence that natuwadigurring climate variation with dadal timescales may

be predictable at times, given an accurate initial state. These times are likely to be when a significant
amplitude variation exist3.hree extended hindcast experiments demonstrated enhanced skill from
initialization at global scaldédowever, titure prospects of decadal predictability specifically depend

on improved climate models and data.

1.2 Trends in temperature
1.2.1Global temperature records

The instrumental record of surface temperature change is based on a combirdatidraof marine

air, and ocean surface temperature changes recorded over roughly the past 150 years. Several different
datasets exist, the most widely used version (HadCRUT) was produced by the Climatic Research Unit
(CRU) of the University of East Angliin ceoperation with the Hadley Centre in the UK (Brohan et

al. 2006). A second widely used temperature record is the NASA Goddard Institute of Space Studies
(GISS) dataset.

1.2.1.1. HadCRUT data set

In constructing the global surface temperature damlddadCRUT, issues of consistency and the
homogeneity of measurements over time have been taken into account. Measures have also been taken
to ensure that all neclimatic inhomogeneities (including Urban Heat Island effects) have been

removed. Over lantkgions, mare than 3000 monthly station temperature time series measurements

are used. Coverage is denser in the more populated parts of the world, particularly, the United States,
southern Canada, Europe and Japan. Coverage is sparsest over the friteriSoath American and

African continents and over the Arctic and Antarctic. The number of available stations was small

during the 1850s, but increases to over 3000 stations in the latter half o’l“tterﬂ@ry. However,



since the 1970s the number tit®ns has been declining, but still provides sufficient coverage for the
determination of the global average temperature. For marine regions, sea surface temperature (SST)
measurements taken on board merchant and some naval vessels are used. Cosduage isway

from the main shipping lanes and was minimal over the Southern Oceans up until the last decade.

For convenience, global surface temperature data are interpolated onto a regular grid (e.g. 5 degree
latitude/longitude grid boxes) and formedoiranomalies' that represent relative departures from a
base period (rather than absolute temperatures). These gridded data are, in turn, often spatially
averaged to yield largecale mean temperature estimates, such as hemispheric or global mean
temperatrres.

Several weak points have come to light in this analysis over the last few years, which will be
addressed in the next release. The merging procedure over coastlines, e.g. in Europe, introduces
spurious trends. As only regions with observationgaken into account in the spatial averaging
procedure, the Arctic regions are also severely underrepresented in the estimate of the global mean
temperature.

1.2.1.2.NASA/GISS dataset

The method of analysis of the NASA/GISS temperature record was docuneHnsen and
Lebedeff (1987)showing that the correlation of temperature change was reasonably strong for
stations separated by up to 1200 km, especially at middle and high latitudes. They obtained
guantitative estimates of the error in annual atygek mean temperature changes by sampling at
station locations a spatially complete dataset of a long run of a global climate model, which was
shown to have realistic spatial and temporal variability.

Some improvements in the analysis were made sevena gga Hansen et al. 199%ansen et al.

2001), including the use of satellitgbserved night lights to determine which stations in the United
States are located in urban and pglan areas, the lortgrm trends of those stations being adjusted

to agreewith longterm trends of nearby rural statioi$ecurrent analysisises surface air

temperature measurements from the following datasets: the unadjusted data of the Global Historical
Climatology Network (GHCN) (Peterson and Vose, 1997 and 1998), UBiiteds Historical

Climatology Network (USHCN) data, and the Scientific Committee on Antarctic Research (SCAR )
data from Antarctic stations. Many of these stations have inhomogeneities due to changes in the
observations, by virtue of the huge number obrds used it is assumed that these average out. The
sea surface temperature is taken from the Hadley Centre, and is therefore identical to the one used in
the HadCRUT reconstruction.

The main difference with the HadCRUT analysis is that NASA/GISS takesiatount temperature
estimates for remote areas, such as the Arctic and the Antarctic regions. Since the Arctic especially,
has warmed considerably in the last few decades, as is seen in the meltinggef fmeanstance (see
section 2.4), the NASA/@ES record shossomewhat higher trends than the HadCRUT record, which

is based only on direct temperature measurements. This is accomplished at the price of higher noise
levels resulting from the filling of unobserved regions.

1.2.1.3.NOAA/NCDC dataset

A third estimate of the global mean temperature has been made by the National Climate Data Center
(NOAA). It is based on the GHCN station data over land and the ERSST dataset over sea. In contrast
to the HadCRUT dataset, it does interpolate to unobservashsedput not for regions that are too far
away from any thermometers. The results are therefore often midway between the HadCRUT and
GISS time series.



1.2.2 Causes of yedo-year variations in the global temperature

The global mean temperature st wbserved, the time series that are used are reconstructions based

on the available observations. As noted above, these do not cover the whole globe with sufficient
density. The polar regions in particular, and until recently the Southern Ocean, widyesaopled.

The uncertainty from the sampling is estimated to be about 0.1°C. The uncertainty in the trend is
greatest where there are large temperature changes in these poorly observed areas and when accurate
observations are obtained for previously los®rved regions, such as the Southern Ocean over the last
decade.

Even in a perfectly observed world there are likely to be are natural oscillations in the global mean
temperature. No climate model has ever shown ag®egear increase in temperaturesdese of the
currently expected level of global warming. A significant factor in such oscillations is the Ei Nifio
Southern Oscillation (ENSO). Whether there is a warm EI Nifio event, or a cool La Nifia event makes
an appreciable difference in global meawmalies- about 0.1 to 0.2°C for significant events. There

was a significant La Nifia at the beginning of 2008, and that undoubtedly played a role in this year's
relative coolness. It is worth pointing out that 2000 also had a similarly sized La Nifiaduabtably

cooler than 2008. In the warmest year on record, 1998, a very strong El Nifio event occurred. Its effect
has been estimated to give temperatures above the ENSO neutral phase of about 0.25°C.

Besides ENSO, there are other sources whichareimfle i ng t he Earthoés temper a
internal variability or due to external forcing. Variations in weather patterns in Asia, particularly in
wintertime, have an impact on global temperatures. This is due not only to the fact that Asia is a

substatial landmass area, but also the wide temperature variations on this continent in winter.

Ultimately, yearly global temperature variations may be as great as 0.1°C.

The two main external (natural) forcings are volcanic variability and solar activitye Hiage been no
climatically significant volcanoes since 1991, so that is not a factor today. Recently, it has been stated
that the sun reached minimum activity in 2008. The impact of the solar cycle on the surface
temperature record is somewhat disputagk(chapter 3), but could be in the order of 0.05°C (Lean and
Rind 2009, Van Dorland et al. 2006) from solar minimum to maximum activity, with a lag of a year or
two. Thus for 2008, a deviation in the direction of cooling of somewhat less than 0.05°@®enight
expected. However, such a small difference would not significantly shift the rankings.

1.2.3 Trend analysis of global temperatures

A global mean temperature rise has been observed since tseweidties. Figure 1.2 shows the

trends in the periodd75-2008 (in K/year) for the three temperature records. The linear trends are
0.17++0.03C/decade for HadCRUT and NCDC and 0.20##C /decade for NASA/GISS. The

model results used for IPCC AR4 are also shown, incorporating the natural (solar, yalodrtive
anthropogenic (greenhouse gases and aerosols) radiative forcings. The average of the climate model
results agrees within the error bars for observation. While conversely, the central values from
observation agree with the model ensemble (see&i2).

Theserends are not greatly affected by shifting to another starting year or by reducing the period by a
few years. However, if the trend analysis period is limited to the last 11 years2Q998 trends are
reduced considerably. Due to theodlr period, uncertainty in the trend increases in an approximately
similar ratio (see Figure 1.3). This period has been chosen because of the strong El Nifio in 1998 and
the significant La Nifia in 2008. The calculated trends for HadCRUT, NASA/GISS an€NGD
0.02+£0.09, 0.12+0.12 and 0.08+0.08°C /decade respectively. Despite this period with the

minimum possible trend in the last three decades, the ensemble of climate models and observations
agree within the uncertainty limits, although the mogetad seems to be too great. The extra spread
over the natural variability is most likely due to varying estimates of the cooling effects of aerosols in

1C



the climate models (in fact the rightost boxes are from models that, due to an oversight, did not var
aerosol concentrations at all).

linear trend 1975-2008 [K/yr]

'CMIP3 |
Glss — —

NCDC ——
HadCRUT3

)
/
0 S

0 0005 0.01 0015 002 0025 0.03 0035 004

Figure 1.2linear trends (K/yr) in observations and climate models for the period-2008. Multiple
ensemble members of the same model have been weighted by the inverse of the number of ensemble
members.

Forecastslo not greatly differ with respect to the temperature increase in the next few years. It is
predicted that this coming winter will see thearaergence of El Nifio, so on this basis 2009 may be
expected to be warmer than 2008. If, as predicted by sonrepbyicists, the sun is entering a phase

of very low activity for a period of two to seven decades, global temperature increases may be
tempered probably by € (0.4C as a maximum estimate, see chapter 3) within two to three
decades. Barring any majeolcanic eruptions in the tropics, the quiet sun may temper the projected
rate of temperature increase by about 0.2°C/decade due to human activity. Lean and Rind (2009)
estimated on the basis of anthr opoigceeasingsoldiror ci ng
irradiancen the next five years, ancrease in global surface temperature of 0.15 +°@03 the

period 20092014, at a rate 50% greater than predicted by IPCC (2007). But, as a result of declining
solar activity in the subsequent fiyears, average temperature in 2019 is only 0.03 £Q.Q&armer

than in 2014. It should be noted that these estimates for the next decade exclude temperature trends
due to (internal) natural variability.

linear trend 1998-2008 [K/yr]
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Figure 1.3linear trends (K/yr) in observatianand climate models for the period 198808.

1.2.4 Trends in regional temperatures

Warming has been detected in the global mean temperature and on corsic&leta¢gions, and this
warming has been attributed to anthropogenic causes (Stott 2Q@3 2B07). The observed global
warming trend agrees well with predictions (Rahmstorf et al. 2007). However, climate change
projections are typically made for much smaller areas. The Netherlands, for instance, corresponds to a

11



single grid box in most curreot! i mat e model s, but the temperature

scenarios (van den Hurk et al. 2006, 2007) are based on grid point values of global and regional
climate models (GCMs and RCMs, respectively). In this region, temperatures simulated by & CMs d
not deviate much from climate models (GCMs), as the prescribed sea surface temperatures (SST) and
boundary conditions to a large extent determine the temperature (Lenderink et al. 2007).

1.2.4.1 Western Europe

The warming trend in Western Europe oves tast few decades is now so strong that it is discernible

in local temperature observations. This opens up the possibility of comparing the trend to the warming
predicted by comprehensive GCMs, which until now could not be directly correlated to abservat

on a local scale, because the variability was too great relative to the trend (or a too smath-signal

noise ratio). The observed temperature trend in Western Europe over the last few decades appears to
be much stronger than the global mean, in tideroof a factor of two (see Figurel.4). This is
underrepresented in stadkthe-art GCMs (van Oldenborgh et al. 2009).

Figure 1.40bserved trends in surface temperature (colour, [K/K]) March 1&&bruary 2008, in

the merged HadSST2/CRUTEMS3 dataBtDecembeirJanuary February,(b) Marchi Aprili May,

(c) Juné Julyi August, (d) Sep Octi Nov. A value of one denotes a trend equal to global mean
warming. Black (red) contour lines indicate that the observed trend is significantly larger (smaller)
than themodelled trend (ESSENCE ensemble).

The difference is very unlikely to be due to random fluctuations, either in fast weather processes or in
decadal climate fluctuations (Smith et al. 2007, Keenlyside et al. 2008). Changes in atmospheric
circulation inwinter and spring, tending to more westerlies in the observations than in the models, are
important. In spring and summer there has been an increase in the amount of solar radiation reaching
the ground. This is partly due to the improved air quality siheanid1980s, but also seems to be
connected with a reduction in cloud cover. This may be associated with the very strong warming
trends in southern Europe. Southerly winds then bring warmer and drier air to Western Europe. Note
that the prevalence of warsoutherly and easterly wind directions has not changed. A common
misrepresentation of ocean currents in the Atlantic Ocean also causes climate models to underestimate
warming trends in the eastern Atlantic Ocean. This further suppresses warmingoregelel

Atlantic coasts, but the effect does not reach very far inland.

Smaller contributions to differences between observed and modelled trends come from changes in
aerosol effects in spring and summer and from snow cover changes in the Baltic inkspweger,
Philipona et al. (2009) and Ruckstuhl et al. (2008) claim that the recent warming amplification relative
to the global mean in Western Europe is mainly due to decreased aerosol loading of the atmosphere.

Many of these processes continue teeffegional temperature projections for th& @ntury.

However, the cause of the recent warming amplification determines the extent of the effect in the
future.In case of aerosols are the predominant factor, the warming rate will move to the global

average, since IPCC emission scenarios show a slowing down of aerosol changes in the future. In case
of the predominance of other factors, as indicated above, climate predictions for Western Europe may
show an underestimation of the effects of anthropoggimmate change.
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1.2.4.2 Arctic region

Nearsurface warming in the Arctic has been almost twice as great as the global average over recent
decades (Simon et al. 2005, Serreze and Francis, 30@6) p henomenon known as O0A
ampl i fi cat i oncauses of this temperdtere amplificatign remain unclear, but are of

great importance for temperature projections for the Arctic as well as regions adjacent to the Arctic,
such as Western Europe. The reduction in snow and ice cover that has occurret thecames

(Stroeve et al. 2004) may have played a role in this (Serreze and Francis 2006, IPCC 2007). Climate
model experiments indicate that as global temperature rises, Arctic snow and ice cover retreats,
causing excessive polar warmirgofland and Bit 2003,Chapman and Walsh 200Rirstly, a

reduction in the snow and ice cover causes albedo changes and secondly, increased refreezing of sea
ice during the cold season and reducediseghickness both increase the heat flux from the ocean to

the atmophere. Thirdly, changes in oceanic and atmospheric circulation, as well as cloud cover, have
also been suggested as causes of Arctic temperature amplifigdtiomg et al. 2008, Overland et al.

2008, Langen and Alexeev 2007, Alexeev et al. 2005, ThonmgsoiVallace 2001, Wu and Straus

2004, Quadrelli and Wallace 2004, Wang and Key 2008)the basis of climate model results,

Winton (2006) and Graversen and Wang (2009) argue, however, that for the most part the Arctic
temperature amplification cannot bielkded to the surfacalbedo feedback mechanism.

Graversen et al. (2008a) examined the vertical structure of temperature change in the Arctic during the
late 20" century using r@nalysis data, ER40 (Uppala et al. 2005) and JR& (Onogi et al. 2007)

ard found evidence of temperature amplification well above the surface. They concluded that snow
and ice feedbacks cannot be the main cause of the warming aloft during the greater part of the year,
because these feedbacks are expected to primarily affqoératures in the lowermost part of the
atmosphere, resulting in a pattern of warming that is found in thealysis data only in spring. A
significant proportion of the observed temperature amplification must therefore be explained by
mechanisms that inde warming above the lowermost part of the atmosphere. Graversen et al.

(2008a) concluded that changes in atmospheric heat transport into the Arctic in the sumyear half

may be an important cause of the recent Arctic temperature amplification.

However several studies argue thhe reported Arctic tropospheric amplification is a 4atimatic

artefact inthe reanalysis data (Thorne, 2008). Grant et al. (2008) show that the vertical structure of
the recent Arctic warming is due to the heterogeneousaaf the data source, which incorporates
information from satellites and radiosondes. Radiosonde data alone suggest the warming was strongest
near the ground. Bitz and Fu (2008) found that in comparison with the observationsanbéy/sis
exaggeratepolar amplification aloft by overestimating the Arctic atmospheric warming and
underestimating the Northern Hemisphere atmospheric warming in every season. Specifically, for
trends in annual means in theamealysis for the period 19v2001, the Arctic wans 2.7 times more

than the Northern Hemisphere in the lower middle troposphere, compared with just 1.5 times more in
the observations. The smaller warming trends aloft in the observations in winter are more consistent
with the amplification of surface waing from ice and snow retreat and the lack of change in the
northward atmospheric heat transport for the period 112001.

In their reply, Graversen et al. (2008b) state that the Arctic temperature trend amplification well above
the boundary layer in summer, the maximum amplification is found at a height of around 2 km, and
no amplification is encountered near the surfabas been found in two stabé-the-art reanalyses,

ERA-40 and JRA25. Although these datasets show considerable differencesliregtre magnitude

of the Arctic trends, they both show roughly the same overall vertical structure, on which the
Graversen et al. (2008a) conclusions are based. Nevertheless, there is no doubt thatitmore in
observations in the Arctic are needed toaarde the quality of future 1@nalyses, in order to

determine the underlying causes of Arctic temperature amplification.

1.2.4.3 Antarctica

Assessments of Antarctic temperature change have emphasized the contrast in recent decades between
strong warmingf the Antarctic Peninsula and slight cooling of the Antarctic continental interior

(Johanson and Fu 2007, Turner et al. 2005). This pattern of temperature change has been attributed to
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the increased strength of the circumpolar westerlies, largelypomss to changes in stratospheric

ozone (Thompson and Solomon 2002). Steig et al. (2009) showed that significant warming extends
well beyond the Antarctic Peninsula to cover most of West Antarctica, an area of warming much

larger than previously reported/est Antarctic warming has exceeded’G.per decade over the past

50 years, and is strongest in winter and spring. Although this is partly offset by autumn cooling in East
Antarctica, the continerwide average neaurface temperature trend is positigethe period 1957

2006. It should be noted, however, that accurate estimates of the temperature trends are hampered by
the sparseness and short duration of the observations on Antarctica.

The extent to which circulation changes in the Southern Hemispieeys a role in temperature trends

over Antarctica is still a matter stientificdebateAn observed trend in the Southern Hemisphere

annular mode (SAM), i.e. an increase in the westerlies in recent decades, has involved an
intensification of the polavortex. Steig et al. (2009) found frormalations using a general

circulation model that the essential features of the spatial pattern and theriorigend could be

reproduced and suggested that neither can be directly attributed to increaset émgie of the

westerlies. Instead, regional changes in atmospheric circulation and associated changes in sea surface
temperature and sea ice are required to explain the enhanced warming in West Antarctica.

The source of this trend in SAM may be relaiedtratospheric ozone losses, greenhouse gas

increases, and natural variability. Arblaster and Meehl (2006) examined the annular mode trends in the
20" century using a stataf-the-art global coupled model forced with the observed time series of
greenhase gases, tropospheric and stratospheric ozone, sulfate aerosols, volcanic aerosols, solar
variability, and various combinations of these. By comparing the model simulations with observations,

it was found that ozone changes were the largest contriloutioe bbserved summertime

intensification of the southern polar vortex in the latter half of tfec2®tury, with increases in

greenhouse gases also being an essential factor in reproducing the observed trends at the surface. This
conclusion is in line ith the recent findings of Perlwitz et al. (2008).

Although stratospheric ozone losses are expected to stabilize and eventually recovirdiasrial

levels over the course of the*2dentury, stratospheric cooling due to increases in greenhoseg ga

will continue to intensify the polar vortex throughout thé 2éntury.However, usingChemistry

Climate Model Validation (CCMVal) model§on et al. (2008) founithat the net effect of the

expected disappearance of the ozone hole and increasesnhaguee gases in the first half of the 21st
century will decelerate the tropospheric westerlies in the Southern Hemisphere summer on the
poleward side, in contrast with the prediction of most models used in the IPCC AR4 Asport.
anthropogenic radiativeofcing will cause widespread temperature increases over the entire Southern
Hemisphere, it is expected that temperatures over East Antarctica will increase, but perhaps at a lower
rate than the hemispheric average.

1.3 Decadal Predictability
1.3.1 Ba&ground

Climate projections used for the coming century in the IPCC AR4 report were probabilistic using a
multi-model ensemble approach. In these projections changes in the external anthropogenic and
natural forcing were used, but potential extra inforamatontained in the initial state and the natural
variability of the climate system was neglected. The climate system exhibits a natural variability on a
decadal timescale and an understanding of the initial state of the climate system together with the
decadal variations in the external forcings should therefore narrow the spread of climate projections
for the coming decades.

Since AR4 the climate science community has taken the first steps in making decadal predictions of
forced and natural change bds®n coupled climate models. These models are initialized with the best

14



estimates of the current observed state of the atmosphere, oceans, cryosphere, and land surface. The
initial states are influenced by both the current phases of modes of naturaligréata by the
accumulated impacts of anthropogenic radiative forcing to date.

1.3.2Natural decadal variability

The most prominent natural, coupled oceamosphere variability is the El Nifouthern Oscillation
(ENSO). ENSO events are charactetisg warming of the central and eastern tropical Pacific Ocean
with cooling over portions of the subtropics and the tropical western Pacific. Historically, El Nifio
events occur about every 3 to 7 years and alternate with the opposite phase -@GiViestaye
temperatures in the eastern tropical Pacific (La Nifia). The nature of ENSO events has varied
considerably over time, however, and in recent years many studies have documented decadal and
longerterm variability in ENSO (e.g. Trenberth et al. 2007). Duih@\ifio, warm subsurface water

is spread out over the surface, and a reduction of evaporative cooling also warms the tropical Indian
and North Atlantic Oceans. Together, these effects cause a noticeable increase in the global mean
temperature. ENSO alsdfects rainfall and temperature patterns over a large part of the globe (van
Oldenborgh and Burgers 2005).

Other decadal to intadecadal variability is especially prominent in the North Pacific (e.g. Trenberth
and Hurrell 1994). In this area, fluctuat®in the strength of the wintertime Aleutian Low pressure
system cevary with North Pacific SST (Figure 1.5, top), called the 'Pacific Decadal Oscillation'
(PDO) (Mantua et al. 1997). Another dominant bagide mode in the Pacific is the Intdecadal
Pecific Oscillation (IPO) (Power et al. 1999, Folland et al. 2002). It is not yet clear whether these
modes are in fact independent of decadal ENSO variability.
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Figure 1.5Annual mean values of the PDO and AMO indices derived from the ERSST daaset.
green line denotes a 4 running mean.

The dominant mode of Atlantic decadal variability is the 'Atlantic Mildttadal Oscillation' (AMO)

(Figure 1.5, bottom). The robustness of the signal has been addressed ushatjmpateaecords for
thelast four centuries (e.g. Delworth and Mann 2000). This describes the oscillation between warmer
seawater temperatures in the Northern Atlantic from 188D and from 199@ow, and lower
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temperatures from 1960920 and from 1972990 (see Figure 1.5). Tée variations affect rainfall in

the Sahel region and northwestern Africa, the number of hurricanes over the Atlantic Ocean (Giannini
et al. 2003, Lu and Delworth 2005, Hoerling et al. 2006) and temperatures in eastern North America.
In models the AMO isannected to oscillations in the strength of the Atlantic Meridional Overturning
Circulation. Although AMO is important for the North Atlantic region, its effect on global temperature
is limited.

1.3.3 Sources and limitations of decadal predictability

1.3.3.1 External forcing

A significant source of predictability on the decadal tiseale is associated with external forcing,

which is both natural (e.g. solar variability) and anthropogenic (greenhouse gases, ozone, and
aerosols) in origin. Future extetriarcing from greenhouse gases will provide significant regional
predictability (e.g. Lee et al. 2006), since the increase in concentrations over the next 30 years is about
the same, no matter which emission scenario is followed (Hibbard et al. 20Qife Ehdnges in
anthropogenic aerosols will be concentrated along industrial regions and affect the climate with a
strong regional pattern. Unpredictable volcanic eruptions may be a significant ‘'wild card' in decadal
climate predictions. Similarly, only veigeneral features of the solar cycle can be projected.

1.3.3.2 Natural internal variability

A fundamental precept in predictability is the notion that {bwed variations, such as those

associated with decadal ENSO or the Atlantic MOC, can be peddiat a significant fraction of their
lifetimes. Thus, there is some confidence that naturally occurring climate variation with decadal time
scales may, at times, be predictable under the proviso of an accurate initial state (Collins 2002, Smith
et al. 207, Keenlyside et al. 2008, Pohiman et al. 2009). These times are likely to occur when there is
a significant amplitude variation in the dominant climate factors. At other times, particularly in the
nascent phase of variation growth, predictability is li&sdy. A prerequisite for this is that the climate
models accurately represent this low frequency climate variability and that a good estimate of the
initial state is available. A challenging problem is that the internal variability of climate models sho
large differences, even between models with slightly different configurations. The paucity of
observational data precludes a definitive statement about which simulation best approximates nature.
However, no model replicates time series like the obsekéd@.

1.3.3.3 Initialization with ocean data

Natural internal decadal predictability originates mainly in the large heat capacity and inertial
momentum of the ocean. This implies that the ocean initial state in particular, must be accurately
described. Iitialization has three main components to it: the observing system, the assimilation
method and the model. The three components are combined to produce initial conditions for the
climate model.

a. The observing system

Historically, the suksurface oceands been sparsely observed, and some of the data appear to be
significantly biased (Domingues et al. 2008, see section 2.2.3), which makes the development and
testing of ocean initialization schemes difficult. The construction of reliable initial oceas stat
therefore one of the most challenging issues in decadal prediction.

Recent and planned improvements to the observational network offer significant potential for
improvements in future forecasting skill. The deployment of a global array of prdfdeag by the

ARGO programme provides, for the first time, contemporaneous measurements of both temperature
and salinity over the upper 2 km of the global ocean, potentially offering a step change to initialize
ocean heat and density anomalies.

Severake-analyses of historical ocean observations have been carried out and are being evaluated in
the CLIVAR GSOP (Global Synthesis and Observations Panel) intercomparison project. Temperature
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and salinity from two of these have already been used to initialikels for decadal forecasts. (Smith
et al. 2007, Pohlman et al. 2009). However, the strength of the Atlantic Meridional Overturning
Circulation still is completely inconsistent with thesearalyses, as direct observations of this value
have only been ade since 2004 (Cunningham et al. 2007, Kanzow 2007).

b. The assimilation method

The observations have to be turned into a full three dimensional state of the ocean. The best way to do
this is to use an ocean model to propagate the information froreghiesé) observations to other

regions. This procedure is known as data assimilation. At the moment it is not yet clear which method
yields the best results.

c. The model

Because of model errors the ssilrface ocean state associated with the initialitondnay be

significantly different from the climate of the freenning coupled model. This causes a ‘coupling

shock' as the coupled model rapidly adjusts away from the observed climate estimate towards the
coupled model climate. There are several apgresito minimize or correct for this ‘coupling shock’,

such as bias correction and anomaly initialization (Smith et al. 2007, Keenlyside et al. 2008, Pohiman
et al. 2009). These are pragmatic approaches and due to theeaoity of the climate, also

guestionable. The relative merits have yet to be quantified for decadastates.

Since AR4 there have been many extended hindcast experiments (Smith et al. 2007, Keenlyside et al.
2008, Pohlman et al. 2009, the ENSEMBLES project). They have shown ediskiitin

initialization at global scale (Smith et al. 2007) and over the North Atlantic (Keenlyside et al. 2008,
Pohliman et al. 2009). These studies took a very similar approach: initializing a global climate model
using observed anomalies and runninfpiward ten years, while accounting for changes in external
forcing (natural and anthropogenic). However the initialization technique, data and models were
different and gave rise to different results. Whereas Smith et al. (2007) demonstrated tliedtioitia

leads to better predictions for global mean temperature, the results of Keenlyside et al. (2008) and
Pohlman were less convincing. The latter two studies showed enhanced skill in the North Atlantic
region while the hindcasts of Smith et al. (206GYered only recent warming and were inconclusive.

These findings are being extended in the ENSEMBLES, THOR and COMBINE European projects
and numerous other national projects, so that we can expect that the added value of initialization of
decadal forecsts will become clearer over the next few years. The value due to the changes in
greenhouse gas and aerosol concentrations arevigdnt and lead to skill over almost the entire
globe.

1.3.4 Future prospects

The future prospects for decadal predidtey specifically depend on improved climate models and

data. In this respect, as part of the Coupled Model Intercomparison Project phase 5 (CMIP5; Taylor et
al. 2009), modelling centres around the world are planning coordinated suites of decadal amtticas
prediction experiments covering the period 1:26035. The results of these experiments will be used

for the AR5 of the IPCC. Paledimate reconstructions will also play an important role.

The sensitivity to model formulation (Palmer et al. 200% led to a number of efforts that have
demonstrated that a multiodel ensemble strategy is currently the best approach to adequately
resolve forecast uncertainty and forecast probability distribution in seaseintdrannual predictions
(Kirtman and Min 2009, Palmer at al. 2008, Doblesyes 2005, Hagedoorn et al. 2005, Palmer et al.
2004). This is probably also true for decadal predictions. Future decadal forecasts will therefore be
probabilistic in nature.
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2. Sea level rise, ice sheets, glacieend sea ice

Summary

Since the IPCC AR4, many studies have been published concerning the various contributions to sea
level rise, as an important aspect of climate change, in terms of impact oiego

For the 19642003 period, the global sea level rise budget due to melting land ice is still not closed; in
the IPCC ARA4 it is stated that the explained (attributed) sea level rise is 0.7 mm/yr less than the
observed sea level rise.

There is a tedency towards a larger Greenland and Antarctic loss of ice mass than presented in the
IPCC AR4 report. The emerging picture is that we have moved from a more or less steady ice mass,
towards conditions of significant retreat, for both the Greenland and @vatic ice sheets

Current mass changes in Antarctica are dominated by the retreat of specific basins in West Antarctica.
The rapid retreat along the sotghstern side of Greenland, reported in the IPCC AR4 report, has
stopped; nevertheless, the total mbss in Greenland has increased. The lubrication effect (i.e.
meltwater increasing the ice flow velocity) is more widespread than previously assumed, but probably
not important for the contribution to sea level rise from the Greenland ice sheet. @stireates of

the contributions from both Greenland and Antarctica are 0.5 mm/yr each and, according to
observations in the period 2002 to 2009, are accelerating over time. These contributions are much
higher than presented in the IPCC AR4 report, whicimased a sea level drop, in future scenarios,

due to changes in Antarctica. There is no convincing evidence to adjust estimates of the contributions
of small glaciers to global sea level rise.

Data of ocean heat content have been updated and reanalybecheéat content has increased in the
19692003 period, and reached a plateau in 2004 to 2008, rather than displaying an earlier reported
period of cooling

The heat content in the upper 700m has increased over the period from 1969 to 2003, by 0.24 to 0.41
1022 Jlyear. The earlier reported cooling in the 2D0E8 period has been assigned to two systematic
biases in the ocean temperature data used. There is no convincing evidence to adjust estimates on the
contribution of thermal expansion to global sexel rise.

For 2100, a plausible and physicalyased highend projection for average global sea level rise is

higher than the global estimates reported by the IPCC AR4, being 0.25 to 0.76 metres (for the AL1FI
scenario), relative to 1990 levels, versuS®to 1.1 metres, implying a rise along the Dutch coast of

0.40 to 1.05 metres

These estimates are higher than those reported by the IPCC AR4, but lower than estimates on the rate
of sea level rise during the Last Interglacial stage, of up to 1.4 toetr@wper century. From the

paleo climatological evidence, it is known that the rate of sea level rise can be much more than a metre
per century, during periods with similar amounts of ice on Earth and temperatures around what might
be expected for the nefuture. However, it is unclear to which extent this can be attributed to

enhanced solar radiation in the Northern Hemisphere summers and to higher temperatures, both in
combination with changed heat transports.

Sea ice retreat and thinning in the Arcticontinue much faster than reported in the IPCC AR4

Arctic ice coverage in the summer of 2007 reached a record minimum, with the ice surface area extent
declining by 42%, compared to the average of the <290 period (see Figureld. In 2008, the ice

extent was slightly larger than in 2007, but still 34% below this average. In 2009, the ice extent was
690,000 square kilometres larger than the sedémmwdst extent in 2008, but still 1.68 million square
kilometres below the 1978000 September average 8eptember the ice extent is at its minimum).

Since 1979, the Arctic sea ice extent has been declining at a rate of 11 per cent, per decade. Not only
did the ice extent reduce but so did the average thickness of the sea ice, which decreased strongly,

22



increasing the vulnerability for further changes. The oldest ice has essentially disappeared, and 58% of
the Multi-Year Ice (MYI) now consists of relatively young twand threeyearold ice, compared to

35% in the middle of the 1980s. In addition, submarores measurements (covering the central

~38% of the Arctic Ocean), showed an overall average winter ice thickness of 1.9 metres, in 2008,
compared to 3.6 metres in 1980. Changes in atmospheric and ocean circulation increased the
vulnerability of the sea & over the last ten years. Changing atmospheric patterns, such as the NAO
circulation, would probably affect the sea ice in the Arctic, implying the possibility of a partial

recovery over the next years, although this might be negated by the effeceaking temperatures.

Figure 2.1 Minimum Arctic Sea Ice extent. Observations (green) vs. the average according to models
using an 6averaged SRES scenario (A1B) and their
Sea ice retreat and thinning inghArctic continue much faster than in the IPCC range
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